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Abstract. The Global Muon Detector Network (GMDN) is composed by four ground cosmic
ray detectors distributed around the Earth: Nagoya (Japan), Hobart (Australia), Sao Martinho
da Serra (Brazil) and Kuwait city (Kuwait). The network has operated since March 2006. It
has been upgraded a few times, increasing its detection area. Each detector is sensitive to
muons produced by the interactions of ~50 GeV Galactic Cosmic Rays (GCR) with the Earth’s
atmosphere. At these energies, GCR are known to be affected by interplanetary disturbances
in the vicinity of the earth. Of special interest are the interplanetary counterparts of coronal
mass ejections (ICMEs) and their driven shocks because they are known to be the main origins
of geomagnetic storms. It has been observed that these ICMEs produce changes in the cosmic
ray gradient, which can be measured by GMDN observations. In terms of applications for space
weather, some attempts have been made to use GMDN for forecasting ICME arrival at the earth
with lead times of the order of few hours. Scientific space weather studies benefit the most from
the GMDN network. As an example, studies have been able to determine ICME orientation at
the earth using cosmic ray gradient. Such determinations are of crucial importance for southward
interplanetary magnetic field estimates, as well as ICME rotation.
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1. Introduction

Ground-based detectors are optimal for detecting secondary particles resulting from the
interaction of Galactic Cosmic Rays (GCR) with energies from tens to several hundreds of
GeV with the Earth’s atmosphere (Duldig 2000; McDonald 2000). At this energy interval,
GCR are modulated by the solar activity and corresponding interplanetary magnetic field
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Figure 1. Current configuration of the Global Muon Detector Network (GMDN). From right to
left, the detectors are: Nagoya, Japan (NGY), Hobart, Australia (HBT), Kuwait City, Kuwait
(KWT) and Sao Martinho da Serra, Brazil (SMS).

(IMF) perturbations (Kuwabara et al. 2009). Among the main disturbances that drive
geomagnetic activity at the Earth are the interplanetary counterparts of coronal mass
ejections (ICMEs) (Gosling et al. 1991). They are the traveling disturbances originated at
solar mass ejections, also referred to as coronal mass ejections (CMEs), as they are widely
known because they are observed in the solar corona using coronagraphs (Schwenn 1996;
Schwenn et al. 2005). ICMEs are the main drivers of geomagnetic storms for two main
reasons, the first being the fact that their flux rope structures carry out-of-the ecliptic
IMF for substantial amounts of time, sometimes up to ten hours or more. The second
reason is the fact that they often drive interplanetary shocks, whose sheath compressed
magnetic fields were found to be the most frequent sources of intense and very intense
geomagnetic storms (Gonzalez et al. 2011; Szajko et al. 2013). In this paper, we shall
present a brief description of some of the most important modulations produced by
ICMEs on ground cosmic rays observed by the Global Muon Detector Network.

2. The Global Muon Detector Network (GMDN)

Since 2006, four muon detectors are in operation around the earth: Nagoya (Japan),
Hobart (Australia), Sao Martinho da Serra (Brazil) and Kuwait city (Kuwait). Their
locations were chosen to be as homogeneously distributed as possible. Since 1992, how-
ever, the Nagoya and Hobart detectors were already in operation as a two-hemisphere
network. In 2001, a 4 m? prototype was installed in Sao Martinho da Serra in order to
improve the coverage over the Atlantic. It was later upgraded to a 28m? detector. In
2006, a detector was installed in Kuwait city, after which all 4 instruments together were
named the “Global Muon Detector Network (GMDN)”. Since then, three detectors have
had their detection area increased: Kuwait was upgraded to 25m?, Hobart was upgraded
to 16m? and Sao Martinho da Serra was upgraded to 32m?. Nagoya detection area is
36m?. Figure 1 shows the current distribution of GMDN detectors around the Earth.
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Figure 2. (left) Coronal mass ejection occurred on 14 July 2017, observed by the LASCO
instrument aboard the SOHO space observatory. (right) From top to bottom, magnetic field
intensity, its z, y and x components, solar wind speed, number density and temperature observed
by ACE on the period from 15-19 July 2017. An interplanetary shock is observed in the first
dotted line (from left to right), marked as “S”. The ICME-magnetic cloud is located inside the

second and third vertical lines. A magnetic field rotation can be identified in the “y” component

of the magnetic field (By). One can see the abrupt changes in all parameters across the shock.
A sheath compressed magnetic field is clearly seen between the shock and the ejecta (ICME).
The ICME has a magnetic field which is few times stronger than the normal solar wind value.
The only data available from ACE was level 1, which we used because our purpose was only
to characterize the macroscopic features of the event. No quantitative calculations were made,
which would require level 2 data.

3. Interplanetary coronal mass ejections

Coronal mass ejections (CMEs) are one of the most important solar energetic transients
that drive Space Weather (Schwenn et al. 2005). They consist of large expulsions of solar
material observed by coronagraphs. Figure 2 (left) shows a CME observed on 14 July 2017
by the Large Angle and Spectroscopic Coronagraph (LASCQO), which is one instrument
aboard the Solar and Heliospheric Observatory (SOHO). When pointed along the Sun-
Earth line, they appear as “halos” in Earth-orbiting or L1 coronagraphs (Howard et al.
1982). Such CMEs can either be traveling away or towards the Earth. In the latter case,
they are very likely to produce an interplanetary disturbance that has the potential to
impact our planet. Such disturbances are the interplanetary counterparts of the CMEs,
the so-called ICMEs. Some of them are ejecta-like structures, possessing a organized
magnetic structure, called a magnetic clouds (MC) (Burlaga et al. 1981). Because of
their high speeds, they often drive shocks in front of them. A sheath compressed magnetic
field is produced in between the shock and the ICME ejecta. Figure 2 (right) shows an
example of an ICME-MC observed on 15-19 July 2017 by the Advanced Composition
Explorer (ACE). It is presented from top to bottom the magnetic field intensity, its z, y
and x components, solar wind speed, number density and temperature.
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Figure 3. Pressure and temperature corrected vertical channels of all GMDN detectors, NGY
(Japan), SMS (Brazil), KWT (Kuwait) and HBT (Hobart) during the passage of the ICME on
16 July 2017, related to the CME observed at the Sun on 14 July 2017. Clear Forbush decreases
are observed on 16 July in all detectors.

4. Modulation

Before comparing ground cosmic ray intensity modulation due to extraterrestrial phe-
nomena, it is necessary to take into account atmospheric effects, such as pressure and
temperature. They produce a seasonal variation on the cosmic ray intensity observed by
muon detectors. We recommend a careful reading of De Mendonca et al. (2016) for de-
tails on corrections of GMDN observations for atmospheric effects. Perhaps the most well
known modulation that ICMEs impose in ground cosmic rays is the Forbush decrease
(Forbush 1937; Simpson 1954). It consists of a global decrease of cosmic ray intensity
observed during the passage of the Earth through interplanetary disturbances. Figure
3 shows the Forbush decrease observed by all four GMDN detectors, NGY (Japan),
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SMS (Brazil), KWT (Kuwait) and HBT (Hobart) during the passage of the ICME on
16 July 2017, related to the CME observed at the Sun on 14 July 2017. Another type
of modulation imposed by approaching ICMEs at Earth is the loss cone effect, which
produces a precursory anisotropy. This effect occurs before the arrival of the ICME at
the Earth, thus attracting attention to possible Space Weather applications towards fore-
casting arrival of interplanetary disturbances. Very good descriptions of this anisotropic
modulation can be found in Nagashima et al. (1992), Munakata et al. (2000), Kuwabara
et al. (2006), Fushishita et al. (2010), Rockenbach et al. (2011) and Braga et al. (2011).
Munakata et al. (2000) reported many such loss cone precursors using observations from
two muon detectors (Nagoya and Hobart). His overall conclusion was that such precur-
sors could be detected up to 8 hours before the arrival of the ICME at Earth. Later work
from Rockenbach et al. (2011) found similar results. As already mentioned in Figure 2
description, ICMEs often drive interplanetary shocks. As these shocks propagate, they
sweep out galactic cosmic rays forming a depleted region behind them. Kozai et al. (2016)
studied the cosmic ray density and gradient derived by GMDN observations during For-
bush decreases of a number of CME-ICME shock events, originating in several positions
at the solar disk. These authors found a distinct modulation of galactic cosmic rays, one
related to the shock-sheath region and another due to the ICME flux rope.

5. Orientation of ICME flux ropes

It has been shown to be possible to determine the flux rope orientation of ICMEs
using cosmic ray directional anisotropies observed by ground-based muons detectors.
Remarkable results were reported by Kuwabara et al. (2009), where excellent agreement
of ICME inclination was found when comparing a cosmic ray derivation and a more
widely used Minimum Variance Analysis method, which is based on the Interplanetary
Magnetic Field.

6. Summary

In this paper we presented a brief description of the Global Muon Detector Network
(GMDN) and of some of the most important modulations produced by interplanetary
counterparts of coronal mass ejections (ICMEs) on ground cosmic rays observed by the
GMDN. In particular, we described the Forbush decrease occurred in 11-16 July 2017
observed by the detectors of the GMDN. Following on, we make reference to many
previous studies related to the loss cone effect produced by ICMEs approaching the Earth.
This particular effect has potential for Space Weather applications. We also pointed out
some important results related to the estimate of the orientation of ICME-magnetic
clouds using cosmic ray observations from GMDN.
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