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A B S T R A C T

Solar wind structures passing Earth can shield Earth from Galactic Cosmic Rays (GCRs), producing
variations in the GCR flux that can be observed by ground-based detectors. In this paper we study the
differences of Forbush decreases (FDs) produced by Interplanetary Coronal Mass Ejections (ICMEs)
and Stream Interaction Regions (SIRs), applying a superposed epoch technique to large samples of
FDs associated with ICMEs and SIRs. The analysis of the GCRs flux is made using data from neutron
monitors at an Antarctic station (McMurdo). We also study the dependence of the FD properties with
the bulk velocity of ICMEs/SIRs. We confirm that the faster ICMEs cause the largest FDs. In contrast,
the FD intensity in SIRs is weakly dependent of the bulk velocity. Indeed, we find that ICMEs and
SIRs with similar solar wind velocity produce very different FDs. This points for a dominant role
of the magnetic field in screening GCRs. Finally, we find that in ICMEs the minimum GCR flux is
usually observed close to the beginning of the magnetic ejecta, while in SIRs this is usually at the
trailing edge.

1. Introduction
Galactic Cosmic Rays (GCRs) are high energy parti-

cles of galactic origin that penetrate the solar system. The
transport of these GCRs through magnetic fields was first
described by Parker (1965). GCRs are modulated by the
advection of the solar wind, cross magnetic field diffu-
sion, drifts of the particles, and adiabatic energy changes.
The long term variability of GCRs has an anti-correlation
with the solar activity (sunspot) cycle (Usoskin, Kananen,
Mursula, Tanskanen and Kovaltsov, 1998, and references
therein). Short term depressions are also observed due to
structures in the interplanetary medium such as interplane-
tary coronal mass ejections (ICMEs) and stream interaction
regions (SIRs).

ICMEs are the interplanetary counterpart of coronal
mass ejections (e.g., Richardson and Cane, 2010; Rouil-
lard, 2011). They consist of magnetized plasma released
from the solar corona. Initially, they are magnetically closed
structures with their footpoints connected to the Sun. As
ICMEs propagate in the interplanetary medium they expand
as a consequence of an imbalance between the internal
forces and the decrease with distance from the Sun of the
total pressure at the ICME boundary (Démoulin, Nakwacki,
Dasso and Mandrini, 2008; Démoulin and Dasso, 2009).
A large fraction of ICMEs produce interplanetary shocks
due to their velocity being larger than the magnetosonic
speed in the reference frame of solar wind present upstream
(Russell and Mulligan, 2002). Classical ICMEs generally
present two sub structures. The first one is a compressed
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plasma region, usually named sheath, that forms between
the shock and the magnetized plasma expelled by the Sun.
This structure is characterized by large fluctuations in the
magnetic field strength and direction, higher plasma density
and temperature than in the upstream solar wind (Kilpua,
Koskinen and Pulkkinen, 2017). The following structure,
consisting of the plasma expelled by the Sun, has been
assigned various names in past studies. In this paper we
adopt the magnetic ejecta term. When the magnetic ejecta
presents a strong magnetic field and a coherent rotation of
its components, along with a low proton temperature and
a low plasma beta, this structure is called magnetic cloud
(MC, Burlaga, Sittler, Mariani and Schwenn, 1981; Klein
and Burlaga, 1982; Dasso, Mandrini, Démoulin, Luoni and
Gulisano, 2005).

The other interplanetary structures that usually tend to
produce short term decrease of GCRs are SIRs. Several
authors have analyzed FDs related with SIRs, analyzing
the possible physical mechanisms at the origin of these
modulations (e.g., Dumbović, Vršnak, Čalogović and Kar-
lica, 2011; Badruddin and Kumar, 2016; Richardson, 2018;
Melkumyan, Belov, Abunina, Abunin, Eroshenko, Yanke
and Oleneva, 2019, and references therein). SIRs arise when
a fast solar wind flow catches and interacts with slow so-
lar wind flow. The interaction of the two winds form a
stream interface where the plasma and the magnetic field are
compressed while the flows on both sides are deflected in
opposite directions (e.g., Richardson, 2018, and references
therein). The fast solar wind typically originates from solar
coronal holes (e.g., Krieger, Timothy and Roelof, 1973),
while slow solar wind possibly originates from the vicin-
ity of coronal regions with closed magnetic loops (e.g.,
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Gosling, Borrini, Asbridge, Bame, Feldman and Hansen,
1981). When the coronal hole remains during several solar
rotation, the associated recurrent SIRs are called Corotation
Interaction Regions (CIRs, Richardson, 2018)

As they travel though the heliosphere, both ICMEs and
SIRs have an impact on the GCR flux. In particular, when
one of these interplanetary structures pass by the Earth, gen-
erally, short-term decreases in the GCR flux are observed by
detectors located on or nearby Earth. These decreases in the
GCR flux were first observed by Forbush (1937) and by Hess
and Demmelmair (1937), and nowadays they are known
as Forbush Decreases (FDs). FDs have been extensively
studied by several authors (e.g. Lockwood, 1971; Badruddin,
Yadav and Yadav, 1986; Badruddin, Venkatesan and Zhu,
1991; Badruddin, 1996; Simpson, 1998; Melkumyan et al.,
2019, and references therein).

Typically the passage of the ICMEs and SIRs near Earth
produce different responses on GCRs (e.g., Melkumyan
et al., 2019; Dumbović, Vršnak, Temmer, Heber and Kühl,
2022). In particular, from two case study analysis, Raghav,
Shaikh, Misal, Rajan, Mishra, Kasthurirangan, Bhaskar, Bi-
jewar, Johri and Vichare (2020) compared ICMEs/SIRs as
sources of FDs, using a diffusion/convection model. From
a statistical analysis, Melkumyan et al. (2019) found that
ICMEs and SIRs have different GCRs modulation abilities.
This finding adds an extra interest to deeper understand the
differences of FDs produced by these two kinds of solar wind
perturbations.

When ICMEs pass near the Earth’s surroundings we
can usually detect an asymmetrical decrease in the density
of GCRs. The observed temporal profile depends on the
features of the ICME. A classical ICME tends to produce
a two-step FDs (Cane, 2000). The first decrease starts at the
shock and continue in the sheath, while the second decrease
starts typically at the sheath end and continues within the
following magnetic ejecta. The first one has typically a
more important amplitude decrease than the second one.
The deepest GCR depression is typically in the magnetic
ejecta (as it cumulates both previous decreases). Still, there
are large event-to event-variations and cases which do not
fit this picture. From combining different NMs at different
locations, Belov, Abunin, Abunina, Eroshenko, Oleneva,
Yanke, Papaioannou and Mavromichalaki (2015) analyzed
the effects of ICMEs on the time profile of the GCRs
flux outside the Earth magnetosphere. They find that when
ICMEs have a flux rope inside, the FD profile is a parabolic
function of the distance to the center of the flux rope.

Melkumyan, Belov, Shlyk, Abunina, Abunin, Oleneva
and Yanke (2023) statistically compare the FDs profiles
produced by ICMEs and SIRs. They started from a catalogue
of FDs (taken from IZMIRAN) and then classify them,
depending if they are associated with ARs (ICMEs) or CHs
(SIRs), emphasizing the solar cycle dependence.

In present paper we continue to analyze the mean prop-
erties of both ICMEs and SIRs and their effects on the
shielding of GCRs. We study the interplanetary magnetic
field and plasma solar wind at the lagrangian point L1,

near the Earth, and the GCR flux measured at ground level
by Neutron Monitors (NMs, Simpson, 2000). In particular
we analyze data obtained by the MCMurdo NM. We apply
the superposed epoch analysis (SEA) technique to find the
common features and differences between the FD associated
respectively to ICMEs and SIRs.

The SEA is a commonly used method in the area of
Space Weather, and particularly in the study of these inter-
planetary structures (Chree, 1913). In Lepping, Berdichevsky,
Szabo, Arqueros and Lazarus (2003), the authors use this
approach on a subset of 19 MCs to analyze their common
properties. Masías-Meza, Dasso, Démoulin, Rodriguez and
Janvier (2016) apply the SEA method to different subset of
MCs according to their mean velocity. Other studies apply
this technique to study the twisted magnetic field lines in
the flux ropes of MCs (Lanabere, Dasso, Démoulin, Janvier,
Rodriguez and Masías-Meza, 2020; Lanabere, Démoulin
and Dasso, 2022) or the properties of ICMEs (Rodriguez,
Masías-Meza, Dasso, Démoulin, Zhukov, Gulisano, Mierla,
Kilpua, West, Lacatus, Paraschiv and Janvier, 2016). This
last study is extended to a sample of more than 400 ICMEs
by Regnault, Janvier, Démoulin, Auchère, Strugarek, Dasso
and Noûs (2020). In Janvier, Démoulin, Guo, Dasso, Reg-
nault, Topsi-Moutesidou, Gutierrez and Perri (2021) the
SEA method is utilized several times to analyze ICMEs with
and without interplanetary shocks. In Dumbović et al. (2022)
the authors apply a SEA to recurrent CIRs associated to a
unique coronal hole.

The SEA method was also used to study the variabil-
ity of GCRs in comparison with geomagnetic storms and
interplanetary magnetic field conditions (Kharayat, Prasad,
Mathpal, Garia and Bhatt, 2016). In Badruddin and Kumar
(2016), the authors do a similar SEA analysis, in which they
compare the difference and similarities of FDs caused by
ICMEs and SIRs. However, they apply the SEA method
differently that we do in this paper. Indeed, in Badruddin
and Kumar (2016), the authors take the zero epoch at the
arrival time of the ICMEs/SIRs and perform directly the
SEA. In contrast we define both arrival and end times for
both structures, and we use both times to perform the SEA
(so we normalize the time duration, as further explained in
Section 4).

In section 2 we present the ICMEs and SIRs we analyze,
the catalogues, the data, and the methodology. In section 3
we show two typical events, one ICME and one SIR, and we
describe both the generic properties and the peculiarities of
each event. In section 4 we introduce and explain the SEA,
the reasons to use it, and how we apply the SEA to samples of
ICMEs and SIRs. In section 5 we describe the results of the
SEA method. We analyze the common and different features
of ICMEs and SIRs. First, we apply a SEA to all the sample
of ICMEs and SIRs to compare them. Then, we define and
apply the SEA to sub samples discriminating by their mean
plasma velocity. Finally, we compare ICMEs and SIRs with
similar mean velocities. In section 6 we present a summary
of our results and our conclusions.
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2. Data, catalogues and methodology
Our main aim in this study is to find out the variability

differences of the GCR fluxes, when ICMEs or SIRs are the
cause of the observed FDs. Thus, we start from catalogues of
ICMEs and SIRs, and then we analyze FDs with NM obser-
vations for the dates selected in the ICMEs/SIRs catalogues.

In order to analyze the interplanetary magnetic field and
the solar wind plasma parameters we use data from the MAG
(Smith, L’Heureux, Ness, Acuña, Burlaga and Scheifele,
1998) and SWEPAM (McComas, Bame, Barker, Feldman,
Phillips, Riley and Griffee, 1998) instruments aboard the
ACE spacecraft. The time resolution of MAG is 16 seconds,
and 64 seconds for SWEPAM. ACE was launched on 1997
and since then has provided data almost uninterruptedly.
It orbits around the L1 lagrangian point (Stone, Frandsen,
Mewaldt, Christian, Margolies, Ormes and Snow, 1998).

To study the flux of GCR we use data from the McMurdo
NM with a time cadence of 1 hour (https://neutronm-
.bartol.udel.edu/). NMs are ground based detectors that
count neutrons (e.g., Simpson, 2000). These neutrons are
generally produced by atmospheric air showers which occur
when primary GCRs, that have enough energy, penetrate the
Earth magnetic field and reache the low atmosphere. In that
situation, these primary GCRs interact with the different
atmospheric components and produce secondary particles.
Among these particles, one of them are neutrons. Depending
on the geographical latitude where the NMs are located, they
have a fixed geomagnetic rigidity cutoff. This describes the
geomagnetic shielding produced by the Earth’s magnetic
field against the arrival of the charged primary cosmic
ray particles that came from the interplanetary medium.
MCMurdo NM station is located in Antarctica and has a
rigidity cutoff ∼ 0.3 GV.

To study both ICMEs and SIRs we use different cata-
logues. In order to identify ICMEs events we use the ICME
list of (Regnault et al., 2020[=[1), which is a revisited
version of the ICME list of Richardson and Cane (2010). We
use the Regnault catalogue because it redefines the ICME
boundaries, and so, it is more adequate for our analysis. This
catalogue gives also information on other features, such as
the presence or absence of an interplanetary shock or the
presence of MC signatures.

To study the SIRs we use of the Jian, Russell, Luhmann
and Skoug (2006) list. This catalogue provides an extensive
list of informations per event. In the present work we only
use the beginning and ending times of the SIRs. The authors
define the SIRs beginning when the total pressure, perpen-
dicular to the magnetic field, starts to increase, and the SIRs
ending when the pressure returns to its previous value.

Since we compare below FDs produced by ICMEs and
SIRs, we classify both ICMEs and SIRs depending on their
mean velocity (computed within the event boundaries). We
define three groups with the following criteria:

i) Slow Event: −𝑉𝑥 < 450 km/s
ii) Medium Event: 450 km/s < −𝑉𝑥 < 550 km/s

1https://idoc.ias.u-psud.fr/sites/idoc/files/CME_catalog/html

iii) Fast Event: −𝑉𝑥 > 550 km/s

where 𝑉𝑥 is the velocity component in the GSE frame (x axis
is directed towards the Sun). This is the same classification
as in Masías-Meza et al. (2016) where they found that the
bulk velocity of MCs plays a crucial role in the modulation
of GCR flux measured at Earth. Compared to this previous
work we extend the ICME list, and we perform the same type
of analysis on SIRs.

We split the time window of each event, so as to have
three equal intervals of time. The first one corresponds to
the period of time before the event (pre-event), the next
one includes the whole duration of the event taken from
the catalogue, and the last one is the period of time after
the event (post-event). Before the event, we simply took an
interval of time equal to the event duration (to measure the
GCR flux before the event in the preceding slow solar wind)
and an equal interval of time after the event (to measure the
GCR recovery).

Inside ICMEs we distinguish two sub-structures. The
first sub-structure goes from the arrival of the interplane-
tary shock and the beginning of the magnetic ejecta. This
region is known as the sheath. It is formed by compressed
solar wind plasma with enhanced density, field intensity and
temperature. The following sub-structure is known as the
magnetic ejecta and includes the plasma expelled during
associated coronal mass ejection.

To quantify the modulation in the GCR flux we define
the GCR relative counts as:

𝐺𝐶𝑅[%] =
𝐺𝐶𝑅(𝑡) − 𝐺𝐶𝑅

𝐺𝐶𝑅
∗ 100 (1)

where 𝐺𝐶𝑅 is the mean value of GCR calculated in the pre-
event time interval, and GCR(t) is the observed GCR flux
at a given time 𝑡. The same definition was used in Gutierrez
and Dasso (2021), and previous studies (see references in
Section 1).

As the main aim of this study is to analyze FDs, we
do not consider events where significant ground level en-
hancements where observed. They consist of an increase in
the GCR flux due to a solar event, so they involve another
physics than a FD. Our criterion is to remove significant
ground level enhancement periods, considering them as
cases when the GCR flux reach values greater than 5% above
the background GCR (see Equation (1)).

We analyze ICMEs which occurred in the period 1997-
2017. This period corresponds to the whole 23 solar cycle
and most of the 24 solar cycle. The ICMEs catalogue has
data of ICMEs since 1995. However, SWEPAM started to
measure at late 1997, that is why we only study events
from 1997, and we studied ICMEs till 2017 corresponding
to the year when McMurdo NM has ceased its operations.
We only study ICMEs with sheaths, because one of the
objectives is to observe the different behaviour of the ICME
sub-structures.

We study all SIRs that occurred in the period 1997-2009.
The reason is the same as for ICMEs, the instruments of
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Figure 1: An ICME observed on 8th June 2000 by the ACE spacecraft. The first (top) panel corresponds to the interplanetary
magnetic field 𝐵. The second panel shows the solar wind speed −𝑉𝑥 (GSE component) so that −𝑉𝑥 is directed away from the
Sun. The third panel corresponds to the proton density 𝑁𝑝. The fourth panel shows the proton temperature 𝑇𝑝. Finally, the fifth
panel shows the neutron counting rate per hour (proxy of the galactic cosmic ray flux) measured by the McMurdo NM (the scale
is on the right side). The blue line corresponds to the pressure corrected counts (scale on the left side), while the green line
corresponds to the relative counts, which is calculated with Equation (1). The solid horizontal red line represents the reference
level (based on the mean value before the ICME) for the relative counts. The blue vertical lines in all the panels represent the
arrival of the interplanetary shock, whereas the red solid vertical lines represent the beginning and ending of the magnetic ejecta.
The ICME sheath is present behind the shock (before the first red line). It is formed by solar wind plasma and magnetic field
accreted in front of the magnetic ejecta.

ACE started their operations in 1997 and the SIR catalogue
ends in 2009. This period corresponds to the whole 23 solar
cycle. During the solar cycle maximum ICMEs are more
numerous due to the higher solar activity, while during the
solar minimum SIRs dominate.

3. Two typical events
In this section we present two events, as examples of typ-

ical cases. One event corresponds to an individual ICME and
the other one corresponds to a SIR. We analyze the events
and explain the reasons why we consider that applying a
SEA provides robust results for the FDs produced by both
structures.

3.1. ICME on 8 August 2000
In Figure 1 we show an example of an ICME. The

first panel from the top shows the absolute value of the
interplanetary magnetic field. In the second panel, we show
the x GSE component of the solar wind speed. The third
panel corresponds to the proton density. The fourth panel
shows the proton temperature. The final panel shows the
GCR flux, the blue line represents the pressure corrected
NM count rate (per hour) and the green line the relative
counts calculated with Equation (1). The inset, at the bottom
right, provides the value of the minimum GCR flux inside
the time window of the ICME. The blue vertical line in each
panel represent the interplanetary shock arrival time, the red
vertical solid lines represent the magnetic ejecta start and
end, respectively.
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Figure 2: A SIR observed on the 10th February 1999 by the ACE spacecraft. The panels and the format are the same as Figure 1,
with the only difference in the vertical lines, which in this case only represent the beginning and the end of the SIR respectively
(a shock is not present).

In Figure 1, a fast solar wind is present before the arrival
of the interplanetary shock with a mean velocity of ∼500
km/s. At the time of the interplanetary shock arrival the typi-
cal jumps for𝐵 and plasma parameters are present. The jump
of −𝑉𝑥 is the most remarkable with a sudden increase from
∼500 km/s to ∼800 km/s. Then, it is a fast ICME according
to our classification. During the sheath crossing, there is
a ∼ 5% decrease in the GCR flux at McMurdo. After the
magnetic ejecta starts, an almost monotonous decrease of 𝐵
is present. Next,−𝑉𝑥 has a decreasing profile associated with
the ICME expansion as it propagates in the interplanetary
medium. A second weaker decrease of GCR flux is caused
by the magnetic ejecta. This decrease is of ∼1%, five times
weaker than the decrease observed during the ICME sheath.
Once the ICME ends, the interplanetary magnetic field and
the plasma parameters start to return to the values present
before the ICME (i.e., the pre shock solar wind). However,
the GCR flux remain ∼4% weaker with respect to its value
before the ICME.

One of the benefits of applying a SEA is that the fluc-
tuations in the profiles of all parameters are removed in the
mean profiles of ICMEs (see Section 5.2).

3.2. SIR on 13 January 1999
In Figure 2 we show an example of a SIR. The figure

has the same format as Figure 1, with the exception of the
absence of a shock. The two red vertical solid lines represent
the start and end of the SIR according to the Jian et al.
(2006) list. One may argue that the end boundary is earlier, at
about 19 UT on 11 February, where −𝑉𝑥 has a local increase
while other quantities (B, 𝑁𝑝, 𝑇𝑝) decrease. Such ambiguity
of boundaries is also present in a small fraction of SIRs.
However, shifting the boundaries of such events has only a
small effect on the SEA results (as shown by Regnault et al.,
2020, for ICMEs). Then, there is no point to argue in favor
of any of these ambiguous boundaries in this paper.

The measured velocity shows a clear slow solar wind
regime before the SIR with−𝑉𝑥 ∼400 km/s, then an increase
at the stream interface to −𝑉𝑥 ∼550 km/s. This increase
is accompanied by an increase of 𝑇𝑝, which is expected in
fast wind since there is a correlation between 𝑇𝑝 and −𝑉𝑥 in
the solar wind (e.g. Lopez and Freeman, 1986; Démoulin,
2009). Since SIRs include compressed slow solar wind in-
teracting with fast solar wind, some adiabatic heating of the
SIR plasma is expected (Elliott, Henney, McComas, Smith
and Vasquez, 2012). Indeed, a slightly higher 𝑇𝑝 is present
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Figure 3: (top) histogram of mean −𝑉𝑥 for ICMEs. (bottom)
histogram of mean −𝑉𝑥 for SIRs. The vertical red lines
represent the borders for slow, medium and fast events.

after the stream interface compare to 𝑇𝑝 measured after the
SIR within a wind of similar −𝑉𝑥 value. Next, the GCR flux
decreases during the passage of the SIR near Earth, reaching
a minimum value of ∼1%. However, this decrease is smaller
than that during the ICME shown in Figure 1, even when
local in-situ values of 𝐵 and −𝑉𝑥 have similar values. Also
the shape of the profiles are different: in the case of SIRs
the decrease is somewhat linear, reaching the minimum of
GCR flux at the end time of the SIR, whereas in the ICME
the GCR flux minimum is reached near the beginning of the
ejecta.

Above, we describe the main features of the SIR shown
in Figure 2. However, this SIR, as most other SIRs, has also
peculiarities specific to each event. For example, there are
a prominent density spike at the end of February 10 and
an unusual region of reduced temperature before the mid
February 11. Some local modulation of the observed GCR
flux could be due to these local peculiarities. The strength of
the SEA is to minimize these local peculiarities, which are
associated to only one or a few events, and to emphasise the
common properties of SIRs.

4. Superposed epoch analysis
Each ICME event has its own peculiarity and fluctua-

tions, then to find the typical features of ICMEs, and to
remove these peculiarities, one of the best technique to apply
is a SEA, also known as Chree analysis (Chree, 1913).

The SEA is a statistical method which consists in obtain-
ing mean profiles from a sample of individual profiles. In
order to be superposed, each individual event must have the
same number of data points in the time dimension to obtain
the average values of the physical parameter considered. In
our case, each event has different duration, and so, a different

number of data points. To get rid of this we rebin so that each
event have the same number of data points.

The binning is slightly different for each type of event.
For SIRs we decided to take 100 time bins before the SIR,
100 time bins inside the SIR and 100 time bins after the
SIR, for both magnetic and plasma data. Due to the fact
that ICMEs present two sub-structures (sheath and magnetic
ejecta), we divide the event window in two. In general
magnetic ejecta have longer duration than sheaths. That is
why we define more time bins for the magnetic ejecta than
for the sheath. Following the statistical results of Regnault
et al. (2020), we take 100 time bins before the ICME, 100
time bins inside the ICME (30 for the sheath and 70 for the
magnetic ejecta) and 100 time bins after the ICME. In both
cases we assign the mean value inside each time bin interval
to the corresponding bin.

The time axis is normalized with an origin set at the
beginning of the ICME/SIR and the end of the ICME/SIR is
set to 1. This implies that -1 and 2 corresponds respectively
to the normalized time at the beginning and the end of the
data considered.

In case of GCR data we take only 30 time bins per
event because we have lower temporal resolution and more
fluctuations. This lower resolution, by a factor 10 compared
to above, allows to decrease the fluctuation level of the
GCRs, and leads to a clearer signal. In case of SIRs we take
10 time bins before the SIR, 10 time bins inside the SIR,
and 10 time bins after the SIR, for GCR data. In the case of
ICMEs we take 7 time bins before the ICME, 13 time bins
inside the ICME (6 for the sheath and 7 for the magnetic
ejecta), and 10 time bins after the ICME, for GCR data.
Finally, for each physical parameter, we assign the mean
value inside each time bin interval to the corresponding bin.

One of the main limitation that arises from applying a
SEA is that the amplitude of the FDs (i.e. the minimum of
the GCR flux) obtained in the SEAs results in an under-
estimation of the real value. The reason is that in general
each individual event can have its minimum GCR flux at a
different time bin. It implies that SEA provides a smoothed
profile, with a weaker minimum than the mean value of the
minimum of events.

5. Results
In this section we present the analysis of the sample

of events we study. We analyze 344 ICMEs in the period
(1997-2017) and 450 SIRs in the period (1997-2009). We
have 177 slow, 98 medium, and 69 fast ICMEs, compared to
239 slow, 172 medium, and 39 fast SIRs according with our
classification (Section 2).

In Figure 3 we show the histograms of the mean value of
−𝑉𝑥 within ICMEs and SIRs. They both have very similar
global mean speed (479 km/s for ICMEs and 451 km/s for
SIRs). The standard deviation is 109 km/s for ICMEs and 68
km/s for SIRs. Indeed, the distribution of −𝑉𝑥 for ICMEs is
wider, since it has a longer tail toward faster events than the
distribution for SIRs. Apart this tail difference, involving a
minority of cases, ICMEs and SIRs have comparable mean
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Figure 4: Comparison between the SEA applied to all ICMEs and all SIRs. The five panels represent the same parameters studied
in Figures 1 and 2. The left panels correspond to ICMEs. The three time windows have the same normalized time. -1 is the
beginning of the time window considered, 0 is the ICME start (arrival of the interplanetary shock), 1 the ICME end, and 2 is at
the end of the time window considered. The intermediate red vertical line represent the beginning of the magnetic ejecta. The
bottom panel shows the number of cases considered for the superposed epoch analysis. The black lines represent the SEA taking
the mean values and the red lines the SEA considering the median values. The grey shaded region is the error region. The right
panels correspond to the SIRs. All the drawing conventions are the same with the only difference being the vertical lines. In this
case the red lines represent the SIR front and end.

velocity distributions. In the next sub-sections we focus our
analysis on the differences between the typical profile of FDs
produced by ICMEs/SIRs.

5.1. Comparison between ICMEs and SIRs
First we compare the SEA profiles of all ICMEs with

respect to the SEA profiles of all SIRs (Figure 4). This allows
us to investigate the typical differences between ICME and
SIR profiles. The order of the parameters plotted is the same
as in Figures 1 and 2.

The typical 𝐵 profile of SIRs has a parabolic shape
profile, with its maximum at the middle of the structure.
In contrast, in ICMEs a great discontinuity is present at the
beginning (shock), followed by an almost linear monotonous
decrease. The 𝐵 strength present before the events is less
in SIRs (∼5 nT) than in ICMEs (∼7 nT). At the end of the
SIRs, 𝐵 recovers immediately its before event value, while
in ICMEs,𝐵 continue its decrease, with the same slope, once
the ICMEs have passed.

The leading parts of the profiles in Figure 4 are similar
to the ones presented in a SEA study that focussed on a
comparison of the impact of ICMEs/SIRs on geomagnetic

perturbations (Badruddin and Falak, 2016). In particular,
their Figure 1 shows a larger 𝐵 for ICMEs than for SIRs, and
also a more symmetric 𝐵 profile for SIRs. However, since
these authors fixed only the starting point of ICMEs/SIRs
and they kept the physical time without normalization for
their SEAs, the full shapes are not comparable to the one we
obtain here.

The −𝑉𝑥 profiles are also clearly different. In SIRs, −𝑉𝑥
increases during all the event. This is a consequence of the
stream interaction, as the fast solar wind flow catches the
slower solar wind flow ahead of it. Again, the shape of this
profile around the starting point of the SIR is similar to the
one obtained by Badruddin and Falak (2016). In contrast, the
−𝑉𝑥 profile of ICMEs has a jump of −𝑉𝑥 at the arrival of the
interplanetary shock, then a slight increase in the sheath, and
a continuous decrease that is associated to the global ICME
expansion as they propagate in the interplanetary medium
(e.g., Démoulin and Dasso, 2009). Here our results differ
with those of Badruddin and Falak (2016) since they did not
split the ICME into the two sub-structures sheath-ejecta.

The density profile in SIRs is characterized by an initial
increase which could be due to the heliospheric plasma sheet
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ahead of, or being swept into the SIR. Later on a nearly
linear decrease, down to the value of the fast catching solar
wind, is present. This behavior may be the result of the
stream interface being smeared out by the choice of zero
epoch at the SIR leading edge (rather than on the stream
interface), so that we can compare SIR and ICME profiles. A
similar behaviour is observed within ICMEs, first an increase
associated with the arrival of the interplanetary shock, then
of the sheath. It is followed by a density decrease since
the magnetic ejecta is typically under dense. However, the
ICME/SIR profiles have also some differences due to the
different physics involved. For a SIR a typically dense slow
solar wind is catch up by an under dense fast wind. For the
sheath, the plasma is first compressed by the shock, then
by the catching up ejecta. Then, the plasma is under-dense
because the ICME expands as it propagates away to the Sun.

The proton temperature, 𝑇𝑝, increases in SIRs because
the fast wind is typically hotter than the slow one (Lopez and
Freeman, 1986) and plausibly, at least, by adiabatic heating
as the plasma is compressed (Elliott et al., 2012), while in the
magnetic ejecta, 𝑇𝑝 decreases by adiabatic cooling during
the expansion (there is still some heating otherwise magnetic
ejecta would be cooler than observed at 1 au).

Finally, the modulation in the GCR flux during SIRs
or ICMEs is noticeable different. In ICMEs the decrease
is deeper, with a minimum value of ∼1.25% (for the mean
value), a factor 5 larger than in SIRs. Another difference is
the shape of the decrease. In SIRs, a gradual decrease starts
a little after the SIR start (when 𝑁𝑝 reaches its maximum
value). In ICMEs, on the other hand, the decrease begins im-
mediately after the interplanetary shock arrival and continue
within the sheath, then within the front part of the magnetic
ejecta.

Another difference is the location of the minimum GCR
flux. The GCR flux minimum is at the end of SIRs. This
is in agreement with Badruddin and Kumar (2016) while
they were using Oulu and Newark NM data (with higher
cut-offs than McMurdo used here) and they were also using
a SEA with a different zero epoch setting. We conclude that
the location of the GCR flux minimum in SIRs is robust. In
contrast to SIRs, the GCR flux minimum is at the middle
of ICMEs. It is worth to recall that there is a temporal
dispersion of GCR minimum in individual events so the SEA
introduces a smearing effect. Still, the SEA reveals a well
marked global difference between ICME and SIR profiles of
GCRs.

We end up by comparing our SEA results to the data of
individual events shown in Figures 1 and 2. To shorten the
text, we compare below only the GCR flux of the SIR case,
while the same can be easily adapted to other parameters
and the ICME case. Indeed, when we apply the SEA to
SIRs we find that the GCR flux is strongly smoothed with
respect to an individual SIR. What is specific to the SIR
shown in Figure 2 could be found by comparing the observed
profiles to those obtained with the SEA of SIRs (Figure 4). In
particular, in Figure 2, the GCR flux has an extended period
(about 15 h) of lower flux before the SIR, then a series of

minima are present within the SIR as well as an enhanced
GCR flux at the beginning of 11 February. Since these local
features do not appear in the SEA of SIRs, they are not shared
by many events. More details of this SIR were described at
the end of Section 3.2. Furthermore, SEA allows the weaker,
though common, features to be discerned while they may
be dominated by local peculiarities in individual events. For
example, the parabolic shape of 𝐵 is well present in the SEA
of SIRs, while 𝐵 in the individual SIR is much noisier, as in
Figure 2.

5.2. ICME SEA
Some previous studies have statistically analyzed the

dependence of the amplitude of Forbush decreases with the
intensity of the magnetic field and/or the bulk velocity inside
the solar wind structures that produce them (e.g., Melku-
myan et al., 2019; Badruddin et al., 1986). Dumbović, Vrš-
nak, Guo, Heber, Dissauer, Carcaboso, Temmer, Veronig,
Podladchikova, Möstl, Amerstorfer and Kirin (2020) devel-
oped a model (ForbMod) to explain why faster ICMEs show
larger FD amplitude than slow ones. They concluded that
faster ICMEs had less time to fill in with GCRs than slow
ones, via cross-diffusion. This model includes a filling factor
related with the ICME age (i.e., slow ICMEs have more time
to fill their interior via cross-diffusion during their Sun-Earth
travel).

In Figure 5 we show the results of applying the SEA
technique to slow, medium and fast ICMEs. This figure is
very similar to the Figures 4 and 6 of Masías-Meza et al.
(2016). However, these authors apply the SEA to a subset
of 44 MCs. In this study we apply the SEA to 344 ICMEs,
without distinction of MC features. Analyzing 𝐵 before the
ICME arrival (before the shock), we observe 𝐵 ∼5 nT for
slow ICMEs, 𝐵 ∼8 nT for medium and fast ICMEs. This is
consistent with the results reported by Masías-Meza et al.
(2016) for the case of MCs, and consistent with finding slow
ICMEs travelling in a magnetically weaker pre solar wind.
At the interplanetary shock arrival, we observe the jump in
𝐵. 𝐵 goes from from ∼5 nT to ∼11 nT in slow ICMEs, while
in fast ICMEs 𝐵 goes from ∼8 nT to ∼20 nT. Inside the
sheath of medium and fast ICMEs an asymmetric 𝐵 shape
is present, with its maximum 𝐵 at the leading edge. This
behaviour is not so clear in slow ICMEs.

Regarding −𝑉𝑥 before the ICME arrival, we observe
slow solar wind of ∼400 km/s in slow ICMEs, ∼420 km/s in
medium ICMEs, and fast solar wind speed regime of ∼500
km/s in front of fast ICMEs. This result is also in agreement
with Masías-Meza et al. (2016), and consistent with a slow
down mechanism (e.g., via drag) for ICMEs travelling in
slow solar wind. More precisely, the difference of velocity
between the ICME and the encountered wind is larger as the
wind is slower, more over the density is larger, so the drag
is more efficient in a slower wind. This implies that slower
ICMEs at 1 au are more frequently travelling in a slower solar
wind.

Slow ICMEs sheaths expand, whereas fast ICMEs sheaths
are in compression. This phenomena was also observed and
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Figure 5: Superposed Epoch Analysis for the slow ICMEs (left), medium ICMEs (middle), and fast ICMEs (right). The five panels
represent the same parameters studied in Figure 1. The three time windows have the same normalized time. -1 is the beginning
of the time window considered, 0 is the ICME start, 1 the ICME end, and 2 is at the end of the time window considered. The
bottom panels show the number of cases considered for each superposed epoch analysis. The black lines represent the SEA taking
the mean values and the red lines the SEA considering the median values. The grey shaded region is the error region. The blue
vertical line represents the interplanetary shock, the two red vertical lines represent the beginning and ending of the magnetic
ejecta.

explained in Masías-Meza et al. (2016) and Regnault et al.
(2020). Sheaths are compressed in fast ICMEs due to the
interaction of the following fast magnetic ejecta, while for
slow ICMEs the magnetic field and plasma have the time to
reach a quasi-pressure balance. This implies an expansion
similar to that of a flux rope (as modeled by Démoulin
and Dasso, 2009). Next, inside the magnetic ejecta a clear
expansion is present for all ICME groups as found previously
in other works (e.g. Rodriguez et al., 2016).

The proton density 𝑁𝑝 shows its higher value inside
sheaths. This maximum in 𝑁𝑝 is associated with the com-
pression that takes place when the pre-shocked plasma
passes through the interplanetary shock. A peak of 𝑁𝑝is
present just behind the ICME end for the three ICME classes.
The plausible origins of this peak is explained in detail,
for the case of MCs, in Rodriguez et al. (2016). In the
majority of events this density peak could be associated to
the compression by a trailing fast-stream. A strong internal
expansion of the magnetic ejecta could also explain this

density peak for a small fraction of events. Finally, a third
plausible origin could be present at the solar origin (e.g. the
compression by a reconnecting jet behind the erupting flux
rope).

After the interplanetary shock arrival, inside the sheath,
an increase in 𝑇𝑝, associated with the heating, takes place.
During the magnetic ejecta we see a 𝑇𝑝 profile associated
with a cooling, due to a combination between expansion
and cooler initial coronal conditions (Démoulin, 2009). The
temperature contrast is similar in all ICME classes, implying
that 𝑇𝑝 is globally higher in faster ICMEs.

Finally, we analyze the GCR flux response. At the begin-
ning of all ICMEs, a decrease in the GCR flux is observed.
This decrease is more noticeable in faster ICMEs than in
slower ones, consistently with a well known result (see, e.g.,
Regnault et al., 2020; Janvier et al., 2021). In slow ICMEs,
the observed decrease is small with a relative minimum of
∼1%, in medium ICMEs the minimum is of ∼2% and the
biggest decrease is observed in fast ICMEs with ∼4%.
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Figure 6: Superposed Epoch Analysis for the slow SIRs (left), medium SIRs (middle), and fast SIRs (right). The five panels
represent the same parameters studied in Figure 2. The three time windows have the same normalized time. -1 is the beginning
of the time window considered, 0 is the SIR start, 1 the SIR end, and 2 is at the end of the time window considered. The bottom
panels show the number of cases considered for each superposed epoch analysis. The black lines represent the SEA taking the
mean values and the red lines the SEA considering the median values. The grey shaded region is the error region.

Other difference regarding the GCR flux is their profiles.
Fast ICMEs are the ones that resemble the most to the
classical two step FD associated to ICMEs. We distinguish
two different slopes. The first slope is associated with the
sheath, and a second one, less steep, is associated with the
beginning of the magnetic ejecta. Once the event has passed,
the recovery phase is longer than the ICME extension for all
cases.

5.3. SIR SEA
In Figure 6 we present the results of applying the SEA

method to our sample of events, spliting in slow, medium
and fast SIRs. The profiles of all the parameters have a
similar behaviour (in contrast to ICMEs). We can not find
remarkable differences between slow, medium and fast SIRs,
apart a variation of amplitude. Indeed, the 𝐵 profiles in all
SIRs have a parabolic shape with a maximum in the SIR
middle of ∼10 nT, ∼11 nT and ∼12 nT for slow, medium and
fast SIRs respectively. One of the differences between the
profiles resides in the 𝐵 intensity before the starting time of

the SIRs, being ∼ 4 nT, ∼ 6 nT, and ∼ 8 nT for slow, medium
and fast SIRs respectively.

The −𝑉𝑥 profiles have the same behaviours. Once the
SIR begins, −𝑉𝑥 starts to increase monotonously until the
end of the SIR. Once the SIR ends −𝑉𝑥 starts to decrease. As
for 𝐵 intensity, the upstream speed is faster for faster SIRs.
This is the same ordering than for ICMEs. However, for SIRs
the main effect may be not physical, as for ICMEs, but due to
our definition of the SIR velocity. We define the SIR speed
as the mean within the boundaries, so it includes a part of the
slow solar wind present in front of the stream interface, so
faster SIRs are expected to have a faster upstream (as well
as downstream) wind. Then, these faster upstreams have a
larger 𝐵 intensity (as for ICMEs).

The 𝑁𝑝 behaviours are also the same for all SIRs. The
density increases until a maximum value located near the
stream interface, and then, it decreases to its previous value.
More surprising the density increase in the SIR is larger for
slower SIRs. This is related to a larger increase of 𝐵, relative
to its value before the SIR front, for slower SIRs. This points
to a stronger compression of the slow solar wind in slower
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SIRs, which could be related to a longer interaction time of
the streams (longer travel time). Finally, the density is lower
behind the faster SIRs simply because a faster wind is present
and it is typically less dense.

The main temperature increases is a consequence of
a faster, so hotter, solar wind behind the SIR. However,
there is a larger 𝑇𝑝, than in the following solar wind, in
about the second half of the SIRs. Even more, this higher
temperature region is more marked and extended for faster
SIRs. We interpret it as the consequence of heating, at least
by compression as traced by the −𝑉𝑥 profile. The effect of
compression is clearer on 𝑁𝑝 and dominantly present in the
first half of the SIR. This points for the need of extra heating
to increase 𝑇𝑝 in the second half of the SIR.

All SIRs have very similar GCR flux profiles, with more
dispersion for the fast SIRs since they are less numerous (so
individual pecularities are less minimised). A progressive
increase of the flux is present well before the SIR and it ends
significantly after the SIR start. The decrease of GCR flux
begins at the maximum 𝑁𝑝 in all SIR groups. Next, there is
an anti-correlation between −𝑉𝑥 and GCR flux in the line of
previous results (e.g., Badruddin et al., 1986).

Finally, the GCR flux decreases until the end of the
SIR. The most remarkable feature is the location of the
minimum GCR flux, which is near the end of the SIRs for
the three groups. The minimum amplitude of the GCR flux
is ∼ 0.35%, ∼ 0.38% and ∼ 0.31% for slow, medium and fast
SIRs respectively. We can then conclude that the mean solar
wind velocity in SIRs is not a good parameter to infer the
FD amplitude, in contrast to the results obtained for ICMEs
(Figure 5).

5.4. Comparison between ICMEs and SIRs
Now we compare the FDs caused by ICMEs and SIRs

with similar velocities. We observe from Figures 5 and 6
that in case of slow events, both ICMEs and SIRs produce
weak FDs (in terms of FD amplitude). The minimum GCR
flux in slow ICMEs is ∼ 0.85%, while in slow SIRs, the
FDs amplitude is ∼ 0.35%. However, the profile of the
decrease is different. For FDs produced by SIRs, the GCR
flux is very well anti-correlated with the solar wind speed (in
concordance with Richardson, Wibberenz and Cane (1996));
while in the case of FDs driven by ICMEs, the solar wind
speed velocity and the GCR flux do not present such anti-
correlation.

When we analyze fast events, we observe that the FDs
produced by ICMEs and SIRs are clearly different. In fast
SIRs, the maximum amplitude of the FDs is ∼ 0.31%, while
in fast ICMEs, it reaches a value of ∼ 3.92%. That is, FDs
produced by fast ICMEs are more than 11 times higher than
those produced by fast SIRs.

We summarize the main results of the ICME/SIR com-
parison in Figure 7. We compute the mean value of the
bulk velocity, within the events, from the SEA mean for the
three groups classified as slow-medium-fast. The error bars
correspond to the average of all errors during the ICME/SIR
event in each of the SEA. From this, we can observe that

fast ICME/SIR events exhibit more uncertainties than slow
ICME/SIR events. This is primarily due to the fewer number
of fast ICME/SIR events compared to slow ones. This can
also be verified by examining Figures 5 and 6, where the
area of uncertainty is larger in fast ICME/SIR events than
in slow ones. Taking the median, at the place of the mean,
shows very similar results (so they are omitted). The FD
amplitude is the maximum decrease of GCR during the SEA
of ICME/SIR. The FD amplitude is independent of the mean
velocity for SIRs while there is a strong dependence for
ICMEs (Figure 7 left panel). These results are consistent
with the ones reported by Melkumyan et al. (2019), where
other techniques were used. Next, for ICMEs, a strong
dependence of FD amplitude is present in function of the
maximum magnetic field stength, Bmax (Figure 7 right
panel). In contrast Bmax has almost the same value in the
three SIR groups.

In summary, our conclusion from Figure 7 is that SIRs’
FDs do not depend on their mean velocity while it appears
to be the case for ICMEs’ FDs. However, Bmax is also a key
parameter to determine FD amplitude for ICMEs. Moreover,
it is striking that both Bmax and FD amplitude are similar in
the three SIR groups. If we suppose that the GCR screening
process is similar in SIRs and ICMEs, this result points to
a major screening effect of Bmax in both type of events. In
this case, the relationship of FD amplitude with the mean
velocity for ICMEs would only be an indirect consequence
of the correlation between the mean velocity and Bmax.

6. Summary and conclusions
We analyze 457 ICMEs in the period (1997-2017) and

450 SIRs in the period (1997-2009). We study the SEA
of ICMEs and SIRs with the same method, rescaling the
events in time so that both their leading and following
boundaries are superposed. Analyzing the SEA time profiles
for FDs driven by ICMEs and SIRs, we noticed different
response in the GCR flux. The FD intensity is weaker for
FDs produced by SIRs with respect to the FDs produced by
ICMEs. Analyzing all the ICMEs and SIRs we find that the
maximum depression of the GCR flux is ∼ 1.8% for ICMEs
and ∼ 0.35% for SIRs. This result is in concordance with
the result of Badruddin and Kumar (2016), where they find
that the average maximum depression of GCRs in ICMEs is
∼ 1.5% and ∼ 0.5% for SIRs.

We also notice a previous increase of the GCR flux
before the leading edge of SIRs but not for ICMEs. This
behaviour is also reported in Dumbović et al. (2022). How-
ever, there are some differences in the analysis. In Dumbović
et al. (2022), the authors analyze a single coronal hole that
produce 27 CIRs, while in this paper we analyze all the SIRs
which occurred in 1997-2009. Another differences reside in
the definition of the events. We define the SIR boundaries
according the Jian et al. (2006) list. In Dumbović et al.
(2022), they define the beginning of the SIR with the same
criteria while they define the end of the SIR when the solar
wind velocity return to the value present before the SIR.
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Figure 7: Plots summarizing the results of slow, medium, and fast ICMEs/SIRs shown in Figures 5 and 6. The FD amplitude
denotes the maximum decrease of GCR during the ICME/SIR. The FD amplitude is plotted in function of the mean speed (left
panel) and the maximum magnetic field strength, Bmax (right panel), of the SEA. The linear regression lines for ICMEs/SIRs
are added. The error bars correspond to the average of all errors during the ICME/SIR event in each of the SEA.

This differs from our case where the SIR is defined as the
compression region (as defined by Jian et al., 2006) and it
does not include the following fast solar wind stream. This
SEA result aposteriori further justify how Jian et al. (2006)
defined the end of SIRs.

Another difference between the FDs produced by ICMEs
and SIRs is their profile. In ICMEs, a decrease in the GCR
flux begins at the arrival of the interplanetary shock and
reaches its minimum at almost the middle of the ICME. In
other words, the GCR minimum is a little after the beginning
of magnetic ejecta. Later on, a monotonic recovery of the
GCR flux is present. It extends during a time period longer
than the time window considered for the analysis. For the
case of SIRs, a decrease of the GCR flux is present during
the main part of the SIR where the magnetic field is enhanced
and where the radial velocity increases with time (so with an
anti-correlation with the solar wind velocity as previously
found, e.g. Richardson, 2004). Then, the GCR flux is mini-
mum at the SIR rear.

We also find that the mean solar wind velocity plays
a key role in the modulation of GCRs in ICMEs. In slow
ICMEs, a weak FDs is observed (∼ 0.85%), while in fast
ICMEs the FDs intensity is∼ 3.92%, so more than four times
higher. However, in the case of SIRs we observe that FDs are
not dependant on the mean bulk solar wind velocity. Slow,
medium and fast SIRs have very similar FDs decrease, with
values of ∼ 0.35%, ∼ 0.38% and ∼ 0.31% respectively. The

shape of the FD, as well the 𝐵 profile, is also similar in the
three SIR categories.

Finally, we find that the FD amplitude produced by SIRs
or ICMEs is not so different for slow events, but significantly
different for fast ones. For instance for fast SIRs the GCR
flux reaches a value of∼ 0.35%, but for fast ICMEs it reaches
∼ 3.92%. Then, in spite of having similar velocity, fast
ICMEs produced 10 times higher FDs with respect to fast
SIRs. In fact the main difference is magnetic field intensity:
it increases strongly with faster ICMEs, so does the FD
amplitude. In contrast, for SIRs both magnetic field intensity
and FD amplitude are nearly independent of the mean speed.
This points for the magnetic field intensity to be the main
screening agent of GCRs in ICMEs and SIRs.

Results presented here will help to better understand the
physical mechanisms for the transport of energetic particles
(e.g., protons of ∼ 1-10 GeV) in different transient plasma
regimes of the solar wind. Above results set observational
constraints to models and simulations of GCRs since they
need to reproduce/explain them within the same framework,
taking into account the different geometries and magnetic
configurations of ICMEs and SIRs. For example, the generic
presence of an increase of GCR flux before SIRs and not
before ICMEs is challenging. Another point is to clarify
the weaker role of plasma velocity than the one of mag-
netic field as the contrasting results of ICMEs/SIRs show.
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There are also other aspects to consider, such as the topol-
ogy of the magnetic field. In the case of ICMEs, where
the presence of flux ropes or closed magnetic field struc-
tures dominates, the response in cosmic ray flux is different
than in the case of SIRs, which are characterized by open
magnetic field structures. We expect that more results will
come in the next years, for instance from new generation
of ground based instruments for observing GCRs, as for
example Water Cherenkov Detectors (e.g., Santos, Dasso,
Gulisano, Areso, Pereira, Asorey, Rubinstein and LAGO
Collaboration, 2023).
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