
1.  Introduction
Solar eruptions such as coronal mass ejections (CMEs) cause environmental changes in various ways in 
near Earth space. It is known that major geomagnetic storms can be triggered by the arrival of an inter-
planetary counterpart of a CME (ICME) at Earth along with a strong southward interplanetary magnetic 
field (IMF), which allows solar wind energy and plasma to enter the magnetosphere. A magnetic flux rope 
(MFR), which is often observed in an ICME with magnetic field lines winding about the central axis, is rec-
ognized as a key factor making an ICME such a powerful driver of an intense space weather storm. While 
ICMEs accompanied by a strong interplanetary shock (IP-shock) in a fast solar wind have attracted atten-
tion as geoeffective storms, the interaction of moderate or slower ICMEs with ambient solar wind structure 
and the interaction among a series of CMEs also play an essential role in producing an ICME causing a 
larger-than-expected magnetic storm(Dal Lago et al., 2006; Kataoka et al., 2015; Liu et al., 2014).

On its course in interplanetary space, an ICME driving a strong IP-shock forms a depleted region of the 
galactic cosmic rays (GCRs) behind the shock. When Earth enters this depleted region, cosmic-ray detec-
tors at Earth's orbit detect a decrease of GCR intensity, which is known as a Forbush Decrease (FD) after 
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Forbush (1937). The IP-shock accompanied by a turbulent magnetic sheath inhibits GCR transport into the 
inner heliosphere and sweeps GCRs away from Earth's orbit. The MFR behind the magnetic sheath, rapidly 
expanding in interplanetary space after the eruption from the Sun, also reduces GCR density inside the 
MFR by adiabatic cooling. At the same time, the GCR depletion either behind the IP-shock or in the MFR 
promotes the inward diffusion of GCRs. Due to the closed-field-line configuration of the MFR (in which 
both ends of each field line are anchored on the solar surface), GCRs enter the MFR through drift and/or 
cross-field diffusion, the latter of which is largely suppressed in the highly ordered strong IMF in the MFR 
even for high-energy particles.

By modeling the local part of an MFR with a straight cylinder, Munakata et al. (2006) numerically solved the 
GCR transport equation and found that the spatial distribution of GCR density in MFRs rapidly reaches a 
stationary state due to the balance between adiabatic cooling and inward cross-field diffusion. By assuming 
an axisymmetric straight cylinder for individual MFRs, Kuwabara et al. (2004) and Kuwabara et al. (2009) 
successfully derived from the observed GCR data the orientation and geometry of each MFR that were con-
sistent with in-situ observations of IMF and the interplanetary scintillation (IPS) observations (Tokumaru 
et al., 2007). This demonstrates that cosmic-ray observations provide a useful tool for space weather studies 
(Rockenbach et al., 2014). In this paper, we study a particular ICME event observed in August 2018 by ana-
lyzing the cosmic-ray data from the Global Muon Detector Network (GMDN).

2.  Overview of August 2018 Event
Figure 1 summarizes solar wind parameters measured in an ICME over four days between August 24 and 
27, 2018 (https://omniweb.gsfc.nasa.gov/ow.html). Both the magnetic field and plasma data are observed 
by the Wind spacecraft and time-shifted to Earth's location. According to the list by Richardson and Cane 
(column “o” in http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm), this ICME event is 
caused by a CME eruption recorded at 21:24 UT on 20 August by the LASCO coronagraphs on board the 
SOHO satellite. Following a weak IP-shock recorded at 03:00 UT on 25 August (see the pink vertical line in 
Figure 1), the sheath period can be identified by the enhanced fluctuation of IMF (a period delimited by the 
pink and the first blue vertical lines of about 12 h after the IP-shock). After the sheath period, a significant 
enhancement of the IMF magnitude is recorded until 09:09 UT on 26 August (panels a and c) in association 
with a systematic rotation of IMF orientation (panel d) indicating Earth's entrance into the MFR. Following 
Chen et al. (2019), we define the MFR period as a period between 14:10 UT on 25 August and 09:09 UT on 
26 August, delimited by a pair of blue vertical lines in Figure 1.

A significant southward field is recorded in the MFR causing a gradual decrease of the DST index of geo-
magnetic field down to the minimum of −174 nT at 06:00 on 26 August (panel e) (http://wdc.kugi.kyoto-u.
ac.jp/index.html). Following the MFR period showing the clear rotation of IMF orientation in Figure 1d, 
the gradual increase of solar wind speed is recorded along with significant fluctuations of IMF magnitude 
and orientation. We also note in Figure 1d that the IMF sector polarity is toward in the period before the 
IP-shock as indicated by the geocentric solar ecliptic (GSE)-longitude of IMF orientation (BGSE-long) around 
300°, while it is away after the MFR period as indicated by BGSE-long around 150°. This implies that this 
storm also may involve heliospheric current sheet(s).

This event occurred in 2018 close to the solar activity minimum of solar cycle 24. The CME was relatively 
slow, and occurred in slow solar wind, taking about 5 days to arrive at Earth after the CME eruption on the 
Sun. The solar wind velocity enhancement after the IP-shock is also weak and seems to be insufficient to 
cause the large solar wind compression and significant enhancement of the southward IMF that triggered a 
major geomagnetic storm. Chen et al. (2019) attributed peculiarities of this storm to the MFR compression 
by the following faster solar wind and Dal Lago et al. (2006) also presented a similar idea of MFR compres-
sion for an event that occurred in October 1999.

In this paper, we analyze the directional anisotropy of high-energy GCRs observed during this event. Since 
the GCR anisotropy arises from the diffusion and drift streamings, which are both proportional to the spa-
tial gradient of GCR density, we can deduce from the observed anisotropy the three dimensional spatial 
distribution of GCRs which reflects the average magnetic field geometry extending over the large scale 
comparable to Larmor radii of high-energy GCRs in the IMF. Our derivation of the GCR density gradient is 
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based on the observational finding by Bieber and Evenson (1998) that the drift is a primary source of the IC-
ME-related anisotropy observed with neutron monitors. We observed this with the higher rigidity response 
of GMDN and it has been recognized that the GCR density gradient derived from the observed anisotropy is 
rather insensitive to assumptions for the parallel and perpendicular diffusions. As already shown in a series 
of our papers, this allowed us to deduce from the observed anisotropy the orientation of cosmic ray density 
minimum viewed from Earth. Readers can find examples of such analyses in Rockenbach et al. (2014) and 
references therein.

3.  Cosmic-Ray Data and Analyses
3.1.  Global Muon Detector Network

The GMDN, which is designed for accurate observation of the GCR anisotropy, comprises four multidi-
rectional muon detectors, “Nagoya” in Japan, “Hobart” in Australia, “Kuwait City” in Kuwait, and “São 
Martinho da Serra” in Brazil, recording muon count rates in 60 directional channels viewing almost the 
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Figure 1.  Solar wind parameters and DST index for August 24–27, 2018. From top to bottom, each panel shows 
1-min solar wind parameters; (a) magnitude of solar wind velocity (black curve) and “flow angle” of solar wind 
(ϕSW = tan−1(Vy/|Vx|) (blue curve), (b) proton density (black) and temperature (blue), (c) IMF magnitude (black) and 
its fluctuation (blue), (d) GSE-longitude (black) and latitude (blue) of IMF orientation, (e) GSM-z component of IMF 
(blue) and hourly value of the DST index (black). The pink vertical line indicates the timing of IP-shock identified by 
the shock of IMF at 03:00 UT on 25 August, while a pair of blue vertical lines delimit the MFR period reported by Chen 
et al. (2019). The blue shaded area indicates 6 h between 03:00 UT and 09:00 UT on 26 August when an increase is 
observed in the cosmic-ray density (see Figure 2a and Section 4). The orange vertical line indicates the second stream 
interface at 13:00 UT on 26 August. As indicated at the top of the figure, we define the “MFR period” delimited by 
a pair of blue vertical lines and the “sheath period” between the pink and the first blue vertical lines (see text). IMF, 
interplanetary magnetic field; MFR, magnetic flux rope.

(a)

(b)

(c)

(d)

(e)
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entire sky around Earth. Basic characteristics of directional channels of the GMDN are also available in the 
Table S1. The median rigidity (Pm) of primary GCRs recorded by the GMDN, which we calculate by using 
the response function of the atmospheric muons to the primary GCRs given by numerical solutions of the 
hadronic cascade in the atmosphere (Murakami et al., 1979), ranges from about 50 GV for the vertical di-
rectional channel to about 100 GV for the most inclined directional channel, while the asymptotic viewing 
directions (corrected for geomagnetic bending of cosmic-ray orbits) at Pm covers the asymptotic viewing 
latitude (λasymp) from 72°N to 77°S. The representative Pm of the entire GMDN is about 60 GV.

3.2.  Derivation of the GCR Density and Anisotropy

We analyze the percent deviation of the 10-min muon count rate Ii,j(t) from an average over 27 days between 
August 12 and September 7, 2018 in the j-th directional channel of the i-th detector (i = 1 for Nagoya, i = 2 
for Hobart, i = 3 for Kuwait, and i = 4 for São Martinho da Serra) in the GMDN at universal time t, after 
correcting for local atmospheric pressure and temperature effects. For our correction method of the at-
mospheric effects using the on-site measurement of pressure and the mass weighted temperature from the 
vertical profile of the atmospheric temperature provided by the Global Data Assimilation System (GDAS) of 
the National Center for Environmental Prediction, readers can refer to Mendonça et al. (2016).

Since the observed temporal variation of Ii,j(t) at the universal time t includes contributions from variations 
of the GCR density (or ominidirectional intensity) I0(t) and anisotropy vector ξ(t), it is necessary to analyze 
each contribution separately. An accurate analysis of I0(t) and ξ(t) is possible only with global observations 
using multidirectional detectors. For such analyses, we model Ii,j(t) in terms of I0(t) and three components  
(  GEO GEO GEO( ), ( ), ( )x y zt t t ) of ξ(t) in a geocentric (GEO) coordinate system, as

I t I t c t c t s ti j
fit
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where ti is the local time in hours at the i-th detector, 0
0 ,i jc , 1

1 ,i jc , 1
1 ,i js  and 0

1 ,i jc  are coupling coefficients which 
relate (or “couple”) the observed intensity in each directional channel with the cosmic ray density and 
anisotropy in space and ω = π/12. In the GEO coordinate system, we set the x-axis to the antisunward di-
rection in the equatorial plane, the z-axis to the geographical north perpendicular to the equatorial plane 
and the y-axis completing the right-handed coordinate system. The coupling coefficients in Equation 1 are 
calculated by using the response function of the atmospheric muon intensity to primary GCRs (Murakami 
et al., 1979) and given in the Table S1. Note that the anisotropy vector ξ(t) in Equation 1 is defined to direct 
opposite to the GCR streaming, pointing toward the upstream direction of the streaming (see also Equa-
tion 6 in the next section). We derive the best-fit set of four parameters    GEO GEO GEO

0( ), ( ), ( ), ( )x y zI t t t t  by 

solving the following linear equations.
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where χ2 is the residual value of fitting defined, as

   2 2 2
, , ,

,
( ( ) ( )) /fit

i j i j ci j
i j

I t I t� (3)

with σci,j denoting the count rate error of Ii,j(t). The best-fit anisotropy vector ξ GEO(t) in the GEO coordinate 
system is then transformed to ξ GSE(t) in the GSE coordinate system for comparisons with the solar wind  
and IMF data.

Equation 1 does not include contributions from the second order anisotropy such as the bidirectional coun-
ter-streaming sometimes observed in the MFR in MeV electron/ion intensities. We also performed best-fit 
analyses adding five more best-fit parameters in Equation 1 necessary to express the second order anisotropy 
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and actually found an enhancement of the second order anisotropy in the MFR. However, we verified that 
the inclusion of the second order anisotropy does not change the obtained I0(t) and ξ(t) significantly keeping 
conclusions of the present study unchanged. In this study, therefore, we analyze only I0(t) and ξ(t) derived 
from Equation 1. We will present our analyses and discussion of the second-order anisotropy elsewhere.

3.3.  Derivation of the Spatial Gradient of GCR Density

Diffusive propagation of GCRs in the heliosphere is described by the following transport equation (Glee-
son, 1969; Parker, 1965).

  
          

1 ,
3 SW

U p U
t p

S V� (4)

where U(r, p, t) is the GCR density at position r, momentum p and time t, VSW is the solar wind velocity. S(r, 
p, t) in Equation 4 is the GCR streaming vector consisting of the solar wind convection and the diffusion 
terms, as

  ·SWCU US V κ� (5)

where κ is the diffusion tensor and C is the Compton-Getting (CG) factor denoted by 


   


1 11 ( ) (2 ) / 3

3
C pU

U p
 with an assumption of U proportional to p−γ with the power-law index 

γ = 2.7. The diffusion and drift anisotropy ξ D is given as

    
3 3( ) ( )SWt C
vU v

D Sξ κ G V� (6)

where v is the speed of GCR particle, which is approximately equal to the speed of light c, and G = ∇ U/U 
is the spatial gradient of GCR density.

We transform the observed anisotropy ξ GSE(t) by subtracting the solar wind convection and an apparent 
anisotropy arising from Earth's orbital motion around the Sun, as

 
  GSE ( )( ) ( ) (2 )w SW Ett t

c
V vξ ξ� (7)

where vE is the velocity of Earth (30 km/s toward the orientation opposite to the GSE-y orientation). We 
replace ξ w(t) with ξ D(t) as

( ) ( )w Dt tξ ξ� (8)

by ignoring contribution to ξ w(t) from other possible nondiffusion/drift anisotropy such as recently report
ed by Tortermpun et al. (2018) from the observation in a MFR (Krittinatham & Ruffolo, 2009). Then, we can 
deduce the density gradient G by solving Equation 7 and Equation 8 for G as


  


 

 

   
 




2 2
1 1 ( )( ) ( ) ( ) ( )
( ) ( )( )(1 ) ( )(1 )

w w w

L L L

tt t t t
R t B tR t R t

BG ξ ξ ξ� (9)

where ( )
| ( ) |L

PR t
c tB

 is the Larmor radius of particles with rigidity P in magnetic field B(t) and  ( )w tξ  and 

 ( )w tξ  are components of ξ w(t) parallel and perpendicular to B(t), respectively (Kozai et al., 2016). α∥ and 
α⊥ in Equation 9 are mean-free-paths of parallel and perpendicular diffusions, respectively, normalized by 
RL(t), as

  ( ) / ( )Lt R t� (10)
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   ( ) / ( ).Lt R t� (11)

According to current understanding that GCRs at neutron monitor and muon detector energies are in the 
“weak-scattering” regime (Bieber et al., 2004), we assume λ⊥(t) ≪ λ∥(t). Following models widely used in 
the study of the large-scale GCR transport in the heliosphere (Miyake et al., 2017; Wibberenz et al., 1998), 
we assume constant α⊥ = 0.36 for a period outside the MFR in this study. We also assume λ∥ = 1.9 AU for 
the entire period. For 60 GV cosmic rays in |B(t)| ∼ 5 nT average magnetic field, RL is 0.27 AU resulting in 
λ⊥ = 0.096 AU and α∥ = 7.2. For a period inside the MFR where the magnetic field is exceptionally strong, 
we use a constant λ⊥ = 0.010 AU without changing λ∥. Note that this λ⊥ was obtained as an upper limit by 
Munakata et al. (2006).

We are aware that our ad hoc assumptions of λ∥(t) and λ⊥(t) above are difficult to validate directly from 
observations. However, it will be shown in the next section that G(t) derived from the observed anisotropy 
ξ w(t) in Equation 9 is significantly dominated by the contribution from the drift anisotropy represented 
by the last term on the right-hand side of Equation 9 and is insensitive to our ad-hoc assumptions of λ∥(t) 
and λ⊥(t).

4.  Results
Figure 2 shows the GCR density (I0(t) in panel a), anisotropy (ξ w(t) in panels b–d) and density gradient (G(t) 
in e–g) at 60 GV obtained from our analyses of the GMDN data described in the preceding section using 
the solar wind velocity VSW(t) and IMF B(t) in Figure 1. While we derived the best-fit parameters in Equa-
tion 1 in every 10-min interval in this study, we only use the hourly average of six 10-min values, because 
1 h is much shorter than the time scale (RL/VSW ∼ 9 h) for the solar wind to travel across the Larmor radius 
(RL = 0.089 AU) of 60 GV GCRs in IMF (B ∼ 15 nT) with the average velocity (VSW ∼ 400 km/s) and enough 
for analyzing the spatial distribution of 60 GV GCRs. We also calculated the error of the hourly value of 
each parameter from the dispersion of 10-min values. All data used for producing this figure are given in 
the Table S2.

Besides the random error of the best-fit parameters in Figure 2, there are possible sources of systematic 
error. For instance, the atmospheric effect results in the day-to-day offset of Ii,j(t) which is almost the same 
for all directional channel in one detector, but generally different between detectors at different locations. 
We corrected for the effect by using the barometric and temperature coefficients (β and α in the Table S1) 
derived in August 2018, instead of using nominal (or average) coefficients derived from the long-term ob-
servations. We verified that the local effect in Ii,j(t) is significantly reduced with smaller χ2 in this way. 
Another source of systematic error is the second order anisotropy which is not included in Equation 1, but 
we verified that the inclusion of the second order anisotropy does not change the obtained I0(t) and ξ(t) 
significantly, as mentioned in the preceding section. We conclude, therefore, that systematic error is similar 
to or smaller than the random error in Figure 2.

The cosmic-ray density I0(t) in Figure 2a starts decreasing a few hours before the IP-shock early on 25 Au-
gust and goes to the minimum of −0.28% at 16:30 UT and recovers to the level before the IP-shock early on 
26 August. This is a well-known feature of a moderate Forbush decrease indicating Earth's entrance into the 
cosmic-ray depleted region formed behind the shock and in the MFR (Cane, 2000). A small local maximum 
is seen in I0(t) at around 10:00 UT of 25 August being superposed on the gradual decrease in the sheath pe-
riod. We think that this is probably due to the discontinuity recorded in the IMF magnitude and longitude 
seen in Figures 1c and 1d, because such a local increase of I0(t) is often observed by the GMDN at the IMF 
discontinuity (Munakata et al., 2018).

A marked feature of this event is a “hump” in the density in which I0(t) increased to the maximum at around 
06:00 UT on 26 August exceeding the unmodulated level before the shock. As discussed later, this increase is 
likely caused by the compression of the trailing edge of the MFR by the faster solar wind following the MFR 
(see the blue shaded period in Figures 1 and 2). Figure 2a also shows a significant variation of I0(t) around 
noon on 24 August when the disturbance is recorded in the solar wind parameters. We do not analyze this 
variation in this paper, but Abunin et al. (2020) considered it as an indication of another ICME which they 
identified.
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Figure 2c shows magnitudes of  ( )w tξ  and  ( )w tξ , the parallel and perpendicular components of the anisot-
ropy in Equation 9, while Figure 2d displays |ξ w(t)| as a function of the pitch angle (θ) between ξ w(t) and 
the IMF. During a period between ∼12:00 UT on 25 August and ∼0:00 UT on 26 August in the MFR period 
when I0(t) recovers from its minimum and the amplitude of ξ w(t) increases, the perpendicular component 
(  ( )w tξ ) exceeds the parallel component (  ( )w tξ ) except for a few hours prior to the minimum of I0(t). This 
indicates the dominant contributions from drift anisotropy inside the magnetic flux rope.

During a few hours after ∼03:00 UT on 26 August in the blue shaded period, on the other hand, ξ w(t) is 
dominated by the parallel anisotropy. Tortermpun et al. (2018) reported a strong anisotropy parallel to the 
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Figure 2.  Cosmic-ray density, anisotropy and density gradient at 60 GV derived from GMDN data for August 24–27, 
2018. Each panel displays; (a) cosmic-ray density I0(t), (b) magnitude (black curve) and GSE-x (blue), -y (purple), and  
-z (red) components of the anisotropy vector ξ w(t) in the solar wind frame, (c) magnitudes of components of ξ w(t) 
parallel (red) and perpendicular (blue) to IMF, (d) a bubble plot showing the magnitude of hourly anisotropy vector  
|ξ w(t)| as a function of the pitch angle (θ) between ξ w(t) and IMF vector, while (e–g) three GSE components of the 
density gradient vector G(t). The area of each circle in (d) is proportional to |ξ w(t)| as indicated in the legend in the 
right top corner of the panel. In each of panels (e–g), the contribution from the drift represented by the last term 
of Equation 9 is shown by the blue curve on the left vertical axis together with the total gradient component (black 
solid circles), while contributions from the parallel and perpendicular diffusions represented by the first and second 
terms of Equation 9 are shown by purple and red curves on the right vertical axis, respectively (note the scale of the 
right vertical axis is expanded four times the left axis). Each hourly value and error are deduced from the average and 
dispersion of 10-min values in the corresponding 1 h shown by a thin curve, respectively. Open red circles in panel (e) 

show 0( )1

SW

dI t
V dt

 calculated with VSW = 400 km/s for a test of G(t) derived from ξ w(t) (see text). The blue shaded area 

indicates 6 h between 03:00 UT and 09:00 UT on 26 August when the increase of I0(t) is observed in panel (a). The pink, 
blue and orange vertical lines are same as Figure 1. All data used for producing this figure are available in the Table S2. 
IMF, interplanetary magnetic field; MFR, magnetic flux rope.
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magnetic field observed in a MFR, as predicted from a theory by Krittinatham and Ruffolo (2009). Such 
parallel anisotropy cannot be expressed by ξ D(t) in Equation 6 based on the diffusion and drift picture 
particularly in a MFR where λ∥(t) can be comparable to or even longer than the scale size of the MFR. The 
theory predicts a parallel anisotropy inside MFRs, due to an inflow of cosmic rays along one leg of the 
MFR, caused by guiding center drifts, and an outflow along the other. Cosmic rays enter the MFR along 
a leg of the MFR where the field line winding is counterclockwise (viewing from the wide part of the 
field line cone) and outward along the other leg with clockwise winding (Krittinatham & Ruffolo, 2009). 
Since Chen et al. (2019) reported that the MFR in Figure 1 is left-handed and its mean magnetic field 
directs southward, the theory predicts cosmic rays to enter the MFR at the southern leg and exit at the 
northern leg, resulting in a negative  w

z  (north directing flow) at Earth's orbit. However, the observed  w
z  

in Figure 2b (red curve) is positive (south directing flow) during the blue shaded period, in contradiction 
to the prediction. We conclude therefore that the contribution from such unidirectional parallel flow to 
the observed anisotropy is not dominant in this particular event, even if it exists.

Figures 2e–2g show three GSE-components of the density gradient (G(t)) displayed by black curves. Blue curves 
in panels (e–g) show contributions to G(t) from the drift represented by the last term of Equation 9 on the left 
vertical axis, while purple and red curves display contributions from the parallel and perpendicular diffusions 
represented by the first and second terms, respectively, on the right vertical axis. It is clear that the derived G(t) 
is significantly dominated by the contribution from the drift anisotropy and contributions from parallel and per-
pendicular diffusions are small (Bieber & Evenson, 1998). By changing assumptions of λ∥(t) and λ⊥(t) in Equa-
tion 9 each in a wide range, we also verified that the derived G(t) is insensitive to these parameters. For instance, 
we calculated G(t) by assuming a constant α⊥ = 0.36 during the MFR period between the two vertical blue 
lines and verified that the difference of G(t) from the black solid circles in panels (e–g) are well within errors. 
As already shown in a series of our papers, this allowed us to deduce from the observed anisotropy the CME 
geometries viewed from Earth successfully in accordance with other observations (Kuwabara et al., 2004, 2009).

As a test of our G(t) derived from ξ w(t), we also calculate Gx from 01 ( )

SW

dI t
V dt

 which is expected to be ob-

served at Earth in the case of the stationary Gx passing Earth with the solar wind velocity VSW. Red open 

circles superposed in Figure 2e show 01 ( )

SW

dI t
V dt

 calculated with VSW = 400 km/s. It is seen that Gx(t) derived 

from ξ w(t) shown by black solid circles is consistent within errors with 01 ( )

SW

dI t
V dt

 independently derived 

from I0(t), particularly during the MFR period including the blue shaded period. This supports the validity 

of our G(t) derived from ξ w(t).

It is seen in the black curves in Figures 2e and 2f that Gx(t) and Gy(t) change their signs from negative to 
positive around the time of the minimum I0(t) in the MFR period, while Gz(t) remains negative. This is 
qualitatively consistent with the MFR orientation (the elevation angle of the MFR is about −51° and the 
azimuthal angle is about 299°) and the Grad-Shafranov plot presented in Chen et al. (2019), indicating that 
the cosmic-ray density minimum region formed along the MFR axis passed north of Earth approaching 
from the sunward direction and then leaving (Kuwabara et al., 2004).

Another notable features of G(t) are positive enhancements of Gz(t) and Gy(t) in the later MFR period be-
tween 03:00 UT and 09:00 UT on 26 August (blue shaded period in Figures 1 and 2) when the orientation 
of the strongest IMF turned northeast after the maximum of I0(t) observed in the hump in Figure 2a. This 
indicates that a region with higher I0(t) exists northeast of Earth (yGSE > 0, zGSE > 0) and a significant diffu-
sion anisotropy from there is observed along the IMF.

Finally, we note a large variation of Gx(t) around the maximum of I0(t) in the hump. In particular, Gx(t) with 
a magnitude of 4%/AU changes its sign from positive to negative in 4 h. In the next section, we will discuss 
the physical origin of the hump of I0(t) and associated G(t).

5.  Discussions
As discussed in Section 2, the MFR in this event is followed by a gradual increase of the solar wind speed 
(VSW) starting at ∼09:00 UT on 26 August. This increase of VSW is consistent with a typical stream interface, 
as identified by the proton temperature increase, proton density decrease and, a negative-to-positive flip 
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of flow angle seen in Figure 1 (Kataoka & Miyoshi, 2006). There are two major interesting points in this 
event. First, stream interfaces are usually formed in corotating interaction regions, which clearly separate 
the slow and fast solar wind streams. In this event, however, the slow solar wind was replaced by a slow 
MFR. The existence of such a clear discontinuity at the trailing edge of the MFR therefore suggests a large-
scale compression of the trailing part of the MFR by the following ambient solar wind. Second, a secondary 
enhancement is seen in the solar wind speed at ∼13:00 UT on 26 August as indicated by the orange vertical 
lines in Figures 1 and 2, which again shows a stream interface-like variation, as identified by an increase of 
proton temperature and a decrease of proton density. Such doublet structures in the solar wind speed en-
hancement are often observed in corotating interaction regions in association with longitudinally elongated 
and complex coronal hole(s), as was also discussed in Abunin et al. (2020). We also note in Figure 2a that 
the cosmic-ray density I0(t) starts decreasing after the MFR period. This is again consistent with cosmic-ray 
intensity variation observed in the corotating interaction regions where I0(t) peaks near the stream interface 
and then starts falling in the leading edge of the high-speed stream (Richardson, 2004).

In the preceding section, we reported a significant increase (a hump) of cosmic-ray density I0(t) observed 
in the GMDN data near the end of the MFR period. Recently, Abunin et  al.  (2020) have also analyzed 
cosmic-ray data observed by neutron monitors in August 2018. Neutron monitors have their maximum 
response to cosmic rays with Pm ∼ 10 GV which is ∼1/5 of Pm for muon detectors. While they found no clear 
increase in I0(t), they reported large increases, called “bursts,” in count rates of some neutron monitors near 
the trailing edge of the MFR and attributed these “bursts” to the enhancement of ξz(t) and the geomagnetic 
storm occurring at the same time (Abunin et al., 2020). They did not present the density gradient (G(t)) 
deduced from the observed anisotropy. When the geomagnetic field is weakened during the storm and the 
geomagnetic cutoff rigidity (Pc) of cosmic rays is reduced, allowing more low-energy particles to reach the 
ground level detectors, the asymptotic viewing direction of a neutron monitor is changed due to the re-
duced magnetic deflection of cosmic-ray orbits in the magnetosphere. A similar idea was also presented by 
Mohanty et al. (2016) to interpret the “cosmic-ray short burst” observed by a muon detector in June 2015. 
Based on calculations of cosmic-ray trajectory in the latest model of geomagnetic field, however, analyses of 
the same event by Munakata et al. (2018) showed that the reductions of Pc and the magnetic deflection of 
cosmic-ray orbits are not enough to cause the observed intensity increase of 60 GeV cosmic rays monitored 
by the GMDN, because the GMDN only has a small response to cosmic rays with rigidities around Pc. They 
attributed the burst to enhancements of I0(t) and ξ(t) outside the magnetosphere caused by Earth's crossing 
the heliospheric current sheet (Munakata et al., 2018).

The observation that, in the blue shaded region, I0 rose above its undisturbed level suggests that GCRs 
gained energy relative to the quiet period. A plausible cause of the energy gain may be a compression of the 
plasma occurring in the MFR. In Appendix A, we outline our preliminary model considering this option. 
Our model considers the energy gain in a slab parallel to the yz plane including the magnetic field with 
thickness 2d and perpendicular to the solar wind in −x-direction. The model also assumes that the global 
expansion of the MFR is not affected by the local compression because the expansion continues on the 
leading side of the MFR. This model quantitatively reproduces the observed time profiles of I0(t) and Gx(t) 
during the blue shaded period by using the plasma density enhancement in Figure 1b as a proxy of the local 
compression rate (see Figure A1 in Appendix). However, it does not take into account transport to/from the 
remaining part of the MFR which is magnetically connected to the trailing edge. The model in Appendix A, 
therefore, would be unphysical if the MFR of interest is an “ideal” axisymmetric expanding cylinder such 
as those analyzed by Kuwabara et al. (2004) (Munakata et al., 2006). Figure 2, however, suggests that this 
event is quite peculiar and far from an “ideal” MFR.

By analyzing GMDN observations of 11 CME events using the expanding axisymmetric cylinder model, 
Kuwabara et al. (2009) showed that I0(t) typically starts decreasing after the beginning of the MFR period 
and reaches its minimum at about one-half or one-third of the MFR period when Earth passes the closest 
point to the MFR axis, while Gx(t) changes its sign from negative to positive at the time. I0(t) in Figure 2a, 
however, reaches its minimum much earlier, only a few hours after the start of the MFR period and Gx(t) 
in Figure 2e changes sign at the same time. I0(t) then starts recovering almost monotonically toward the 
peak in the blue shaded period. We think that these are indications of cosmic-ray heating (and cooling) 
in operation over an entire MFR which cannot be reproduced by the simple slab model in this paper. The 
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stark peculiarity of this MFR is also seen in Figure 1 and in the Grad-Shafranov plot in Figure 9 of Chen 
et al. (2019) in which the MFR core is shifted close to the trailing edge being surrounded by tightly wound 
magnetic field lines. To fully understand the observed I0(t) and G(t) reflecting the modification of the MFR, 
therefore, a more practical and detailed model taking account of adiabatic heating/cooling together with 
parallel and perpendicular diffusions of cosmic rays in a three dimensional entire MFR is awaited. This is 
planned for our future investigation.

Dynamic evolution of the MFR, that is, the simplest adiabatic heating of cosmic rays, is a possible cause 
of the cosmic-ray increase observed near the trailing edge of MFR in this paper, as discussed above, al-
though we do not know of any literature reporting the compressive heating of plasma or energetic ions/
electrons inside an MFR near the trailing edge. On the other hand, there are other possibilities to observe 
the cosmic-ray increase, because steady structures such as the heliospheric current sheet and corotating 
interaction region affect the drift of cosmic rays and can also modulate the large-scale spatial distribution 
of cosmic-ray density and anisotropy (Fushishita et al., 2010; Okazaki et al., 2008). This study therefore pro-
vides an important clue to examine cosmic-ray diffusions parallel and perpendicular to the IMF, and the de-
pendence on the IMF magnitude in great detail, via close collaborations with the drift-model simulations of 
cosmic-ray transport (Miyake et al., 2017) and the cutting-edge MHD simulations (Matsumoto et al., 2019; 
Shiota & Kataoka, 2016). After all, the weak solar wind condition provided a unique opportunity to study 
the cosmic-ray increase in this paper.

We learned from this study that the GMDN observed the cosmic ray density increase and the associated 
gradient as evidence of the MFR compression by the faster following solar wind which made this peculiar 
event geoeffective. This evidence is unique and independent of other observations including in-situ meas-
urements and demonstrates the value of cosmic ray measurements in understanding the physics of space 
weather forecasting.

Appendix A:  Slab Model of the Adiabatic Heating of Cosmic Rays
In this section, we consider the cosmic ray transport in the blue shaded period in Figures 1 and 2 when a 
“hump” of I0(t) is observed in Figure 2a. We model the solar wind velocity VSW as

 SW SWV V u� (A1)

where SWV  is the average velocity and u is an additional compression or expansion velocity. The observed 
temporal variation of VSW during the blue shaded period in Figure 1a shows first a gradual decrease and 
then an increase near the end of period. This is qualitatively consistent with the compression velocity u 
directing inward of the blue shaded area on both sides of a point where u becomes zero, because such u in-
creases (decreases) VSW on the side of that point closer to (farther from) the Sun. The point where u becomes 
zero looks shifted to the later period probably due to SWV  increasing (accelerating). By using the phase-space 
density of cosmic rays f(r, p, t) = U(r, p, t)/(4πp2), Equation 4 is written as

 
          

 
1( ) ( ) .
3

f ff f p
t p

κ u u� (A2)

For f(x, p, t) in one-dimension perpendicular to the mean magnetic field, this equation becomes


    

  
   

2

2
1 ,
3

f f f u fu p
t x x px

� (A3)

where x is the position measured from the center of the slab toward the Sun and   
1
3

v is the spatially 

uniform perpendicular diffusion coefficient.

By assuming the self-similar compression of the slab, we set
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 ( , ) ,
( )c
xu x t u

d t� (A4)

where d(t) is the half-thickness of the slab at time t defined as

 
  

 
0( ) 1

r

td t d
t

� (A5)

with d0 denoting d(t) at t = 0. tr(>0) is the reference time when d(t) goes to zero, but we assume that this 
does not happen during the event period we discuss. The real importance of tr is that it is the inverse rate of 

relative compression giving the magnitude of constant compression velocity at x = d(t) by   0( )
c

r

dd t du
dt t

. 

In this paper, we do not include the adiabatic cooling due to the large scale expansion of solar wind, which 
operates over longer time scales, but focus on the effect of local compression at 0 < t ≪ tr. By introducing 
(A4), we get (A3) as


   

  
  

2

2
1 .
3

c
c

f f x f u fu p
t d x d px

� (A6)

We replace x with a dimensionless variable s, defined as
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Figure A1.  Cosmic-ray density and density gradient compared with expectations from the adiabatic heating in a slab. 
Each panel displays; (a) cosmic-ray density I0, (b) density gradient Gx, as a function of x measured from the center of the 
slab which is defined at 05:16 UT on 26 August from the zero-cross point of the best-fit curve in (b) (see the observed 
time on the upper horizontal axis). In this figure, we converted the time dt measured from the center of the slab to the 
distance x by x = VSW × dt assuming a constant solar wind velocity of VSW = 400 km/s. The best-fit curves (blue curves) 
shown in panels (a) and (b) are     1 2 2 2 2

0(%) 7.3 10 (% / ) ((4.3 10 ) )I AU AU x  and Gx(%/AU) = −1.47 × 102(%/
AU2) × x (AU), respectively (see text).

(a)

(b)
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( , ) ,
( )
xs x t

d t� (A7)

where − 1 ≤ s ≤ 1 (−d ≤ x ≤ d) and we get an equation for fs(s, p, t) = f(x, p, t) as

  
 

 

2

2 2
1 ,
3

s s c sf f u fp
t d pd s

� (A8)

by using
     

   
     

.s s s s
c

f f s f f s fu
t t t s t d s

� (A9)

For fs in the steady state, we get



 




2

2
1 .
3

s c sf u d fp
ps

� (A10)

We finally assume a single power-law dependence on p for fs outside the slab, as

  (2 )( , ) ( )sf s p p F s� (A11)

with γ denoting the exponent of the momentum spectrum (U ∝ p−γ) set equal to 2.7 and obtain the equation 
to be solved, as





 
2

2
0

2
3

d F F
ds

� (A12)

where κ0 is a dimensionless parameter defined as
 0 .

cu d� (A13)

By assuming a uniform compression of the plasma with the density Np in the slab, which keeps d(t)Np con-

stant, we replace uc in Equation A13 with 
1( ) p

p

dN
d t

N dt
 and get


 

 0
2 2

1 1
log3 ( )

p

p p

N
v

dN d N
d d t

dt dt
� (A14)

where λ⊥ is the mean free path of perpendicular diffusion and v is the velocity of cosmic ray particles. Equa-

tion A12 can be written using the spatial density gradient 
1

x
dFG

F dx
 with x as





     

2
2

2

log(2 ) 1 1 ( ) ,p x x x
x

d N d F d FG dG dGG
v dt F F dx dx dxdx

� (A15)

because Gx is less than 5%/AU = 5 × 10−2/AU at most and 2
xG  is much smaller than xdG

dx
 which is ∼1/AU2 

(see Figure A1b below). By integrating Equation A15 by x, we get





 

log(2 ) ,p
x

d N
G x

v dt
� (A16)

and





 2 2

0
log(2 ) ( ),

2
pd N

I d x
v dt

� (A17)
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where we set I0 = 0 at x = ±d as a boundary condition.

The steady state solution of Gx in Equation A16 is a linear function of the distance x = VSW dt where dt 
is the time relative to the time of passage of the center of the slab. In discussions here, we assume the 
thickness of slab is constant, ignoring its temporal variation during the blue shade period. This is seen in 
Figure A1b showing the observed Gx which can be fitted by a linear function of x calculated with a constant 
VSW = 400 km/s and dt relative to 05:16 UT on 26 August when the best-fit line crosses the horizontal axis. 
The slope of this best-fit line is −1.47 × 102(% /AU2). By using λ⊥ = 0.010 AU and γ = 2.7 in Equation A16, 

we get   2log
2.2 10pd N

dt
/hour, necessary for the heating, while the average 

log pd N
dt

 calculated from 

hourly mean of the observed Np in Figure 1b is (5.5 ± 6.4) × 10−2/h, being consistent with the value for the 
heating within errors (hourly mean Np is available in the Table S2). Equation A17, on the other hand, pre-
dicts I0 to be I0 ∝ Gxx, while the observed I0 and its peak value of ∼0.13% can be fitted by a quadratic function 
of x with a best-fit parameter d = 4.3 × 10−2 AU as shown in Figure A1a.

Data Availability Statement
Global Muon Detector Network data are available at the website (http://cosray.shinshu-u.ac.jp/crest/DB/
Public/main.php) of the Cosmic Ray Experimental Science Team (CREST) of Shinshu University.
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