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Abstract

To improve the physical understanding of the Forbush decreases (FD) and to explore the Space Weather drivers, we need to measure
as much geospace parameter as possible, including the changing fluxes of secondary cosmic rays. At the Aragats Space Environmental
Center (ASEC) are routinely measured the neutral and charged fluxes of secondary cosmic rays. Each of species has different most prob-
able energy of primary “parent” proton/nuclei. Therefore, the energy range of the Galactic Cosmic Rays (GCR) affected by Interplan-
etary Coronal Mass Ejection (ICME) can be effectively estimated using data of the ASEC monitors. We presented relations of the
magnitude of FD observed in different secondary particle fluxes to the most probable energy of the primary protons. We investigate
the correlations between the magnitude of FD with the size, speed, density and magnetic field of the ICME. We demonstrate that the
attenuation of the GCR flux incident on the Earth’s atmosphere due to passing of the ICME is dependent on the speed and size of the
ICME and the magnetic field strength.
� 2009 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The Forbush decreases are the attenuations of the flux of
the Galactic Cosmic Rays (GCR) measured by particle
detectors on the Earth, on other planets’ surfaces and in
the interplanetary space before, during and after passage
of the Interplanetary Coronal Mass Ejection (ICME). FD
takes place in the course of a few hours; over the following
several days the GCR intensity returns to pre-FD value.

Using cosmic-ray and magneto-metric measurements
Scott Forbush established in 1930s the correlation of
worldwide decreases in cosmic-ray intensity with Geomag-
netic Storms (GMS, Forbush, 1937). Later he formulated a
common geocentric cause for both effects (westward-flow-
ing equatorial ring current as cause of FD (Forbush,
1939)). In 1954 it was recognized that FDs were not pro-
duced by the geomagnetic field variations (Simpson,

1954). He claimed on the existence of common mechanism
which produces both the accelerating process for cosmic-
radiation particles and, indirectly, the geomagnetic distur-
bances. Examining the relationships among solar activity,
GMS, and cosmic-ray intensity, Philip Morrison in 1956
claimed that sporadic emission of clouds of magnetized
plasma (now named ICMEs) can modulate the cosmic-
ray intensity in interplanetary space and produce terrestrial
geomagnetic storms (see Van Allen, 1985 for details).

After establishing that the origin of the non-recurrent
FDs are ICMEs and recurrent FDs are caused by the
co-rotation of high speed solar wind streams, numerous
theoretical and experimental papers were devoted to the
possible mechanisms of FD. One of the most intriguing
problems was the magnitude of FD. In the paper (Burlaga
and Chang, 1988) authors concluded that relatively large
decreases in the cosmic-ray intensity are associated with
magnetic clouds that are preceded by shocks, whereas only
small decreases in CR intensity are associated with
magnetic clouds that are not preceded by shocks. Cane
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(2000) also pointed that 80% of FD with magnitude greater
than 4% (in secondary neutron flux) are connected with pas-
sage of shock and ejecta. She also claimed that there should
be at least two different mechanisms of FD corresponding
to the interaction of the GCR with shock and ejecta.

In this paper we made an attempt to research the depen-
dence of the FD magnitude not only on the CME launch
helio-coordinates, or existence of the fast shock, but also
on the energy of the primary cosmic rays, ICME speed,
and ICME density and magnetic field.

In ASEC (Chilingarian et al., 2003, 2005), we measure
neutral and charged fluxes by particle detectors located at
three different altitudes. Each of the measured secondary
fluxes has a different most probable energy of primary
“parent” proton/nuclei. As we can see from Fig. 1 (Zazyan
and Chilingarian, 2009), these energies range from 7 (mode
of distribution of primary protons generated neutrons) to
40 GeV (the same for muons with energies greater than
5 GeV). New particle detectors now starting to operate in
ASEC will prolong this maximal energy up to 200 GeV
(Chilingarian and Hovsepyan, 2008). Therefore, from the

ASEC monitor data we can estimate the GCR energy range
affected by ICME and reconstruct actual spectra of the
GCRs incident on terrestrial atmosphere, thus revealing
the energy-dependant pattern of the ICME modulation
effects. Recently analogical techniques were developed for
the study of the GCR energy and the FD recovery time
(Usoskin et al., 2008), with the difference that data was
taken from world-wide networks of Neutron Monitors
and three ground level muon telescopes. Measurements
of all the secondary fluxes at one and the same location
are preferable due to effects of the longitudinal dependence
of the FD magnitudes (Haurwitz et al., 1965).

Also we introduce several parameters enumerating the
“FD-efficiency” of IMCE, for instance, correlation coeffi-
cients between time series of different species of secondary
cosmic rays. For small FDs the correlation between chang-
ing fluxes of neutrons and 5 GeV muons is small or moder-
ate. We expected that large FDs will influence primary
protons of much greater energies comparing with small ones,
therefore correlations between fluxes of secondary neutrons
and 5 GeV muons will be much greater for large FDs.

Fig. 1. Energy distribution of the GCR protons initiated various secondary particles at Aragats, 3200 m altitude. The characteristic of the distributions
(quintiles, mode, median) helps to estimate most probable energy of each of secondary particle species; the detection efficiency equals to the ratio of
primary protons to detected particles.
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Another parameter possibly sensitive to ICME modula-
tion strength is the power index of dependence of FD mag-
nitude (percent of flux decrease) on energy of primary
protons. Proceeding from a variety of particle detectors
at ASEC we can reliably estimate the energy dependence
of the attenuation of primary particle flux.

In presented paper we use simple regression model to:

1. Point-up the inter-relations of the FD amplitudes
detected in the fluxes of neutrons, low energy charged
particles (mostly muons and electrons) and high energy
muons. Deduce from it obvious effect that the less is
energy of primary particle initiated detected specie of
the secondary cosmic ray the greater should be the
amplitude of FD.

2. Illustrate the adequateness of the two introduced mea-
sures of the FD “strength” based on the detection of
FD in different fluxes of secondary particles.

3. Demonstrate the existence or absence of relations
between measured FD magnitude and several parame-
ters of the ICME measured by space born facilities.

We still miss the theory and detailed operational models of
the propagation of the ICME in the interplanetary space.
The interactions of ICME with GCR and magnetosphere
can hardly be unfolded in simple models and the observed
magnitude of FD is due to complicated interplay of several
unknown, or hard to measure parameters, as the ICME
size, speed, and magnetic field, as well as conditions of
the interplanetary magnetic field and magnetosphere, and
other. On present stage of our understanding of these phe-
nomena, simple one-parametric linear models can, at least,
outline the relevant characteristics, to be used in future
more complicated and more adequate models.

Therefore, the reliability of the obtained relations are
done in the terms of values of the determination coefficients
R2, showing how well the regression line represents the
data and correlation coefficient R demonstrating the
strength of linear connections between two variables. Also
the 95% confidence intervals of the correlation coefficients

are posted in the figures in the brackets. To prove absence
of correlation we post in the figures the, so-called, p-value
of the statistical test (particularly Student two-tailed test),
which tells us how likely it is that we would get sample
correlation coefficient r, just by chance, if there is no
correlation at all in the population. If that p-value is very
small (usually chosen with a threshold of 0.05), we con-
clude that the sample correlation is not due to chance
and the population does have some correlation. If it is
not very small (for instance >0.05) we cannot reject
hypotheses of “no correlation” and can claim that there
is no causal relations between examined variables.

The main disadvantages of linear models is strong sensi-
tivity to the presence of unusual data points in the data
used to fit a model. Unfortunately, we are not performing
controlled experiments and we are obliged to use the scarce
data the nature present us. And, sure, there is some extent
of arbitrariness in deciding which correlation is significant
and which – not. In the paper the graphicall assess to the
data is widely used to demonstrate whether or not linear
fits are consistent. In the analysis we accept that a correla-
tion greater than 0.7 is generally described as strong,
whereas a correlation less than 0.4 is generally described
as weak. We think that systematically applying the one
and the same criteria to rather complicated FD & ICME
data we present useful information on the dependences
and causal connections of the parameters crucial for the
investigated problem.

In the second section we present the selection criteria of
the FD events detected by ASEC particle detectors. In the
third section the comparison of the ASEC data with muon
data from Moscow engineering-physics institute detectors
is performed. The forth section is devoted to correlations
of FD magnitude with ICME various parameters.

2. Selection of the FD events detected by ASEC

In Table 1 we present selected FD events detected by the
ASEC particle detectors during 2002–2006 and intro-
duce indices reflecting the “modulation strength” of the

Table 1
Relative decreases of neutrons, low energy charged particles and high energy muons with energies greater than 5 GeV during FD and the corresponding
ICME parameters.

Relative
decrease of
neutrons (%)

Relative decrease
of charge
component (%)

Relative
decrease of
muons
>5 GeV

Correlation coefficient between
1 min time series of neutrons
and muons >5 GeV

Power index of the fit
of FD magnitude vs
primary energy

Maximum speed
of solar wind km/s
(by ACE, SOHO)

2002.09.07 3.6 2.6 1 0.64 �0.99 570
2003.10.29 20 15 6 0.97 �0.89 >1000
2003.11.20 3.8 2.8 1 – – 730
2004.01.22 7.5 4 1.3 0.88 �1.26 690
2004.07.27 10 7 3 0.97 �0.88 1000
2004.11.09 6 2.5 1.2 0.45 �1.11 800
2005.01.17 5.1 3.6 1 0.65 �1.21 800
2005.05.15 6.7 4 1.4 0.7 �1.13 875
2005.09.11 10 5.5 1.7 0.93 �1.28 1000
2006.12.14 4.7 1.7 0.7 0.84 �1.4 900
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corresponding ICMEs. We select data from three ASEC
monitors covering a large range (7–40 GeV, columns 2–4)
of the primary proton energies. Correlation coefficients
are calculated at FD attenuation phase by 1-min time series
for intervals of 5–10 h (by 300–600 points), column 5. In
column 6 we post the index of the fitted power function
dependence of FD magnitude on the primary energy. The
power function fit was done for three points correspondent
to FD magnitude in fluxes of neutrons, low energy charge
particles and muons with energies above 5 GeV, as it is
demonstrated in the Fig. 5. In the last seventh column
the maximal solar speed from 1-min data measured by
instruments SWEPAM, ACE and SOHO is posted.

In Fig. 2 we can see the relative decreases in different
secondary fluxes (neutrons, low energy charged particles,
muon with energies greater than 5 GeV) for selected FD
events. As it is expected, the relative decrease of definite
species of secondary cosmic rays is inversely proportional
to the most probable energy of primary generating this spe-
cies. The most pronounced FD is observed on October 29,
2003 in neutron flux (�20%) and lowest – in >5 GeV muon
flux (�6%).

The correlation matrix of the largest detected FD of
cycle #23 on October 29, 2003 is posted in Table 2.
We can see strong correlations between the neutrons
and >5 GeV muon fluxes (most probable energies of pri-
mary protons �7 and �40 GeV, respectively). ICME

having originated the FD on October 29, 2003 was so
huge that it equally influenced the GCR flux at least till
energies up to 40 GeV. In the scatter plot of the FD
magnitude and the correlation coefficient between neu-
tron and >5 GeV muon fluxes (Fig. 3) we can notice a
trend, showing growing correlation coefficients for FDs
with large magnitudes.

Another possible parameter characterizing the FD
strength is the functional dependence of the relative magni-
tude on the most probable primary energy. In Fig. 4 the
dependence of the FD magnitude (for events of 29 October
2003 and 27 July, 2004) of the different secondary cosmic-
ray species (neutrons, charged particles and muons with
energies greater than >5 GeV) was approximated by the
power function. We can see that quality of fit is very high,
that allows to use the power index of the dependence as a
parameter to characterize the FD strength. In Fig. 5 we
post the scatter plot of spectral indices calculated for the
FDs from Table 1 vs magnitude of FD in charged compo-
nent (we use only events in which all the three mentioned
fluxes were observed). Although scattering of points is
rather large, obviously larger FDs are correspondent to
the biggest indices (weaker dependence of FD magnitude
on the primary energy).

y = 0.78x - 1.15

R=0.97 (0.94-0.99)

y = 0.32x - 0.62

R=0.96 (0.92-0.98)

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12 14 16 18 20 22
Relative decreases of of neutrons (%)

R
el

at
iv

e 
de

cr
ea

se
s 

of
 c

ha
rg

e 
co

m
po

ne
nt

s 
of

 C
R

 a
nd

 
m

 >
5G

eV
 (

%
)

Neutrons, electrons+muons>7MeV

Neutrons, m>5GeV

Fig. 2. Relative decreases of the charged CR compared with neutrons.

Table 2
Correlation matrix of time series of different secondary fluxes measured by ASEC on 29 October 2003.

Type of facility ANM NANM SNT Thr0 SNT Thr 1 SNT Thr 2 SNT Thr 3 SNT Thr 4 Muons >5 GeV

ANM 1
NANM 1.00 1
SNT Thr 0 0.99 0.99 1
SNT Thr 1 0.99 0.99 1.00 1
SNT Thr 2 0.99 0.99 0.99 1.00 1
SNT Thr 3 0.98 0.98 0.99 0.99 0.99 1
SNT Thr 4 0.98 0.98 0.99 0.99 0.99 0.99 1
Munos > 5 GeV 0.97 0.97 0.97 0.97 0.97 0.96 0.95 1
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cient between Neutron Monitors and Aragats Multichannel Muon
Monitor (>5 GeV muons) time series.
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3. Joint analysis of FD with the Moscow Engineering –
Physics Institute Muon Detector data

The muon count rate variations during some of the
FDs of the 23rd solar cycle were registered by muon
detectors DECOR, TEMP and URAGAN operating in
the experimental complex NEVOD (MEPhI, Moscow,
Barbashina et al., 2007). MEPhI data can path the gap
between low energy charged particles and high energy
muons (>5 GeV) measured by ASEC. In Table 3 and
Fig. 6 we present the data on a FD, which occurred on
May 15, 2005. In Fig. 6 we see good agreement for data
obtained by detectors located at different latitudes and
altitudes. It is evident that FD magnitude in the high
energy muon flux measured on the Earth’s surface is glo-
bal characteristic, approximately the same for the different
detector locations.
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Table 3
Magnitudes of FD detected at15 May 2005 by MEPhI and ASEC.

Median energies of
primary (GeV)

Magnitude of
FD (%)

Moscow NM 10 7.3
ANM 15 6.7
Charged ANI 24 3.8
URAGAN 23 3.3
TEMP 28 2.8
DÉCOR 50 2.2
AMMM 60 1.34

15 May, 2005
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Fig. 6. Observation of the FD from 15 May 2005 by MEPhI. Open
symbols – MEPhI data, close symbols – ASEC data.
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4. Relation of the FD magnitude to the ICME parameters

The attenuation of the GCR flux due to approaching
ICME is dependent on its speed, size, the field strength,
and the orientation as well as on the pre-shock conditions
of the Interplanetary Magnetic Field (IMF). Most of these
parameters are rather difficult to measure and interpret;
therefore, the explanation of the FD still lacks many
details. For instance, it is rather difficult to estimate the
spatial elongation of the ICME. The standard technique
of measuring ICME thickness is based on the detection
of the region with low proton temperature in solar wind
passing ACE and SOHO spacecraft and simultaneously –
the mean speed of solar wind (Vsw, see Richardson and
Cane, 1995; Gopalswamy, 2007). However, this method
is not applicable for the multiple colliding ICMEs; cases
of the disturbed IMF by previous ICMEs, etc. The method
we use is similar to the described one, with the difference
that the time of ICME passage is estimated by the duration
of FD decreasing phase (from the start of count rate

decrease until maximal decrease). Both methods meet diffi-
culties to distinguish successive ICMEs, as an example let’s
consider the FD occurred at �18:00 on November 7, 2004,
see Fig. 7. At this time the solar wind speed enhanced by
�200 km/s and the neutron count rate started to decrease.
However, both count rate and solar wind speed changes are
rather complicated, showing several peaks and dips. There-
fore, estimation of the size of the ICME is not a simple
arithmetic and for reliable estimation we need “clear”

events involving a single ICME. The selected standalone
ICMEs that generated FDs and allowing estimation of
the sizes of ICME are posted in the Table 4. The helio-
coordinates of the CME are posted in first column, the date
in the second; in the third column we posted the FD mag-
nitude in neutron flux. In columns 3–6 are posted the
ICME parameters as measured by ACE spacecraft facili-
ties. Maximal speed of Solar Wind (Vsw) and density of
solar wind protons are estimated by data from instrument
SWEPAM; strength of the magnetic field Btotal is measured
by the MAG facility.

Table 4
“Single” ICMEs generating FD.

The Solar
Source of
CME

Years,
months,
days

Relative
decrease of
neutrons (%)

Maximum speed
of SW km/s (by
ACE, SOHO)

Jump of
density of
SW

Jump of Btotal

(nT) by ACE
Durations of
decrease phase
(h)

L – size of clouds,
associated with
decrease phase of FD

? 2000.11.26 1.2 435 5 5 – *

? 2000.11.06 1.3 590 2 7 5 1.1E+07
S15,W15 1998.05.04 1.5 835 13 36 – *

? 2000.08.10 1.6 460 7 5 12 1.9E + 07
N07,W56 2000.02.11 1.7 520 2 6 5 8.4E + 06
N14,W12 2001.03.31 1.9 730 25 67 – *

S07,E89 2003.06.17 1.8 540 2 10 – *

S17,W40 2000.02.12 2 590 20 18 6 1.2E + 07
N20,E70 1999.09.15 2.4 615 3 11 10 2.1E + 07
N16,W18 2001.10.21 3.1 650 17 12 7 1.4E + 07
N26,W10 2001.08.17 3.8 500 30 28 7 8.8E + 06
N00,E18 2003.11.20 3.8 730 17 47 7 1.7E + 07
N10,E08 2004.11.7 3.9 650 40 33 5 1.1E + 07
N17,W31 2001.04.28 4.4 750 9 18 9 2.2E + 07
S21,E31 2001.04.08 4.6 750 13 15 8.5 2.2E + 07
S06,W24 2006.12.14 4.7 900 4 10 4.5 1.4E + 07
N09,W28 2002.09.7 4.8 580 11 20 13 2.4E + 07
S23,E17 2001.10.11 5 550 27 20 8 1.5E + 07
N15,W05 2005.01.17 5.2 800 40 33 8.5 2.2E + 07
N19,W85 2001.04.04 5.4 790 6 15.5 5.5 1.4E + 07
N18,E09 1998.09.24 5.6 810 14 25 6.5 1.40E + 07
N20, E18 2000.06.08 5.5 780 10 19 7 1.9E + 07
N22,W07 2000.07.15 5.9 1000 25 37 7.5 2.7E + 07
N08,W28 2004.11.9 6.4 800 23 29 7 2.0E + 07
N12,E12 2005.05.15 6.7 870 20 42 6 1.8E + 07
S18,E27 2001.04.11 6.7 750 25 29 7.5 1.9E + 07
S16,W12 2001.09.25 6.8 740 22 25 11 2.6E + 07
S23,W09 2004.01.22 7.5 690 15 19 9 2.1E + 07
N06,W18 2001.11.06 9.4 790 30 60 13 3.3E + 07
N04,W30 2004.07.27 10 1035 5 22 5 1.8E + 07
S01,E70 2005.09.11 10 1000 5 20 6 2.2E + 07
S16,E04 2003.10.29 20 1900** – 52 11.5 5.8E + 07

? – The Solar Source of CME and Solar Wind parameters, impossible to determine.
* Overtake CME.

** Master Data Table of Major Geomagnetic Storms (1996–2005). http://cdaw.gsfc.nasa.gov/geomag_cdaw/Data_master_table.html.
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The one and the same procedure was applied to all
ICMEs that unleash FD to calculate sizes of ICME; the
estimated duration of the FD decreasing phase is posted
in the seventh column and corresponding calculated size
of IMCE – in the eighth.

Data from Table 4 (total 32 events) was used to investi-
gate correlations between magnitude of FD and ICME
parameters. As we can see in Figs. 8 and 9 there is a pro-
nounced dependence between the FD magnitude and
ICME speed and size. The dependence of the FD magni-
tude on the ICME magnetic field (its “jump” at ICME
pass) is much weaker (Fig. 10). However, if we exclude
the FDs accompanied by strong geomagnetic storms (the
depression of CR intensity is someway masked by the
reduced cutoff rigidity leading to CR flux enhancement)
the discrepancy of points on scatter plot reduces. In

Fig. 11 we post the same events as in Fig. 10, excluding
events occurred on May 5, 1998, March 31, 2001, and
November 20, 2005. The correlation between FD magni-
tude and change (jump) of total magnetic field measured
by MAG facility of ACE spacecraft are notably enlarged.
And we did not observe any correlation between FD mag-
nitude and Solar Wind density (Fig. 12).

5. Conclusion

We perform a statistical study of FD decreases detected
by the ASEC particle detectors during 23rd solar activity
cycle. We present relations of the measured magnitude of
FD in different secondary particle fluxes to the most prob-
able energy of the primary protons of GCR that initiated
these fluxes. The FD magnitude measured in ASEC during
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the 23rd solar activity cycle ranges from about 1.5% to 20%
in the secondary neutron flux, 1–15% in the charged low-
energy particle flux and 0.6–6% in the >5 GeV muon flux.
We introduce two indices to enumerate the ICME “modu-
lation strength”, namely: the correlation coefficient of time
series of two secondary CR species (neutrons and muons
with energies greater than 5 GeV), corresponding to the
highest and lowest primary proton energies;

� The power index of the estimated power dependence of
the FD magnitude on the most probable energy of pri-
mary protons.

Both indices demonstrate apparent positive trend, proving
obvious fact that if FD magnitude is large, both low and
high energy primaries will be affected by ICME. However,
rather large scattering pointed that proposed indices
should be calculated by subsamples of events, after apply-
ing more specific selection criteria.

Neutron Monitor data was only used for analysis of
characteristics of single ICMEs causing Forbush decreases.
The modulation strength of the ICMEs is correlated with
the speed and size of ICMEs. The correlation with ICME
magnetic field can be significantly enlarged if we exclude
events accompanied with strong geomagnetic storms. On

the base of detected data we cannot claim of existence of
any correlation of FD magnitude with density of solar
wind.
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Fig. 12. Dependence of the magnitude of Forbush decrease on the density
of solar wind (SW density corresponds to the ICME sheath region.
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