
 

Modeling and Experimental Study of the  
Forbush Effect of Galactic Cosmic Rays 

Anna Wawrzynczak , Michael V. Alania 

  
Abstract—We study the sporadic Forbush effects of the 

galactic cosmic ray intensity using neutron monitors and muon 
telescopes experimental data and the theoretical modeling 
developed based on the Parker’s transport equation for a non 
stationary case. We found that a hard rigidity spectrum in the 
minimum phase of the Forbush effects of GCR intensity 
determined by neutron monitors experimental data is related 
with the enhancement of the power spectral density in the energy 
range of the interplanetary magnetic field turbulence. It is shown 
that the increase of the exponent of the power spectral density in 
the low frequency region of the energy range of the 
interplanetary magnetic field turbulence leads to the hard 
rigidity spectrum of the galactic cosmic ray intensity during the 
main phase of the Forbush effect. The experimental results are 
confirmed by the modeling based on the assumption that there 
exists the power law dependence of the diffusion coefficient on 
the rigidity of the GCR particles; owing to this dependence there 
should be  the reversal relationship between the exponent of the 
power law  rigidity spectrum of the of Forbush effect of GCR 
intensity and the exponent of the power spectral density in the 
energy range of the interplanetary magnetic field turbulence. 
 
 

I. INTRODUCTION 
The substantial disturbances in the interplanetary space 
observed after the powerful coronal mass ejecta and solar 
flares are accompanying by the short period decreases 
(Forbush effects) of the galactic cosmic ray (GCR) intensity 
[1],[2]. Forbush effects of GCR intensity observed by neutron 
monitors and muon telescopes can provide extremely useful 
information about the structure of the interplanetary magnetic 
field (IMF) turbulence [3]-[7]. In connection with this, the 
theoretical modeling plays an important role to explain the 
information obtained from the sporadic and recurrent Forbush 
effects observed by neutron monitors. To compose the 
complete model of the Forbush effects is complex problem 
relating with the complicated structure of the disturbed 
vicinity of the interplanetary space responsible for the Forbush 
effect of the GCR intensity. To take into account the 
simultaneous changes of the solar wind velocity, structure of 
the heliospheric neutral sheet (HNS), regular and turbulence 

components of the IMF in the restricted disturbed vicinity of 
the interplanetary space, basically is impossible.  
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There were suggested the various models to study the 
features of the Forbush effects; e.g. Nishida [9] solved one 
dimensional non stationary model without adiabatic cooling 
suggesting an enhanced scattering of GCR particles behind the 
moving interplanetary shock. Perko [10] used a radial 
independence of diffusion coefficient in the transient 
disturbances, Chin and Lee [11], Lockwood and Webber [12], 
suggested weakening disturbances in the interplanetary space. 
Kadakura and Nishida [13] solved two dimensional time-
dependent model with the enhanced scattering and convection, 
and the enhanced magnitude of the interplanetary magnetic 
field behind the shock front, Le Roux and Potgieter [14], 
developed an axially-symmetric time dependent drift model 
with a simulated wavy neutral sheet assuming that Forbush 
effects were caused by the propagating regions of enhanced 
scattering and diminished drift. Alania [5]-[8] suggested that 
the general reason of the changes of the rigidity spectrum of 
the Forbush effect is the substantial change of the IMF 
turbulence in the disturbed vicinity of the interplanetary space. 
The aim of this paper is to compose the non stationary model 
of the Forbush effect to explain the temporal changes of the 
rigidity spectrum of the Forbush effect observed by neutron 
monitors and muon telescopes. The basic scenario is 
concerning with the assumption that the temporal changes of 
the rigidity spectrum ( γδ −∝ R

RD
RD
)(
)( ) exponent γ of the 

Forbush effect is strongly related with the temporal changes of 
the exponent ν of the PSD of the IMF turbulence [3]-[8]. 

 

II. EXPERIMENTAL DATA 
In this paper we study the features of the rigidity spectrum of 
the sporadic Forbush effects of GCR intensity in October 
2003, November 2004 and September 2005 and changes of 
the structure of the IMF’s turbulence during these periods. 
Our aim is to show that the considerable changes in the 
structure of energy range (for the most part) of the IMF’s 
turbulence take place in the interplanetary space and they play 
a vital role in the formation of the rigidity spectrum of the 
GCR Forbush effects. So, a special attention turns to the 
structure of the energy range of the IMF’s turbulence. The 
changes of the slope of the Power Spectral Density (PSD) 

(where , where f is the frequency) in the region 
of the energy range of the IMF’s turbulence are responsible 
for different character of diffusion of the GCR particles. 

ν−∝ fPSD



 

 

A. Method of Rigidity Spectrum Calculation 
To determine the temporal changes of the rigidity spectrum 
during considered Forbush effects data of neutron monitors 
and muon telescopes corrected for the atmospheric pressure 
were used. The average intensity  for each neutron 
monitor/muon telescope during the 3 days before the 
considered Forbush effect was accepted as a reference level 
(100%). The amplitudes 

0N

JiJi /δ  of the relative isotropic 
intensity variation were calculated, as follows 

0
0/ N

NNJiJi −
=δ

JiJi /

, where  is daily average count rate of 

neutron monitor/muon telescope. The changes of the GCR 
intensity 

N

δ  (with 3 days smooth period) by means of 
daily average data of used in calculation neutron monitors and 
muon telescopes for the considered Forbush effects are 
presented in Figure 1abc. 
 

 
Figure 1a. Temporal changes of the GCR intensity of 10 
October – 15 November 2003 for Halekala and Climax 
neutron monitors and Nagoya N4NE muon telescope data 

 
Figure 1b Temporal changes of the GCR intensity of 5-20 
November 2004 for Apatity and Kiel neutron monitors and 
Nagoya N0VV muon telescope data 
 

 
Figure 1c Temporal changes of the GCR intensity of 7-24 
September 2005 for Calgary and Tbilisi neutron monitors and 
Nagoya N0VV muon telescope data 
 
 
 
The amplitudes JiJi /δ  of the relative isotropic intensity 
variation of GCR at any point of observation with the 
geomagnetic cut off rigidity iR  and the average atmospheric 

depth h  is defined as [15] i
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 is rigidity spectrum of the Forbush effect and 

 is the coupling coefficient for the neutron/muon 
component of GCR [15],[16]. The rigidity spectrum of the 
Forbush effect was calculated by means of daily average data 
of the neutron super monitors and muon telescopes based on 
the method presented, e.g. in [15],[16]. 

,(i RW







>
≤=

−

max

max
0)(

)(
RRfor

RRforRA
RD
RD γδ          (2) 

Where Rmax is the upper limiting rigidity beyond which the 
Forbush effect of GCR intensity vanishes 
Using the power rigidity spectrum (2), one can write: 
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In order to find the temporal changes of the energy spectrum 

exponent γ  a minimization of the expression  

(where 
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= and  is the number of neutron monitors 

and muon telescopes with different cut off rigidities ) has 
been provided [3],[5],[8]. The values of the integral 

n

iR
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 for different magnitudes of 

(from 30 GV up to 200 GV) and γ  (from 0 to 2 with 
step of 0.05) were found using linear interpolation based on 
the method presented by Yasue [16]. The minimum of the φ  
by means of the daily amplitudes of the Forbush effects of 
neutron monitors and muon telescopes with different cut off 
rigidities were generally obtained for the  
and for very particular values of 

GVR 10090max −≥

γ  for each day during the 
considered Forbush effects. In Table 1 is presented a list of 
neutron monitors and muon telescopes used for the 
calculations of the rigidity spectra; “+” denotes neutron 
monitors and muon telescopes used for the given Forbush 
effect. Basically, the accuracy of the calculated rigidity 
spectrum exponent γ  for the Forbush effects by means of the 
daily experimental data of neutron monitors/muon telescopes 
does not exceed 10%.  

γ

 
Table 1  

Forbush effect Neutron Monitor (NM)/ 
Muon Telescope (MT) 

Cut off 
[GV] Oct 

2003 
Nov 
2004 

Sep 
2005 

Apatity NM 0.65 + + + 
Athens NM 8.72  +  
Calgary NM 1.09   + 
Climax NM 3.03 +   
Fort Smith NM 0.00   + 
Halekala NM 13.30 +   
Irkutsk NM 3.66 +   
Kiel NM 2.29 + +  
Moscow NM 2.46 +   
Nagoya N0VV MT 11.50 + + + 
Nagoya N1NN MT 12.90   + 
Nagoya N3EE MT 25.10 +   
Nagoya N4NE MT 17.90 +   
Nagoya N4NW MT 11.00   + 
Nagoya N4SE MT 15.00 +   
Nagoya N4SW MT 9.20  +  
Oulu NM 0.81 +   
Rome NM 6.32 +   
Tbilisi NM 6.91   + 
Thule NM 0.00  + + 
 
 
 

The temporal changes of the rigidity spectrum exponent  for 
the considered Forbush effects are presented in Figure 2abc. 
It is seen from the Figure 2abc that for all Forbush effects the 
rigidity spectrum of the Forbush effects is relatively soft (in 
different degrees) at the beginning phase of GCR intensity and 
is gradually hardening up to the minimum phase of the GCR 
intensity; then the rigidity spectrum progressively is softening 
during the recovery phase up to reaching the initial level of 
the GCR intensity. The changes of the rigidity spectra we 
ascribe to the changes of the turbulence of the IMF during the 
Forbush effect. 

 
Figure 2a. Temporal changes of the rigidity spectrum 
exponent γ of the Forbush effect of 10 October – 15 
November 2003 
 

 
Figure 2b. Temporal changes of the rigidity spectrum 
exponent γ of the Forbush effect of 5-20 November 2004 
 

 
Figure 2c. Temporal changes of the rigidity spectrum 
exponent γ of the Forbush effect of 7-24 September 2005 
 
We found in previous papers [5]-[8] that there is a reversal 
relationship between the changes of the exponent γ of the 
rigidity spectrum of the Forbush effect of the GCR intensity 
and the exponent ν of the PSD of the components of the IMF. 
The reversal dependence between ν and γ was found for the 
long period variations of the GCR intensity, as well [17],[18]. 
For the 11- year variations and Forbush effects of the GCR 



 

intensity the changes of the rigidity spectra γδ −∝ R
RD
RD
)(
)(  is 

stipulated by the changes of diffusion coefficient K versus the 
rigidity R of the GCR particles. According to the quasi linear 
theory [19],[20] the diffusion coefficient K is proportional to 
the rigidity R of the GCR particles as, αRK ∝ , 
where να −= 2 . We found that [3]-[8] the exponent γ of the 
rigidity spectrum of the Forbush effects of the GCR intensity 
is proportional to α, i.e. νγ −≈ 2 . 
 

B. Investigation of the IMF turbulence 
To investigate the changes of the structure of the IMF 
turbulence during the considered Forbush effects we have 
calculated the PSD of the Bx, By, Bz components of the IMF 
based on the 1 hour IMF data from ACE spacecraft, and for 
the periods before (I), during (II) and after (III) the Forbush 
effect. Because the durations of the Forbush effects are 
determined we considered the periods of the same length as 
the period before and after the Forbush effect (Table 2). 
 
 
Table 2 

Periods  Forbush 
Effect before (I)  During (II) After (III) 

October 
2003 3-21 Oct 22 Oct- 9 Nov 10 – 28 Nov 

November 
2004 24 Oct – 6 Nov 7 – 20 Nov 21 Nov – 4 Dec 

September 
2005 24 Aug – 8 Sep 9 – 25 Sep 25 Sep – 9 Oct 

 
The range of frequency 10  of the IMF 

turbulence is responsible for the scattering of GCR particle 
with the rigidities > 1 GV. The values of the exponent 

Hz56 10−− ÷

ν  of 
the IMF’s components Bx, By and Bz for all above mentioned 
periods for all considered Forbush effects are presented in the 
Table3. 
It seems from the table that during the all Forbush effects the 
exponents ν increase, especially for the By and Bz 
components of the IMF. The increase in the power of the IMF 
turbulence during the Forbush effect is evident from the 
Power Spectra (PS) of the IMF, especially for the By and Bz 
components. (Figure 3abc) 

The increase of the exponent ν (Table 3) during the 
Forbush effect is accompanying by the decrease of the 
exponent γ of the rigidity spectrum of the Forbush effect of 
the GCR intensity (see Fig.2abc). Thus, the reversal 
dependence ( νγ −≈ 2 ) between the exponent ν of the PSD 
of the IMF turbulence and the exponent γ of the rigidity 
spectrum of the recurrent Forbush effects (when the ν 
increases the γ decreases) is universal and is related with the 
changes of the character of the IMF turbulence during the 
Forbush effects. The inhomogeneities of the large scales 
(possibly Alfen waves of lower frequencies in the range of the 

 ) are created during the Forbush effects due to 
the non linear interaction of the high speed solar wind streams 
with the background solar wind. The appearance of the low 
frequency irregularities (preferential) of the IMF during the 
Forbush effects is the general reason of the increase of the 
exponent ν of the PSD of the IMF turbulence. So, the 
character of diffusion of the GCR particles changes during the 
Forbush effects and the hardening of the rigidity spectrum is 
observed (γ decreases). 

Hz56 1010 −− ÷

 
Table 3 

Value of the exponent ν  
Forbus 
effect 

Compo
nents of 

the 
IMF 

I II III 

Bx 1.67≤0.05 1.95≤0.04 1.49≤0.05 
By 1.50≤0.05 1.74≤0.05 1.66≤0.05 

October 
2003 

Bz 1.36≤0.05 1.87≤0.05 1.05≤0.05 
Bx 1.48≤0.05 1.51≤0.05 1.80≤0.07 
By 1.48≤0.06 1.63≤0.05 1.50≤0.05 

November 
2004 

Bz 1.42≤0.07 1.83≤0.05 1.50≤0.07 
Bx 1.63≤0.05 1.65 ≤0.05 1.53≤0.06 
By 1.58≤0.05 1.80≤0.04 1.63≤0.05 

September 
2005 

Bz 1.25≤0.06 1.87≤0.05 1.59≤0.05 
 
 

 

 
Figure 3a. Power Spectra of the By and Bz components of the 
IMF for the periods before (I), during (II) and after (III) the 
Forbush effect in October 2003. 



 

 
Figure 3b. Power Spectra of the By and Bz components of the 
IMF for the periods before (I), during (II) and after (III) the 
Forbush effect in November 2004 

 
Figure 3c. Power Spectra of the By and Bz components of 

the IMF for the periods before (I), during (II) and after (III) 
the Forbush effect in September 2005 
 

III. THEORETICAL MODEL 
We describe the Forbush effect of the GCR based on the 

Parker's transport equation [21]: 

( ) ( ) ( ) iiiijiji URN
R

NUNK
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N
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∂
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1

    (5) 

Where N and R are density and rigidity of cosmic ray 
particles, respectively; Ui – solar wind velocity,  is the 
anisotropic diffusion tensor of cosmic rays.  

ijK

We set up the dimensionless density
0N

Nf =  , time 

0* tt=τ  and distance 
0r
r

=ρ .  N and N0 are density in the 

interplanetary space and in the local interstellar medium 
(LISM), 00 4 IN π= , respectively; where the intensity  in 
the LISM [22],[23] has the form: 
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T is kinetic energy in GeV, 938.0938.0 22 −+= RT , t - 
the time, but t0 is the characteristic time of GCR modulation 
corresponding to the change of the electro-magnetic 
conditions in the modulation region for the certain class of 
GCR variation; r is the radial distance and r0 is the size of 
modulation region. 

For the case of Forbush effect we accepted that t  is 

equal to the Sun's complete rotation period (27-days ≈ 
2:3328 x 10 

0

6 s) and the size of modulation region  equals 

30 astronomical unites (AU); K
0r

ij is the anisotropic diffusion 
tensor of GCR for the three dimensional IMF [24],[25]: 
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Where δ is the angle between the lines of the IMF and the 
radial direction in the meridian plane (  and arctan( / )rB Bϑδ =

arctan( / )rB Bϕψ = −  for qA>0 solar magnetic cycle in the 

spherical coordinate system r,ϑ, ϕ; β and β1 are the ratios of 
the perpendicular K⊥ and drift Kd diffusion coefficients  to 
parallel KII diffusion coefficient with respect to the regular 
IMF lines (β = K⊥ / K and β1 = Kd / K), respectively. 
The equation (5) for the dimensionless variables , f τ and ρ  
in the spherical coordinate system ( ),, ϕθρ  can be written:  
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where 
IIKt

r
A

*0

2
0

0 = , and the coefficients A1, A2,…, A11   are 

functions of the spherical coordinates r,θ,ϕ, time t and rigidity 
R of GCR particles.  

The equation (6) was transformed to the algebraic system of 
equation using the implicit finite difference method and then 
scheme then the algebraic system was solved by the Gauss-
Seidel iteration. 

The initial and boundary conditions have a form: 
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In our model the solar wind velocityU  is constant and equals 
.  skmU /400=

The change of the diffusion coefficient takes place in the 
vicinity of the interplanetary space responsible for the Forbush 
effect. This vicinity is restricted in heliolongitudes, 
heliolatitudes and distance as: )220;140( °°∈ϕ  and 

, . )120;60( °°∈θ AUr 10<

The parallel , perpendicular  and drift diffusion 
coefficients of the cosmic ray particles have a form: 
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where the magnitude B of the IMF equals  at the 
Earth orbit and changes according to the Parker's spiral IMF 
and for the GCR particles with the rigidity of 10 
GV. 
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Results of the solutions of the equation (6) are presented in 
figure 4. Figure 4 shows that the simulated Forbush effect 

corresponds to the sporadic Forbush effect observed by the 
experimental data (Figure 1abc). 

 

 
Figure 4. Changes of the expected amplitudes of the Forbush 
effect of the GCR intensity for the rigidity of 10 GV based on 
the solutions of the transport equation for the sporadic 
Forbush effect 

 
Based on the numerical solution of the transport equation 

we have calculated the expected rigidity spectrum of the 

Forbush effect (Figure 5) as γδ −∝= R
dR
df

fRD
RD 1
)(
)( . 

 

 
Figure 5. Temporal changes of the expected rigidity spectrum 
exponent γ based on the solutions of the transport equation for 
the sporadic Forbush effect and the exponent )(τν of the PSD 
of the IMF turbulence 

 
Figure 5 shows that there is an anticorrelation between the 

changes of the exponent γ  of the power law rigidity spectrum 
of the GCR intensity and the exponent ν of the PSD of the 
IMF (correlation coefficient equals -0.99 ± 0.05). Thus, there 
exists a strong relationship between the exponent γ  of the 
rigidity spectrum of the Forbush effect and the exponent ν  of 
the PSD of the IMF turbulence ( νγ −2∝ ). It is in good 
agreement with the experimental results based on the neutron 
monitors and muon telescopes data. 



 

IV. CONCLUSION 

1. The hardening of the rigidity spectrum γδ −∝ R
RD
RD
)(
)(  of 

the Forbush effect of the GCR intensity (the exponent γ 
gradually decreases) in the minimum phase of the 
Forbush effect  is observed owing to the increase of the 
exponent ν of the PSD in the energy range of the IMF 
turbulence (10 ).The increase of the exponent ν 
during the Forbush effect is caused by the creation of the 
new, relatively large scale inhomogeneities in the 

 range of IMF turbulence. This process 
can be taken place due to the non linear interactions of the 
high speed solar wind streams with the background solar 
wind when, preferentially the large range 
inhomogeneities are created. The exponent ν can be 
increased in case when the eddy effect takes place for the 
higher region of the energy range of the IMF turbulence. 
However, this effect is less expected during the Forbush 
effect of the GCR intensity. 

Hz56 10−− ÷
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2. The relationship between the exponent γ of the rigidity 
spectrum of the Forbush effect of the GCR intensity and 
the exponent ν of the PSD of the IMF turbulence is 
observed owing to the dependence of the diffusion 
coefficient K of GCR particles on the rigidity R as, 

αRK ∝  where, 
 according to the quasi linear theory, 

να −= 2 . 
3. To describe the Forbush effect of the GCR intensity the 

convection-diffusion approximation based on the 
transport equation is successfully acceptable. We develop 
time dependent three dimensional model of the Forbush 
effect which explains well the behavior of the rigidity 
spectrum exponent γ during the Forbush effect. We 
conclude that the change of the structure of the turbulence 
of the IMF is general reason of the Forbush effect. 

4. The theoretical calculations are compatible with the 
results obtained for the Forbush effect of the GCR 
intensity based on the neutron monitors and muon 
telescopes experimental data. 
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