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Abstract

The rigidity dependence of all Forbush decreases (FDs) recorded from 1995 to 2015 has been determined using
neutron monitor (NM) and Solar and Heliospheric Observatory (SOHO) (EPHIN) spacecraft data, covering the
energy (rigidity) range from ∼433MeV (1 GV) to 9.10 GeV (10 GV). We analyzed a total of 421 events and
determined the spectrum in rigidity with an inverse power-law fit. As a result, the mean spectral index was
identified to be 〈γF〉= 0.46± 0.02. The majority (∼66%) of the FDs have γF within the range 0.3–0.7. The
remaining one-third of the events (∼33%) have either (very) soft or hard FD spectra, with the latter being more
common than the former. Significant variations of γF occur within almost every FD event. During the initial FD
decay phase the spectrum becomes gradually harder, in contrast to the recovery phase, when it becomes softer.
Additionally, low energies (rigidities) seem to be better suited for studying the fine structure of interplanetary
disturbances (primarily interplanetary coronal mass ejections) that lead to FDs. In particular, FDs recorded by the
EPHIN instrument on SOHO better capture a two-step structure than FDs observed by NMs. Finally, the ejecta of
an ICME, especially when identified as a magnetic cloud, often leads to abrupt changes in the slope of γF.

Unified Astronomy Thesaurus concepts: Solar coronal mass ejections (310); Forbush effect (546); Corotating
streams (314)

Supporting material: machine-readable table

1. Introduction

Galactic cosmic rays (GCRs) are high-energy charged particles
accelerated outside our solar system that penetrate the heliosphere,
filling interplanetary (IP) space. When GCRs enter the heliosphere,
they interact with the interplanetary magnetic field (IMF) (Owens
& Forsyth 2013), which is dragged out from the Sun by the solar
wind (SW). Rotation of the Sun twists the IMF into an
Archimedean spiral configuration, often called a ”Parker spiral”
(Parker 1965). The GCRs are scattered by irregularities in the IMF,
undergo convection and adiabatic deceleration in the expanding
SW, and experience gradient and curvature drifts in the large-scale
IMF (Parker 1958). As a result, their intensity is modulated on
timescales that vary from millennia (McCracken et al. 2013) to the
22 yr solar Hale cycle (Thomas et al. 2014) and the 11 yr solar
cycle (Belov 2000), and, of interest here, to hours to a few days.
Such short-term depressions in the GCR intensity were identified
by Forbush (1938)—and also by Hess & Demmelmair (1937), who
noted that they were often closely associated with geomagnetic
storms and were observed worldwide. Such short-term GCR
depressions are generally referred to as “Forbush decreases” (FDs).
GCR modulations that recur at the solar rotation period were also
identified (e.g., Monk & Compton 1939).

It is now well established that such short-term GCRmodulations
are associated with large structures propagating in the IP medium.
In particular, high-speed streams that emanate from coronal holes

at the Sun, and the corotating interaction regions (CIRs) that form
as they interact with the preceding slower solar wind (see
Richardson 2018 for a recent review), give rise to recurrent
modulations. In addition, FDs are clearly caused by the passage of
interplanetary coronal mass ejections (ICMEs) (e.g., Cane 2000;
Belov 2009; Dumbović et al. 2020; Light et al. 2020; Papaioannou
et al. 2020 and references therein). The FD often commences at the
passage of the shock (if present) upstream of the ICME, and the
GCR intensity may further decrease in the ICME. Adding to this, if
the ICME contains enhanced magnetic fields that rotate slowly
through a large change in direction, it may be classified as a
“magnetic cloud” (MC) (Klein & Burlaga 1982). MCs can
strongly modulate GCRs (e.g., Richardson & Cane 2011; Belov
et al. 2015; Masías-Meza et al. 2016).
For the past 60 years, neutron monitors (NMs) have recorded

the variation of GCRs at Earth including FDs (e.g., Lockwood
1971; Papaioannou et al. 2010; Dumbović et al. 2012). GCRs
have also been observed by spacecraft both near Earth and at
other locations in the heliosphere. However, restrictions on the
size and mass of spacecraft instruments usually constrain the
energy range of the GCRs detected (often limited to a few
hundredMeV) and their counting statistics. An exception to
this is the Ulysses Kiel Electron Telescope (KET) described in
Simpson et al. (1992), which was designed to measure the
electrons in the range from 2.5 to above 150 MeV, and protons
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and helium from 4 MeV/nucleon to above 2 GeV/nucleon,
respectively. Proton and helium fluxes in the energy range from
250MeV/nucleon to 2 GeV/nucleon have been extensively
used to investigate the recurrent modulations caused by CIRs
along the Ulysses trajectory (see Kunow et al. 1995). The
rigidity dependence of the strongest recurrent FDs and a
comparison between solar cycles 22 and 23 were presented in
Paizis et al. (1999) and Dunzlaff et al. (2008), respectively.
Another exception to the limited energy response is the
PAMELA instrument (Adriani et al. 2009), which detects
GCRs from 80MeV to several GeV. An FD observed by
PAMELA is reported by Munini et al. (2018). In addition, the
Alpha Magnetic Spectrometer (AMS) on the International
Space Station (Aguilar et al. 2015) has also observed FDs to at
least ∼10 GV (Consolandi & AMS Collaboration 2015). As a
notable example of spacecraft observations of GCRs away
from Earth, the Voyager 1 and 2 spacecraft observed GCRs as
they moved out through the heliosphere, including FDs (e.g.,
Webber et al. 2007). Paularena et al. (2001) investigated the
evolution of an ICME and corresponding FD from the inner
heliosphere to beyond 58 au.

Another approach is to use the counting rate of an element of a
spacecraft instrument that detects GCRs either as a background or
intentionally, as in the case of an anticoincidence shield. Although
the counting statistics may be higher, the energy/rigidity response
is usually poorly defined since GCRs of a wide range of energies
are detected. In addition, solar energetic particles (SEPs) below
GCR energies can also be detected and may occasionally dominate
the counting rate (e.g., Dumbović et al. 2020). As examples of
such observations, McCracken et al. (1966) detected recurrent
GCR modulations with a CsI scintillator on Pioneer 6, in a
heliocentric orbit ∼50o longitude from Earth, which recorded
∼56,000 counts/7.5 minutes. Cane et al. (1994) used

anticoincidence guard rates from instruments on IMP 8 at Earth
and the Helios spacecraft to examine FDs associated with ICMEs
and shocks in the inner heliosphere, while Richardson (2004)
discusses observations of recurrent FDs using the same instru-
mentation. Adding to this, Blanco et al. (2013) investigated
cosmic-ray decreases that were associated with the passage of MCs
that were measured by the guard counter of the Helios E6
experiment. The anticoincidence shield (ACS) of INTEGRALʼs
spectrometer has also been used for FD studies (Jordan et al.
2011). Other near-Earth measurements of FDs include those from
the Electron Proton Helium Instrument (EPHIN) instruments on
board the Solar and Heliospheric Observatory (SOHO), which will
be used in this study, and Chandra (Heber et al. 2015; Dumbović
et al. 2018, 2020). Observations beyond Earth include: at Mars, the
Radiation Assessment Dosimetry dose rates on the Mars Science
Laboratory (Guo et al. 2018; Papaioannou et al. 2019; Freiherr von
Forstner et al. 2020); at Saturn, measurements from Cassiniʼs
Magnetosphere Imaging Instrument/Low Energy Magnetospheric
Measurement System (Roussos et al. 2018); and beyond (e.g.,
Witasse et al. 2017; Winslow et al. 2018).
In this work, we study short-term modulations of GCRs (i.e.,

FDs) using observations made by NMs on Earth and by EPHIN
on board SOHO at L1 during 1995–2015, extending over solar
cycles 23 and 24. We first create a catalog of FDs recorded by
EPHIN (a portion of which is presented in Table 1 for guidance
regarding its form and content, while the complete table is
available in a machine-readable form in the online journal), and
then investigate the rigidity dependence of the amplitude of the
FDs measured by EPHIN, with a peak response to GCRs at
∼1–1.5 GV, and at 10 GV based on NM observations. We aim
at revealing features of the rigidity spectrum, in an attempt to
understand the observed variability of FDs.

Table 1
A Sample of the List of FDs Recorded at EPHIN on board SOHO from 1995 to 2015

No. Date Time AS (%) AE (%) γF σF Type of Structure Two-step FD

@ EPHIN @ NMs at 10 GV

1 1995.12.15 15:15 2.04 0.8 0.53 0.19 ICME 0 0
2 1995.12.24 6:00 3.14 1.5 0.43 0.12 0 0
3 1996.04.08 13:34 2.91 0.5 0.94 0.17 1 0
4 1996.06.19 2:45 0.98 0.6 0.29 0.38 0 0
5 1996.07.01 13:20 1.89 0.7 0.18 0.19 ICME 1 1
6 1996.07.28 13:07 2.06 1.1 0.37 0.18 1 0
7 1996.08.07 12:00 2.69 0.8 0.12 0.14 ICME 1 1
8 1996.08.12 22:34 1.23 0.7 0.33 0.31 0 0
9 1996.09.03 18:00 7.75 2.7 0.59 0.05 1 1
10 1996.09.09 19:13 4.5 0.8 0.92 0.11 1 1
11 1996.11.11 15:27 0.8 0.5 0.28 0.48 0 0
12 1996.11.13 13:00 2.92 1.1 0.55 0.14 0 0
13 1996.12.02 10:01 3.73 1.1 0.67 0.11 ICME 1 1
14 1997.01.10 1:04 2.84 1.1 0.54 0.14 ICME 0 0
15 1997.01.11 1:16 1.23 1.2 0.02 0.3 CIR+ICME 1 1
16 1997.02.09 13:21 6.52 1.5 0.8 0.07 ICME 1 1
17 1997.03.05 13:57 0.6 0.9 −0.26 0.6 0 0
18 1997.03.23 8:23 0.96 0.5 0.38 0.4 0 0
19 1997.04.04 17:45 0.95 0.5 0.37 0.4 1 0
20 1997.04.10 12:58 12.37 3.7 0.67 0.03 ICME 1 0

Note. Column 1 provides the number of the event, columns 2 and 3 the date and onset time of the FD, column 4 the amplitude of the FD by EPHIN (AS), column 5 the
magnitude of the FD by NMs (AE), column 6 γF, column 7 σF, column 8 the type of structure; columns 9 and 10 indicate whether a two-step FD was identified at
EPHIN or at NMs respectively (1 = yes, 0 = no).

(This table is available in its entirety in machine-readable form.)
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2. Analysis

2.1. Data Used

Data on FDs and IP disturbances have been compiled into a
database (Forbush effects8 and interplanetary disturbances—
FEID; http://spaceweather.izmiran.ru/eng/dbs.html) by the
IZMIRAN Cosmic Ray Group. This is based on the database of
variations of cosmic rays (VCR) that was first constructed and
transferred into open access at http://spaceweather.izmiran.ru/
eng/vcr.html. The VCR database includes hourly values of the
basic parameters of cosmic rays at a fixed rigidity of 10 GV—
in particular, the variations of CR density (A0), which is used in
this work, and the components of the 3D CR anisotropy (Ax, Ay,
Az) above the Earth’s atmosphere and magnetosphere, derived
by the global survey method (GSM) (Belov et al. 2018). GSM
is applied to the data of the worldwide neutron monitor
network (i.e., www.nmdb.eu), taking into account the unique
properties of each station such as coupling coefficients,
asymptotic directions, and yield functions (Asipenka et al.
2009). It should be noted that the derived cosmic-ray
parameters are global characteristics and do not depend on
individual NMs. In addition, the VCR database contains hourly
information for more than 60 yr and covers the period from
1957 July to 2019 December. As a result, this database is the
largest and most comprehensive source of data on CR
variations. From the VCR data, Forbush decreases are selected
and their solar sources are identified. These results, together
with all relevant data and outputs are stored in the FEID
database. FEID further includes the hourly IP data from the
OMNI database; the list of sudden storm commencements
(SSCs) from http://isgi.unistra.fr/data_download.php, CME
identifications from https://cdaw.gsfc.nasa.gov/CME_list/,
and the solar flares associated with the FDs reported in the
solar geophysical data (ftp://ftp.swpc.noaa.gov/pub/indices/
events/) as well as in the GOES X-ray list (https://www.ngdc.
noaa.gov/stp/space-weather/solar-data/solar-features/solar-
flares/x-rays/goes/xrs/). The FEID database also includes
all relevant IP data and geomagnetic indices (Kp, Dst). In
order to pinpoint the characteristics of the recorded FDs (e.g.,
magnitude, decrement, 3D anisotropy) we use the results of
GSM (Belov et al. 2018). The FEID catalog is based on the

density of CR variations (isotropic component of the CR
variations, A0) at a fixed rigidity of 10 GV. These FDs are not
limited in size and duration and are often very small (about
0.3%) (Belov et al. 2001). Analysis of the neutron monitor
network data by GSM gives an accuracy of ∼0.05%–0.06%
(see, e.g., Belov et al. 2018 for details), making it possible to
identify such small FDs (Belov 2009). The main requirement
for an FD to be included in the FEID catalog is that the
observed CR variations are associated with a large-scale SW
disturbance. As a result, FEID includes all identified
decreases in the GCR density and has more than 7500 FDs
that are driven by shocks, ICMEs, CIRs, and combinations
thereof. Thus, it provides a large sample of events for FD
studies.
Additionally, we utilized measurements from EPHIN, which

is part of the Comprehensive Suprathermal and Energetic
Particle Analyzer (COSTEP) suite (Müller-Mellin et al. 1995)
on board SOHO. SOHO was launched in 1995 December and
has an orbit around the Lagrangian point L1. Figure 1 (left)
shows a sketch of SOHO with the position of all relevant
instruments indicated including COSTEP. The diagram on the
right shows EPHIN, which consists of six solid-state detectors
(labeled A–F) enclosed in a scintillator that acts as an
anticoincidence shield (G). EPHIN was designed to measure
ions from 4 to above 50MeV/nucleon in four coincidence
channels for particles stopping in the detector stack, as well as
an integral channel (Kühl et al. 2017; Kühl & Heber 2019). In
this work, we make use of detector F, which was chosen for
this study since it is less sensitive to low-energy particles (i.e.,
not every soft SEP event will trigger it) than the antic-
oincidence shield G. Both the F and G detectors can be used to
study FDs, but although G has count rate about twice that of F,
it also detects more solar particle events. Furthermore, the F
detector and a typical NM at the pole have a counting rate of
more than 1000 counts/minute (Moraal et al. 2000; Kühl et al.
2015), providing sufficient statistics to observe structures in
FDs at even a resolution of a minute (Dumbović et al. 2020).

2.2. Details of the EPHIN Detector

In order to accomplish the study, it is necessary to determine the
contribution of particles of different energies (rigidities) to the
counting rate of the EPHIN F detector. The geometrical factor of
the F detector as a function of CR energy is calculated in Kühl
et al. (2015) and is presented in Figure 2. The mounting location

Figure 1. SOHO (left) with the position of COSTEP, which includes EPHIN, and a sketch of the EPHIN detector (right), adapted from Kühl et al. (2015).

8 Forbush effects are the broader definition of Forbush decreases; see Belov
(2009) for details.
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on SOHO (Figure 1) leads to inhomogeneities in the material
encountered by the incoming particles, which depends on their
direction of incidence. This has been estimated as equivalent to
∼10 cm aluminum mounted behind the sensor. As a result,
forward particles only need to penetrate the upper parts of the
instrument (e.g., detectors A–E), while backward particles need to
penetrate much more material. The detector itself cannot
distinguish between these populations coming from the forward
or the backward direction. As a result, the response depends
on direction. As shown in Figure 1 of Kühl et al. (2015), which
was constructed utilizing GEANT-4 simulations, the F detector
is sensitive to forward ions >50MeV and backward ions
>150MeV. Although there are uncertainties in such simulations,
the detector configuration employed in this study has been
successfully used for the recreation of the GCR modulation (Kühl
et al. 2015). Furthermore, results of the EPHIN simulation
for penetrating particles have been verified versus AMS-02,
PAMELA, and BESS measurements (Kühl et al. 2016). As a
result, the GEANT-4 MC uncertainty is likely to be small.

The efficiency EF(E) of the F detector increases rapidly in
the low-energy region (approximately up to 500MeV), then
more slowly with increasing energy. To get the contribution
of particles of different energies (rigidities) to the detector
counting rate (i.e., response function), it is necessary to
multiply the detector efficiency by the primary energy (rigidity)
differential spectrum. The CR variation observed by EPHIN
can be written as

( )
( ) ( ( ))
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where δ0(t, tb, R) is the variation of the primary CRs, which
depends not only on the time t and the rigidity R, but also on
the base period tb. The response function W(R) also depends on
the choice of the base period tb, and this dependence is stronger
for the particles of lower energy (rigidity). As a result, it is
much more important for satellite observations (e.g., EPHIN) to
account for this dependence than for ground-based ones (e.g.,
NMs). To take into account these changes, we used the
information on long-term variations of the CR rigidity
spectrum obtained from Gushchina et al. (2012).

An optimal candidate period for the primary spectrum lies in the
minima of solar activity, when the CR intensity changes at a
slower rate than at other phases of the solar cycle. In this work, we
utilized the response functionW(E)=EF(E)J2009(E), using as basis

the year 2009. In that particular year, from the time span covered in
our study, the CR intensity was the highest recorded for both NMs
and EPHIN (which is clearly seen in Figure 4). Evidently, such a
reference base period and the corresponding response functions are
convenient for the investigation of long-term CR variations
(Gushchina et al. 2012, 2013). However, FDs are short-term
changes of the background CRs. Therefore, for each event, these
changes need to be determined for a new (evolving with time) base
and for the corresponding response function, taking into account
changes in the primary spectrum (modulation).
Figure 3 shows the difference in the sensitivity of the detector

(response function) for the minimum (2009; green line) and
maximum of solar activity9 (2003 November; orange line). It
can be seen that at the minimum of solar activity, the maximum
sensitivity of the detector is ∼1 GV, and at the maximum of
solar activity, it shifts to ∼1.5 GV. At the minimum of solar
activity, the detection range extends to lower rigidities, and the
sensitivity to high rigidity significantly increases. Furthermore,
the maximum of solar activity (in terms of the number of
sunspots) was reached in 2000 with a second peak in 2001. The
GCR remained low until the end of 2003. The lowest absolute
GCR flux was reached during the largest FD, in 2003 October,
which was followed by a series of strong FDs in 2003
November. Thus, we have chosen 2003 November for the
calculation of the sensitivity of the detector (response function)
for the maximum of solar activity. If we represent the primary
variation as an inverse power law in rigidity, i.e.,

( ) ( )/d = g-t t R A R, , 10b0 E , and substitute it in Equation (1)
for δ(t, tb, R) to the AS magnitude (i.e., the FD magnitude at
SOHO/EPHIN), and consequently substitute the specific
values of AE and AS from the data, then from their relation with
Equation (1) we can find an index of the rigidity spectrum for a
certain FD event. A power-law spectrum would be expected
for rigidities �1.68 GV (energies �1 GeV). Furthermore, the
spectrum for large FDs may deviate from the simple form of a
power law. Adding to this, recently Munini et al. (2018), using
PAMELA data covering a range of rigidities from 0.5 to
20 GV, employed (for the rigidity dependence of the
amplitude) a power law and an exponential fit and concluded
that the exponential fit is more suitable. However, in the current
work we made the simplest and most common approximation
for the spectrum, selecting a power law. A more detailed

Figure 2. The dependence of the sensitivity of the F detector of EPHIN on CR
particles of different energies.

Figure 3. The response function of the EPHIN F detector to CRs with rigidity
spectra corresponding to the minimum (2009) (green line) and maximum (2003
November) (brown line) of solar activity.

9 See explanation on the maximum of solar activity in the text.
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investigation of the form of the spectra is beyond the scope of
this study.

2.3. EPHIN and NM Data Combined

The long-term variations observed by EPHIN and by NMs at
Earth (for a fixed rigidity of 10GV) for the complete time span of
our study (i.e., 1995–2015) are given in Figure 4. The EPHIN
measurements are depicted with a brown line, and the NM
observations with a blue line. As can be seen, the EPHIN
measurements follow the dependence on solar cycle that is evident
in the NM observations. Moreover, occasional enhancements
associated with SEPs and decreases associated with FDs are
evident. Thus, EPHIN is ideal for the purposes of this study,
which aims at identifying FDs observed by EPHIN and NMs,
comparing their magnitudes (as a percentage) and expressing this
difference as a power law in rigidity. The arrows in the uppermost
part of Figure 4 denote the largest FDs recorded at both SOHO
and Earth, specifically those with amplitudes AE > 5% for FDs
observed by NMs at a fixed rigidity of 10 GV and AS > 10% for
SOHO/EPHIN FDs. One may note that large FDs recorded by
NMs are much more frequent than satellite ones (i.e., if one
compares the relative number of arrows). In addition, the lack of
coincidence between a brown arrow (i.e., FD recorded by EPHIN)
and a blue one (i.e., FD recorded at Earth) does not mean that
there was no FD present at a fixed rigidity of 10GV. The FD
exists, but its magnitude falls slightly below the threshold of
AE > 5% and thus it is not counted. In contrast, when the blue
arrow does not have a corresponding brown one, it is usually due
to the fact that the EPHIN FD could not be selected—usually
because of the masking due to SEPs (Dumbović et al. 2020).

3. Results

3.1. Identifying Forbush Decreases at EPHIN

For this study, we use EPHIN data between 1995 December
and 2015 February. Within this time range, the FEID database
contains a total of 2234 FD events, recorded at Earth. With the
aim of selecting FDs that were observed both at EPHIN and on
the ground by NMs we first selected those that, as a rule, were
initiated with the arrival of an IP shock wave, marked by an
SSC. We retrieved 483 such events from FEID, covering the
time span of our analysis. However, when examining the
SOHO/EPHIN data, often there were enhanced fluxes of SEPs
present, in some cases accelerated by the ICME-driven shock.
Although SEPs can also be modulated by the passage of

ICMEs (e.g., Sanderson et al. 1990; Cane et al. 1993;
Richardson & Cane 2011), they dominate over the GCRs
(Dumbović et al. 2020) and have a different energy spectrum,
and hence the GCR modulations cannot be examined using the
EPHIN data for these FDs. Removing such events reduced the
sample of FDs associated with an SSC to 252 events. To
increase our sample size, we added FDs recorded at Earth by
NMs with AE� 2%, at a fixed rigidity of 10 GV, that also
coincided with a clear FD observed by EPHIN. Finally some
events with AE< 2% and with clear EPHIN FDs were also
included. The final sample consists of 421 FDs observed at L1
by EPHIN on board SOHO and at Earth by NMs (the complete
list is available in a machine-readable form in the online
journal).

3.2. Catalog of FDs Recorded by EPHIN and Comparison with
FDs Recorded by NMs

Figure 5 provides the magnitude of the FDs at Earth (AE, %)
for a fixed rigidity of 10 GV on the abscissa axis and the
magnitude of the FDs at EPHIN on board the SOHO spacecraft
(AS, %) on the ordinate axis. Both AE and AS are determined
using single data points derived from either GSM (i.e., AE) or
EPHIN (AS) and correspond to the maximum of the CR
variations during the event. For the identification of an FD, the
starting point is the time when an SSC is marked. Then for the
GSM output (i.e., NM recordings at Earth) we have applied an
automated identification algorithm. The algorithm treats the
SSC time as the starting point and further assumes that the time
of maximum (tmax) is the actual start of the FD and coincides
with the time of the SSC, while the time of minimum (tmin) is
left open and is re-evaluated at every hour. Consequently, the
maximum (Max) and the minimum (Min) of the hourly CR
density variations are identified. The FD magnitude is defined
as the difference in measurements ( )/d = -Max Min Max as a
percentage. As a result the base period does not affect the
amplitude determination. Additionally, all FDs identified in this
manner were visually inspected and cross-checked with respect
to their solar origin and interplanetary conditions. The
amplitude was either confirmed or re-evaluated at this point,
as well.
The accuracy in both NMs (i.e., GSM outputs) and EPHIN

for the hourly CR variations is sufficient for the effective
determination of FDs in both data sets. In particular, for the
GSM output, the accuracy is 0.05%–0.06% (Belov et al. 2018)
while for EPHIN it is 0.12%–0.2% (Kühl et al. 2015). Recently

Figure 4. The long-time CR variations observed by the EPHIN F detector on board SOHO (brown line) and by NMs at Earth for a fixed rigidity of 10 GV (blue line).
Arrows signify large FDs in terms of magnitude and follow the same color code per instrument. The base period used for the normalization is 2003 November.
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automated methods for the identification of FDs have been
proposed (e.g., Okike 2020; Light et al. 2020). In particular,
Okike (2020) has investigated the use of an automated
procedure to identify the magnitude of a FD versus the method
using single data points that is traditionally applied in FD
research—as in our case—and has highlighted the inherent
trade-off between the usage of single data points and automated
solutions. The former provides better resolution, while the latter
has a higher statistical accuracy. However, the accuracy of the
data sets employed in our study allowed for a detail
identification of the FDs and their corresponding magnitudes.

Belov (2009) has reported FDs extending to ∼30% at 10 GV
in NM observations, but these are evidently not included in
Figure 5. This is because the largest FDs occur at times of high
solar activity when SEPs are present and the FD cannot be
observed by EPHIN. For example, within the period of our
study (1995–2015) there were 12 FDs recorded at Earth (at a
fixed rigidity of 10 GV) with a magnitude of AE > 10%, with
one, in 2003 October, reaching almost 30%. All were recorded
in periods of extreme SEP events. In Figure 5, all the NM FDs
have amplitudes AE< 10%, and none of the FDs observed by
EPHIN exceeds 17% (i.e., AS< 17%).

A fairly reasonable correlation (cc= 0.83± 0.03) is evident
and a linear linear relation (see Equation (2) below) between
the magnitude of the FDs at SOHO/EPHIN (AS) and the
magnitude of the FDs at Earth (AE) is obtained. As can be seen,
the amplitude of the FDs at EPHIN is larger than the amplitude
measured at Earth by NMs. The linear relation is given by

( ) ( ) ( )=  + A A0.58 0.13 1.77 0.06 . 2S E

According to this dependence, AS exceeds AE by approximately
a factor of 2. This is in qualitative agreement with the results
obtained from Richardson & Cane (2011), who compared the
amplitude of FDs recorded by the Goddard Medium Energy
(GME) instrument on the IMP 8 spacecraft and the variations of

the Thule neutron monitor (Rc= 0.30GV). Additionally, it may
be noted that when AE approaches zero, AS tends to a small but
nonzero value. This is due to the fact that small IP disturbances
have almost no effect on particles at a fixed rigidity of 10GV but
may affect particles with lower rigidity (energy) recorded at
EPHIN on board SOHO.
Figure 6 presents the number of FDs recorded by EPHIN, as

well as all of those FDs recorded at Earth by NMs during the
time span of the study, ordered with respect to their size (A);
the integral bins range from A� 2% to A � 10% with an
increment of 1%. Since the effective rigidity response of the
EPHIN F detector is much lower than 10 GV (it varies from ∼1
to ∼1.5 GV, but the peak does not change significantly with
respect to the solar conditions, see Figure 3), there are more
FDs of a given size observed by EPHIN in Figure 6, at least up
to A� 7%. Beyond this size, the numbers of events are
approximately equal. This is due to the fact that the largest FDs
are created by powerful, broad, and fast CMEs, which, as
already discussed, are often effective accelerators of SEPs (see,
e.g., Cane et al. 2010; Papaioannou et al. 2016). Therefore,
almost inevitably, all FDs of significant magnitude (AS> 17%
in SOHO/EPHIN data; see the upper limit on the y-axis of
Figure 5) coincide in time with large SEPs and hence EPHIN
was unable to detect the FD. Additionally, SEPs can affect the
identification of small FDs, but to a lesser extent. This indicates
why, for the group of FDs with the smallest amplitude in our
analysis, the absolute difference in FDs observed at Earth and
at EPHIN was the smallest. Finally, one should note that the
smallest AS in our selection for this sample is 0.6% and the
smallest AE is 0.3%, both significantly larger than the statistical
accuracy of the respective observations. Note that the statistical
accuracy for the GSM outputs is 0.05%–0.06% (Belov et al.
2018) while for EPHIN it is 0.12%–0.2% (Kühl et al. 2015).

3.3. Rigidity Dependence of FDs: Similarities and Exceptions

3.3.1. Example events

Figure 7 compares energetic particle and solar wind observa-
tions in the vicinity of a shock and an ICME/MC, in order to
demonstrate how GCRs respond to the passage of these structures,
resulting in the FD, and also to illustrate how solar wind
observations provide context to the GCR observations. The arrival

Figure 5. Relation between the magnitudes for FDs caused by the same
interplanetary disturbances observed by the EPHIN F detector (AS) and by NMs
at Earth at 10 GV (AE). Small circles represent individual episodes of FDs on
SOHO and at Earth. The red lines depict the upper and lower limits of a 2σ
error band, which is further color-coded in light blue. The least-squares linear
fit is presented in dark blue, within the error band. cc denotes the correlation
coefficient and n the number of pairs used.

Figure 6. Distribution of the number of Forbush decreases with respect to their
size (A) for GCR variations recorded at Earth, at a fixed rigidity of 10 GV (blue
bars) and by EPHIN (brown bars).The y-axis provide the number of events.
Numbers at the top of the bars indicate the actual number of FD events spotted
at EPHIN and Earth, as a function of events in each amplitude bin indicated on
the x-axis.
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of the shock at Earth (the SSC) is denoted with a light blue
vertical line in both panels. A strong enhancement in the total
magnetic field B (bottom panel; red line) is observed, peaking at
Bmax = 25.3 nT around a day after the shock. Following the
shock, a sheath region that lasts ∼6 hr is observed. Then, an MC
arrives (see Webb et al. 2000; Owens 2006), marked by the
transparent light blue rectangle in both panels.

Both EPHIN (top panel; brown line) and the NM network
(top panel; blue line) show a clear GCR depression. This
depression commences at the shock and extends into the sheath
region constituting the “first step” of the FD. A second decrease
(i.e., the “second step”) occurs upon entry into the ICME/MC,
reaches maximum depression almost at the middle of the MC
(denoted by arrows in the top panel of Figure 7, colored blue
for Earth and brown for EPHIN). Then both densities start to
recover. The evolution of γF obtained from the EPHIN and NM
measurements is further presented in the top panel for each
hour of measurements, as green diamonds (including errors,
e.g., σγ).

As noted in Section 1, two different structures contribute to
FDs, driven by ICMEs: the sheath with the shock at the leading
edge, and the ICME. As a result, the first step of the FD begins at
the shock and continues into the turbulent sheath region, while a
second step commences at the tangential discontinuity at the
ICME’s leading edge (Cane 2000; Belov 2009; Jordan et al.
2011). As already mentioned, our selected event, which covers the
time span from 1997 May 13–20, is a textbook two-step FD,
driven by an ICME with an upstream sheath, evident in both
measurement sets. The corresponding maximum magnetic field
strength was reached in the center of the MC, while the solar wind
speed was still elevated during the MC and reached its maximum
(VSW= 527 km s−1) after its passage. Inspection of Figure 7
indicates that there is a very good agreement between the time
profiles of the FD recorded at SOHO by EPHIN and at Earth by
NMs, with the time of minimum observed by NMs delayed by
only ∼1 hour from the minimum observed by EPHIN. However,
apart from the general form of the time profile, there are also some
similarities in the finer structures in each time profile. The rigidity

dependence of the corresponding magnitude of the FD, assuming
an inverse power-law dependence, yields γF= 0.50± 0.06 (see
the complete list in a machine-readable form in the online
journal).
Figure 8 presents a similar comparative plot to Figure 7 but

for the case of a recurrent short-term GCR modulation, driven
by a high-speed stream that extended from 2000 February 5–9.
The forward shock of the CIR at the leading edge of the stream
is indicated with a light blue vertical line. The smooth rising
then declining time profile of the solar wind velocity is evident
in the bottom panel (orange line). The solar wind speed had a
maximum of VSW= 649 km s−1, while the maximum of the
magnetic field strength (bottom panel; red line) is Bmax=
18.3 nT. The time profiles observed by NMs (top panel; blue
line) and EPHIN (top panel; brown line) both show the GCR
density decreasing in close anticorrelation to the solar wind
speed (Melkumyan et al. 2019), which is consistent with the
fast solar wind sweeping CRs away from the Sun (see
Richardson (2018) and references therein). The GCR minimum
is observed by NMs more than a day after the start of the FD,
and after about two days by EPHIN (as denoted by the triangles
in the top panel of Figure 8).

3.3.2. Differences between Events

The correlation between the FD magnitudes observed by NMs
and EPHIN obtained in Figure 5 suggests that there is a typical,
representative rigidity dependence for FD magnitudes. However,
there are events that significantly differ from this average (mean)
behavior, such as those shown in Figure 9. The FD magnitudes
observed by NMs and EPHIN differ by a factor of ∼4 in the 2010
April 4–10 event (top panel) but are similar in the 2001 May 26–
June 1 event (bottom panel). Investigating this further, we find
that both cases are driven by ICMEs that had MCs. However, in
the first case (i.e., 2010 April 4–10) the sheath region following
the shock (depicted as a vertical light blue line) lasts only ∼4 hr
prior to the MC arrival (presented as a light blue rectangle). The
minima of the FD for both EPHIN and Earth occurred within the
MC as indicated by the corresponding triangles, but the minimum
observed by EPHIN was around 6 hr before that observed by
NMs. The fast MC (VSW= 814 km s−1) with an enhanced
magnetic field (Bmax= 18.8 nT) might be expected to efficiently

Figure 7. GCR density variations as recorded at Earth by the worldwide
neutron monitor network, at a fixed rigidity of 10 GV (blue line), together with
GCR variations recorded at EPHIN, on board SOHO (brown points connected
with a continuous line) for the same time span from 1997 May 13–20. The blue
vertical line corresponds to the arrival of the shock, the light blue rectangle
presents the MC that was identified in this period, while the triangles depict the
moment of the FD minimum at both NM and EPHIN measurements.

Figure 8. Similar to Figure 7 for a recurrent short-term GCR density variation
in the time period from 2000 February 5–9.
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modulate GCRs, and this is demonstrated by the resulting
magnitude of the FD, which is AS= 10.16% for SOHO/EPHIN
and AE= 2.9% for NMs, leading to a rigidity dependence given
by γF= 0.71± 0.04. On the other hand, in the second case (i.e.,
2001 May 26–June 1) the driving ICME led to a shock (depicted
as a vertical light blue line), followed by a sheath region that lasts
almost 19 hr, prior to the arrival of the MC (which is marked as a
light blue rectangle). It can be seen that the minima of the FD at
both L1 and Earth occur in the sheath just ahead of the MC and
close together in time. This event had AS= 5.44%, AE= 3.5%,
and γF= 0.28± 0.08. Both the maximum of the solar wind speed
(VSW= 587 km s−1) and the maximum of the magnetic field
strength (Bmax= 13.9 nT) occur in the turbulent sheath region
soon after the arrival of the shock. Comparing these two events, it
seems that both the shock–sheath part and the ICME/MC part can
have an independent role in the development of FDs but both are
necessary for the establishment of the deepest FDs (in terms of
magnitude); this is especially highlighted in this work in the
SOHO/EPHIN measurements—in line with the results of
Richardson & Cane (2011) and Papaioannou et al. (2020).

3.3.3. Differences during the Same Event

The rigidity (energy) dependence of the CR variations can
also occur during an individual event. For example, significant

differences in the time profiles observed by NMs and EPHIN
can be identified in Figure 10, which shows observations from
2006 August 18–24. The variations of GCRs recorded by
EPHIN demonstrate a rather complicated behavior during the
recovery phase of the FD, in particular from 2006 August
20–21. This particular FD is driven by an ICME, whose leading
disturbance (i.e., shock) arrived at Earth on 2006 August 19
(SSC at 11:31 UT; denoted by a light blue vertical line on the
plot), followed by the ejecta (which was not characterized as an
MC), almost 14 hr later (indicated by the orange rectangle).
The start of the FD is observed several hours after the arrival of
the shock. The minimum of the FD occurs prior to the crossing
of the ejecta for both EPHIN and Earth. In addition, a stream
from a coronal hole facing the Earth on 2006 August 18
affected near-Earth space from 2006 August 21–23, gradually
pushing the solar wind speed to ∼500 km s−1 and interrupting
the recovery of the FD. Moreover, a CR decrease of smaller
magnitude is evident in SOHO/EPHIN measurements (brown
line) on 2001 August 18, preceding the main FD. However,
most of these features are not clearly observed in NM data
(blue line; at a fixed rigidity of 10 GV), showing that the
interplanetary propagating structures modulated GCRs of lower
rigidity (energy) more effectively than those of high rigidity
(energy).
Since such structures can modulate CRs of lower rigidity

more effectively, two-step structures might be expected to be
observed more frequently in observations at lower rigidity
made by spacecraft. This is illustrated in Figure 11, which
depicts the FD on 2002 May 18–21 as recorded by EPHIN and
at Earth. Plasma data reveal the arrival of a shock (denoted with
the light blue vertical line) and an MC (denoted by the light
blue rectangle). The minimum of the FD for both observing
sites (e.g., L1 and Earth) occurs within the MC. However, NM
measurements (blue line) are not capable of distinguishing
between the two steps of the FD, while EPHIN measurements
(brown line) are. From inspection of all 421 FD events
identified in the EPHIN data we have identified the
characteristic two-step FDs in 116 cases (116/421, ∼27% of
the total sample), in contrast to NM recordings where such
events were fairly rare (i.e., 58/421 FDs, ∼14% of the total
sample) (see also Papaioannou et al. 2020). It may be
concluded that lower rigidities (energies) are better suited for
studying small-scale features in FDs and their association with

Figure 9. Similar to Figure 7 for the time periods 2010 April 4–10 (top panel)
and 2001 May 26–June 1 (bottom panel).

Figure 10. Similar to Figure 7 for the time period 2006 August 18–24.
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local solar wind structures such as ICMEs. In turn, this points
to the fact that the identification of FDs via particle detectors on
board spacecraft (if no interference from SEP fluxes is present)
can be used for the efficient tracking of solar wind transients, in
line with previous works (e.g., Cane et al. 1994, 1997, 1998,
2000; Richardson 1997).

3.4. Characteristics of the Rigidity Spectrum for FDs Recorded
by EPHIN on board SOHO

Comparison of the FD catalogs based on SOHO/EPHIN and
NM data, respectively, provides a direct determination of the
rigidity spectrum under the assumption of a simple rigidity
dependence, e.g., an inverse power law (Dumbović et al. 2020)
that is characterized by the determination of a single parameter:
the exponent γ. Such an exponent has been recently identified
for the 10 GV particles by GSM (Belov et al. 2018) and is
included in the description of the FD events in FEID (Klyueva
et al. 2017). However, such an exponent can only be quite
accurately determined for sufficiently large FDs. With FD
events identified concurrently at two observational points with
different rigidities (energies) for a continuous long time span of
∼20 yr, a more accurate determination of the slope of the FD
spectrum can be searched for.

We obtained estimates of the spectral index γF of the rigidity
spectrum of the CR variation at the FD minima for all 421
events. However, the accuracy of these estimates is different:
the spectral index is determined much more accurately for large
FDs (in terms of magnitude) than for smaller ones. The
standard statistical error of γF varies from 0.03 to 0.60.
However, large errors are encountered infrequently and σγ >
0.15 is obtained for ∼1/3 of the events (∼33%). Figure 12
shows that the distribution of γF is rather narrow; the half-
width of the corresponding Gaussian function is ≈0.2. About
2/3 of all events (∼67%) have γF within the range 0.3–0.7.
The mean value of γF, together with its standard error of the
mean, is 〈γF〉= 0.46± 0.02 for all 421 events. For the same
events, the average value of the analogous index determined
only from the data of NMs is 0.57± 0.02. This difference in
the obtained 〈γF〉 is probably related to the difference in the
rigidity dependences; i.e., for NMs, this was determined for
10 GV, while in this work, it is determined for the range
∼1.0–10 GV.

FDs with a soft spectrum (i.e., a large spectral index) are
almost absent (Figure 12). γF > 1 occurs only nine times, and
the largest value is γF= 1.26± 0.18. Abnormally hard spectra
(small indices) are more more frequent—19 cases had negative
γF, which corresponds to an increase in the size of the FD at
higher rigidities rather than a decrease, as usually expected.
However, the absolute value of the majority of these anomalies
(i.e., |γF|< 0.2) is rather small, and the statistical error for them
is generally large (σ > 0.2), so it is very likely that almost all of
these anomalies are the result of random fluctuations. Never-
theless, the analysis of all FD events in this work leads to the
conclusion that abnormally hard FD spectra can occur, and
possibly even spectra with inverse rigidity dependence.
From the total sample of 421 FD events, we selected 215 that

could be reliably associated with an ICME and 116 that were
linked to a CIR (or to a possible CIR labeled as CIR? in the
complete list presented in machine-readable form in the online
journal). Figure 13 shows the distributions of γ for these two sets
of events, where the dashed or solid vertical lines indicate the

Figure 11. Similar to Figure 7 for the time period 2002 May 17–22.

Figure 12. The distribution of γF obtained for the FDs recorded by EPHIN on
board SOHO. The red bar denotes the mean value and the orange bar denotes
the median of the distribution.

Figure 13. The distribution of the γF for FDs associated with ICMEs (blue) and
CIRs (red). The number of cases per category (n) is included on the plot. The
vertical solid lines provide the median of the distributions, and the dashed ones
the mean.
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mean or median values, respectively. ICME events are presented
in blue and CIR events in red. The distributions show a
remarkable similarity, which is further highlighted by 〈γF〉, which
is 0.47± 0.02 for FDs associated with both ICMEs and CIRs
(shown as overlapping dashed lines in Figure 13). At the same
time, median values (presented as solid lines) differ slightly, with
the FDs associated with ICMEs reaching γF= 0.50 and those
associated with CIRs γF= 0.47. Klyueva et al. (2017) showed
that for n= 19 FDs associated with CIRs from coronal holes,
〈γF〉= 0.504± 0.026, while for n= 69 FDs associated with a
solar flare, which in turn pointed to an ICME (including ICMEs
that had an MC), 〈γF〉= 0.637± 0.016 (see their Table 3). In
order to investigate this further, these authors categorized their
samples based on the identification of an SSC. They showed that
for n= 133 SSCs, 〈γF〉= 0.660± 0.013, while for 85 cases when
no SSC was observed, 〈γF〉= 0.487± 0.023 (see their Table 4).
The typical spectrum obtained for recurrent FDs seems to be
harder than the one obtained for sporadic sources (see, e.g.,
Klyueva et al. 2017). Our results (Figure 13) do not show this
difference in the spectra clearly, though there is a similar trend in
the median values of 〈γF〉.

Figure 14 shows γF for all 421 FD events with respect to the
time span of the study. Points corresponds to the γF values with
with the 1σ errors indicated. The heavy brown line corresponds
to a yearly average of the γF values. Evidently, over the
complete study period, the yearly averages of γF show small
variations that do not follow the solar cycle. The spread of γF
values is larger during the period of increased solar activity
(1999–2003) in solar cycle 23 than in the relatively quiet period
of 2007–2011. Most of the FDs at solar minimum are
associated with CIRs (similar to the event in Figure 8), which
is suggestive of less event-to-event variation in the rigidity
dependence of FDs associated with CIRs. In addition, the
spread of γF values is larger from 1995 until 2006 (i.e., during
solar cycle 23) than the variations in γF observed in solar cycle
24 (2012–2014) (see Figure 14). Therefore, γ varies more in
solar cycle 23 than in cycle 24. To quantify the spread in γ,
Figure 15 shows the distribution of σF for three time periods,
colored blue for 1999–2003, red for 2007–2011, and orange for
2012–2014. The largest range of σF values (i.e., 0.55) is
obtained in the period of increased solar activity (1999–2003).
The lowest range (i.e., 0.37) is retrieved in the relatively quiet
period of solar cycle 23 from 2007 to 2011, while an
approximately similar range (i.e., 0.39) is obtained in solar

cycle 24 (2012–2014). Thus, when disturbed conditions are in
effect (i.e., at solar maximum), with multiple events occurring
and propagating in IP space, there is a large spread of γ values.
In contrast, at solar minimum and when mild conditions prevail
in IP space (i.e., solar cycle 24 with reduced field strength and
speed of MCs arriving at Earth) (Gopalswamy et al. 2015), γ
values have a smaller spread.

3.5. The Behavior of the Rigidity Spectrum of CR Variations
inside Interplanetary Disturbances

Significantly large changes of the rigidity spectrum γF can be
seen within a short time during a single FD event. Several
illustrative examples follow.
The onset of the FD on 1997 April 10 (Figure 16) coincides

with the arrival of a shock wave (SSC at 12:58 UT; denoted by a
light blue vertical line on the plot). Furthermore, an MC is
present (denoted by the light blue rectangle) from 06:00 to 19:00
UT on the following day (1997 April 11). The FD has a classic
two-step structure in the SOHO/EPHIN measurements (brown

Figure 14. The long-term behavior of the rigidity spectrum γF of FDs recorded on board SOHO by EPHIN from 1995 to 2015. A yearly running average of the index
is displayed as a continuous line.

Figure 15. The distribution of σγ for three time periods: 1999–2003 (blue),
2007–2011 (red), and 2012–2014 (orange). The relative range of σ values for
each time period is indicated on the plot.
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line), although the second step is not noticeable in the NM
observations at a fixed rigidity of 10GV (blue line). The selected
time period is very complex (see Berdichevsky et al. 1998)
and this further pertains to the short-term modulation of GCRs.
At the beginning of the intensity decrease, γF is small but the
errors are relatively large. The spectrum of the first step of the
FD stabilizes 5–6 hr after the onset of the event, and the average
γF for the period from 19:00 UT on April 10 to 05:00 UT on
April 11 is 0.47± 0.01. At about 06:00 UT on 1997 April 11
(i.e., the start of the MC crossing), a sharp softening of the
spectrum occurs, γF becomes >0.6, and its average value for the
period from 06:00 to 18:00 UT on 1997 April 11 (during
the passage of the MC) is 0.65± 0.01. The abrupt change in the
spectrum coincides in time with the entry of the Earth into the
MC and the beginning of the second step of the FD (Richardson
& Cane 2010). This MC is observed for ∼13 hr, but the IMF in
it was quite strong (Bmax reaches 22.5 nT based on hourly data).

The FD on 2001 May 27 discussed above and illustrated in
the bottom panel of Figure 9 also shows variations in γF during
the event. In the declining phase of the FD the variation of the
spectral index indicates a gradual hardening, which leads to
abnormally hard values near the minimum of the CR density
(i.e., FD minimum). The trend changes and the index starts to
increase right before the FD minimum. It then continues to
grow as the Earth enters the MC (time of MC passage from
12:00 UT on 2001 May 28 to 10:00 UT on 2001 May 29) and
changes regularly within it. The well-defined region of the
lowest CR density (from the first hours of May 28 to the end of
the day) coincides with the sheath region between the shock
and the MC crossing (marked by the light blue rectangle).
Nevertheless, this minimum coincides with the lowest plasma
temperature (not shown), which extends to the end of May 29
(hence extending further from the upper boundary of the MC).
During the recovery phase, a gradual softening of the spectrum
is observed. It is noteworthy that, in this case, changes in γF
can be seen during an FD that was not very large in terms of
magnitude (i.e., AS� 5%). Figure 17 shows the FD event on
1997 November 21–25. This event is associated with a shock
marked as an SSC on November 22 at 09:49 UT. The sheath
region lasts for ∼9 hr and is followed by an MC lasting for
17 hr. The minimum of the FD occurs for both EPHIN and
Earth within the MC, as denoted by the respective triangles.

The softening of the variation of the spectrum in the recovery
phase is evident in this case as well.
The FD on 2006 August 20–22 discussed above (Figure 10)

is associated with an ICME that was not characterized as an
MC and the FD minimum occurs concurrently for both EPHIN
and NMs. There is a significant change of the spectrum in the
declining phase of the FD, with γF shifting from 0.95 to 0.32
during that time. Once within the ICME, the FD at Earth (blue
line) seems to enter a gradual recovery phase, whereas the
response of EPHIN shows specific features (i.e., a plateau that
lasted for almost 9 hr, followed by a small increase, and then
entry into the recovery phase as well). During this time,
changes in γF are also observed. However, as a whole, such
abrupt changes in the observed behavior of γF do not constitute
the usual case for most of the FD events, based on the sample
used in this study.
Finally, in Figure 18 the FD event on 2002 November 15–19

is presented. In this period an ICME commencing on 2002
November 17 is identified in the plasma data. There is a shock
that coincides with the start of the FD at both EPHIN and Earth
and an ICME that lasts from 2000 November 17 at 10:00 UT to
2000 November 19 at 12:00 UT (indicated by the orange
rectangle). The minima of the FD in the EPHIN and NM data
occur almost simultaneously within the ICME. In this case,

Figure 18. Similar to Figure 7 for the time period 2002 November 15–19.

Figure 16. Similar to Figure 7 for the FD that was recorded from 1997
April 9–13.

Figure 17. Similar to Figure 7 for the time period 1997 November 21–25.
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abrupt changes in γF are only present in the decay FD phase,
whereas after this part γF is fairly stable up until the end of the
event with only a few slight variations in the obtained
spectrum.

4. Mechanisms for FDs

FDs are caused by magnetic field variations associated with
propagating solar wind transients (Cane 2000; Belov 2009).
Parker (1965) introduced the transport equation of cosmic rays
in the heliosphere, which includes contributions from four
basic physical effects: (a) diffusion, (b) drift, (c) convection,
and (d) energy change (Jokipii 1971). In the propagating
diffusive barrier model (e.g., Wibberenz et al. 1998), an FD
results from the smaller diffusive mean free path for GCRs in
the turbulent magnetic field in the sheath region of an ICME
between the shock and the ejecta. In this case, the rigidity
(energy) dependence of the magnitude of the FD reflects the
rigidity dependence of the diffusion coefficient K= λv/3,
where λ is the mean free path for the scattering and v is the
particle’s speed (Lockwood et al. 1991). The speed v of
particles with a rigidity (energy) R (E) > 2 GV (1.23 GeV) is
practically constant, thus the magnitude of the FD should
depend upon λ alone (for particles above this characteristic
rigidity; Lockwood et al. 1991). As a result, the FD magnitude
should scale as R−1. If this is further extrapolated to lower
rigidities (R� 2 GV) this would lead to a very steep rigidity
dependence. However, the obtained γ from this current study is
smaller than 1.00 (i.e., 〈γF〉= 0.46± 0.02), indicating that the
spectrum is flatter and is in fairly good agreement with recent
independent studies (e.g., Klyueva et al. 2017). If one assumes
that the FD is due only to diffusion, our results suggest that the
diffusion coefficient (i.e., the mean free path) does not simply
scale with R for lower-energy particles. Consequently this
means that low-energy particles are less efficiently scattered.
Such a result is in agreement with, for instance, the empirical
form of the diffusion coefficient given in Potgieter (2013) and
the fact that EPHIN covers the lower-rigidity region since it
detects lower-energy particles than NMs.

Kadokura & Nishida (1986), building upon the work of
Nishida (1983), modeled a two-dimensional FD in the presence
and absence of particle drifts. Considering protons of rigidity
(energy) 2 GV (1.51 GeV) and 6 GV (5.31 GeV), they found
that the steepest inverse power-law event spectrum, having an
exponent of 0.88, occurred in the absence of drift (Duldig &
Humble 1992). They also showed than in the no-drift scenario
there is a clear tendency of flattening the rigidity dependence of
the FD below a rigidity (energy) of ∼1.5 GV (800MeV),
demonstrating that the enhancement of the magnetic field is
essential to the decrease of GCRs (Lockwood et al. 1991).
Recently, Munini et al. (2018) utilized PAMELA data and
presented the rigidity dependence of the amplitude of the FD in
2006 December 13–22, from 0.4 to 20 GV. Using a power law
in rigidity, they obtained a spectrum (γ) of 0.45± 0.02, which
is consistent with our findings.

The expansion of the ICME introduces further modulation
effects in GCRs, and leads the adiabatic cooling of the particles
(see Lockwood 1971 and reference therein). Moreover,
Sanderson et al. (1990) has demonstrated that ICMEs that are
characterized as MCs have a prominent role in the development
of FDs, with Cane (1993) further showing that MCs contribute
to the modulation of GCRs. As a result, the energy loss of the
particles via adiabatic cooling should lead to additional

reduction of GCRs and thus to larger FD amplitudes (at least
locally in the ICME ejecta) (Papaioannou et al. 2010;
Richardson & Cane 2011; Belov et al. 2015; Dumbović et al.
2018). Additionally, FDs with a larger amplitude associated
with ICMEs more often have their minimum within the ICME/
MC (Papaioannou et al. 2020). Moreover, GCR depressions
related to ICMEs arise from the partially restricted access of the
CR particles to the closed magnetic structure of the ICME/
ejecta (Cane et al. 1995). In this case, CRs can penetrate into
the ICME/ejecta primarily through cross-field diffusion
(Munakata et al. 2006) and/or drift. Such a process is more
efficient for low-energy particles, since they have greater
difficulty in entering closed magnetic field structures along the
average field direction from larger radial distances. Thus the
effect would be more prominent for FDs observed by EPHIN
than for those detected by NMs—as we have seen in a number
of events in the current work.

5. Summary and Conclusions

The first extended comparative analysis of the rigidity
response of GCRs to solar wind structures during FDs,
calculated using observations from the worldwide NM network
for a fixed rigidity of 10 GV and the measurements of EPHIN
on board SOHO at L1, was performed in this study.
Based on data from EPHIN (F detector) on board SOHO

spanning from 1995 December to 2015 February, 421 Forbush
decreases were selected and a catalog of FDs observed by
EPHIN and NMs on Earth was compiled. This is presented in
full in a machine-readable form in the online journal. The FDs
in the catalog mainly correspond to FDs recorded by NMs (at a
fixed rigidity of 10 GV) with an amplitude AE > 2% and with
events initiated by the arrival of an interplanetary shock wave
that led to an SSC. However, for around half of the NM FDs
with amplitudes AE > 2%, and all those with amplitudes
AE> 9%, SEPs were present in the SOHO/EPHIN data and
hence these FDs were not included in the catalog of FDs
compiled and used in this study. It was shown that the FDs
observed at EPHIN have larger sizes (AS) by a factor ∼2 than
FDs recorded by NMs at Earth (AE).
Comparison of the sizes of FDs recorded by EPHIN and by

NMs makes it possible to estimate the spectral index (γF) of the
spectrum assumed to be an inverse power law in rigidity, for all
421 selected SOHO/EPHIN FDs. As a rule, the γF index is
determined with very good accuracy (σF< 0.15).

1. The average value 〈γF〉= 0.46± 0.02 and the spectrum
of FDs (for a range of rigidity from ∼1 to 10 GV) is
somewhat harder than the spectrum of FDs observed by
ground-based NMs alone (Klyueva et al. 2017).

2. As a general trend (∼96%, 402/421 FD events) the
amplitude of the FDs was found to decrease as the
rigidity increased. However, in ∼4% (19/421) of the
identified FDs the opposite was found, although with
considerable statistical errors (σ> 0.2).

3. γF seems not to depend on solar cycle and shows small
variations, with a larger spread during periods of more
intense solar activity (1999–2003) than during quieter
periods (2007–2011).

4. About 2/3 (∼66%) of all FDs have γF in the range
between 0.3 and 0.7. The remaining 1/3 of the events
(∼33%) have either (very) soft or hard FD spectra, with
the latter being more common than the former. In

12

The Astrophysical Journal, 908:5 (14pp), 2021 February 10 Belov et al.



particular, ∼12% (52/421) of the FD events have
γF> 0.7 and ∼22% (92/421) have γF< 0.3.

A preliminary comparison of the rigidity dependence between
FDs driven by ICMEs and CIRs was performed and
showed that:

1. the mean obtained spectral index is strikingly similar (i.e.,
γF= 0.47± 0.02) in both subsamples,

2. median values of γF differ slightly, with FDs associated
with CIRs showing a tendency to have a harder spectral
index than the one obtained for sporadic ones.

However, such a comparison deserves a more thorough
investigation and constitutes a natural next step, which is
beyond the scope of this work.

Significant changes in the rigidity spectrum of CR variations
occur within almost every FD. In particular:

1. during the FD decay phase the spectrum becomes
gradually harder, while during the FD recovery phase it
gradually softens,

2. when entering an MC, abrupt changes in the slope of the
spectrum are observed.

Low rigidities (energies) seem to be better suited for the
detailed study of the fine structure of interplanetary distur-
bances (primarily ICMEs), which lead to FDs, with two-step
FDs being clearly recorded by EPHIN almost twice as often as
FDs recorded by NMs at Earth. Finally, this work further
verifies the usage of particle detectors on board spacecraft for
the efficient tracking of solar wind transients.
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