
 

  
Abstract— The previously-proposed model of cosmic ray (CR) 
modulation in the heliosphere, which considers the relation of the 
long-term CR variations with the changes of characteristics of 
the solar magnetic field, has been used to estimate the observed 
CR variations for 1976-2005. It is shown that the discrepancy 
between the model and observations increases beginning from 
the middle of 2000 till 2005 and this period is the most complex 
for the considered model. In order to improve the semi-empirical 
model of the CR modulation it is proposed to consider jointly 
characteristics of the solar magnetic field and solar flares indices 
Nx and nx. The special flares indices Nx calculated for the 
different parameters characterizing the power and longitude 
distribution of the intensive X-ray flares. In addition to selected 
indices of the solar magnetic field, which allow describing the 
long - term CR variations, the updated model has been tuned for 
more reliable presentation of short - term variations. 
 

I. INTRODUCTION 
he present study of galactic cosmic ray modulation in the 
heliosphere through the 19-23 cycles of the solar activity 

is a continuation of our previous works [1-5] and is based on 
the long term distribution of CR obtained by the neutron 
monitor network. For the semi-empiric model of CR 
modulation a combination of characteristics of the solar 
magnetic field (with detailed justification of such a choice) 
and the index of solar flare activity additionally introduced 
have been used. The purpose of such a choice is to express the 
solar cycle observed in CR variations as a complex interaction 
of two systems of fields in the heliosphere: global and local. A 
rather adequate model description of long term CR variation 
(and partly short term) up to 2000 can be obtained using 
structural and quantitative characteristics of the solar global 
magnetic field as: a heliospheric current sheet tilt - η, a 
module and sign of the solar polar field - Hpol and the average 
magnetic field intensity Bss calculated on the surface of solar 
wind source. Beginning from 2000 a discrepancy between the 
observed CR variations and their model representation is 
increased. In order to understand a modulating influence of 
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local solar activity on CR it is proposed to use Nx, a specially 
calculated index of solar flares. 

Improving of the modulation model, caused by a necessity 
to represent adequately a role of variations with the shortest 
period and the modulation during the declining phase of the 
23rd solar cycle in the global picture of CR modulation, is a 
purpose of this work. 

 
II.  DATA AND METHOD 

Initial data for modeling of CR variations are long-term 
observations of CR intensity and characteristics of the solar 
global magnetic field. The rigidity spectrum of CR variations 
for each month was obtained from the data of neutron 
monitors of the entire global network of CR stations, 
stratospheric sounding data and space monitoring of CR 
variations for 1976–2005. Here we study amplitude variations 
of CR with 10 GV rigidity, excluding variations associated 
with ground level enhancements of CR intensity. Note that a 
value of this effect is greater than 3% even for monthly 
averaged amplitude values for some events and particular CR 
stations used in our analysis. Thus, in this case amplitude of 
long term CR variations with 10 GV rigidity obtained by 
using the method of global survey becomes a value of pure 
galactic origin and free from influence of solar particles. 
Calculations of CR modulation have shown that such 
amplitude improves the proposed modulation model. 

Characteristics of the solar field (η, Bss and Hpol) are 
calculated for surface of the solar wind source. The choice of 
such a set of solar activity indexes and methods of their 
evaluation were described in details previously in [1-2] and 
[5,6]. Here we used data of measurements of the large - scale 
photosphere magnetic field with magnetometer resolution of 
(3′) performed in Stanford in 1976 – 2005 [7] and processed 
by the original method described in [8]. There is a problem of 
the magnetometer sensitivity in results of solar field 
observations in 2000-2002 and, possibly, after recalibration 
the data set is not uniform. In this model of CR modulation 
have been used observable magnitude and sign of the polar 
magnetic field Hpol. Magnetic field data were corrected 
according to [9] for saturation of the magnetograph signal in 
dependence on the cycle phase and latitude of the point of 
observation. Model description of CR variations allowed the 
preferable version of correction to be chosen from those 
offered by heliophysicists under processing of the observed 
solar magnetic fields.  
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In order to understand a modulating influence of local solar 
activity on CR it is proposed to use Nx, a specially calculated 
index of solar flares. The index of solar flares Nx accounts a 
class of X-ray event (events of >М1 have been selected) and 
its longitude position. The daily average flare index 

dnxFx ΣΝ = , where dn  - a day number per month, has 

been calculated for  
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where 0=xF  if cx ΙΙ 〈  ( xΙ – the maximum flux of X-ray 

event, cΙ = 10-5 W/m2), Ε= σϕσ  for 0ϕϕ 〈 ; Wσϕσ =  for 

0ϕϕ〉 . It is supposed 2W /Εσσ = . The evaluation of xΝ  

is performed for longitudes 0,5,10,150
oooo −−−=ϕ  and 

oooooo 56,50,48,40,30,20=ϕσ . Given values of the α  

parameter are 0.2;5.1;2.1;0.1;8.0;5.0=α  in this work.  
The nx index, a total number of ≥ M1 X-ray events, was 

used in this work for reasons of comparison and determination 
of a role of longitude distribution of active regions on the Sun 
for created CR modulation. The performed modeling allows 
estimating a relative impact of temporal changes of each 
parameter with its own time delay τ  to the total modulation. 
Fitting of the CR modulation becomes much more accurate, if 
it is performed for cycles of the same polarity. 

 
III.  MODEL RESULTS OF CR MODULATION 
 
The analysis of expected CR variations for the whole period 

of 1976-2005 has showed that for three model parameters (the 
current sheet tilt η , average magnetic field intensity on 
surface of the solar wind source Bss and polar field Hpol) the 
observed details are not presented properly in the picture of 
expected CR modulation (Fig.1a) especially during the 
maximums of the solar activity, however, the model describes 
rather well general tendencies of CR variations and provides 
good regression characteristics (the correlation coefficient ρ = 
0.89 and the mean square deviation σ = 2.75). 
Improving of the model was performed by solving the four 
parameter problem with adding flare indexes (Nx or nx). This 
allows improving representation of observed CR variations 
(Fig.1b). The results for both variants appears to be rather 
close with ρ = 0.93 and σ = 2.13%. The description of flare 
influence on CR modulation with the Nx index provides the 
best result for effective range of longitudinal distribution  

ϕσ =40°, 48°, 56° for all parameters φ0 and 

0.2;5.1;2.1;0.1=α  presented above τ In a case of the Nx 
index delay times are τ Nx = 11months, τ Bss = 2 months, τ η = 
12 months, τ Hpol= 8 months and in a case of using nx these 
times are τ nx = 7months, τ Bss =4 months, τ η = 14 months, 
τ Hpol= 0 months. The delay time of CR modulation relative 

the flare activity obtained in our model of long - term 
modulation shows that the flare influence is rather prolonged 
in the heliosphere. However, one needs to keep in mind that 
values of the time delay have been obtained from regression 
analysis and may not be recommended for evaluation of 
dimensions of the modulation region. 
 

 
Fig.1 a) Monthly CR variations observed and simulated by the 
3-parameter model for 1977 – 2005 (% of CR intensity in 
1976, bottom); impact (%) of Hpol, Bss and η  changes to the 
model variation (top); 
 

 
Fig.1 b) The observed and model variations for the same 
parameters as in (a), but considering as well the flare index Nx.  
 

IV. CR MODULATION DURING THE DECAY PHASE 
OF THE 23rd CYCLE 

 
The model for both analyzed flare indexes shows sharply a 

large discrepancy with observations in the beginning of 2000, 
before that time in 1977-1999 (Fig. 1c) ρ = 0.948 and σ = 
2.0%.  
The period of 7.1999- 12.2005 is very difficult for separate 
analysis and description in the frame of the proposed model. 
In this case with using the Nx index for description of the 
modulation the regression parameters are ρ = 0.87 and σ = 
1.87% (for the nx index - ρ = 0.85 and σ = 1.97%), the current 



 

sheet tilt and changes of the flare index are most effective for 
the modulation (Fig.2). 
 

 
 
Fig.1 (c) the observed and model CR variations for the four 
parameter model (see (b)). 
 

 
Fig. 2 Expected and observed CR variations during the decay 
phase of the 23rd solar cycle (bottom), impacts of Nx, Bss, Hpol 
and η changes to the modulation (top). 
 

The neutral current sheet plays an important role in the CR 
modulation by intensification of their radial and latitudinal 
(for large tilt values) transport, a dimension of low latitudinal 
region of the solar wind with lower values of average solar 
wind velocity and more effective interaction of flows with 
different velocities are associated with the tilt. This region has, 
apparently, a better ability of CR modulation. Possibly, it is 
important that coronal mass ejections occur preferably near 
the current sheet.  

Another feature of the declining phase of the 23rd cycle is 
its enhanced disturbances. This decay phase is the most active 
considering the Sun and the solar wind (the events of 2003 
and 2004 autumns) for the whole history of solar-terrestrial 
studies. This period differs by the large input of solar mass 
and energy into the heliosphere, not only the equatorial region 
has been active, but also the magnetic flux from polar regions 
has been enhanced that according to [10] might be associated 
with increased dipole component of the solar magnetic field. 
All these facts are directly associated with the integral 
heliospheric index as the CR density. 

Possible reasons for discrepancy between the observed and 
expected CR variations are: a) Using of non-uniform data set 
of solar field observations in this study (during the period of 
2000-2002 there was a problem with the magnetometer 
sensitivity and, possibly, data after the recalibration were not 
sewed well with previous data). Possibly, verifying this 
assumption it would be necessary to use CR variations 
together with IMF observations as a test for checking the data 
processing of solar magnetic field observations; b) Particular 
features of the current solar cycle need to account an influence 
of other modulating parameters. Note, the 2-nd maximum of 
solar Sun spot number has been observed in 2001, the current 
sheet tilt has not been decreased considerably during about 5 
years (till the middle of 2004 it was varied from 74º tо 60º and 
was ≈ 40º in the end of 2005) as also shown by the impact of 
η changes to the observed CR variations. 

Note that by incorporating the flare index into the model we 
improve the model description of CR variations as for the 
whole period considered well as for periods of same polarity 
of the solar global magnetic field. Separately were modeled 
long - term CR modulation during periods of 5.90-6.99 
(qA>0), 3.80-4.90 (qA<0), for 7.99-12.05 (a part of the qA<0 
cycle) and 01.77- 3.80 (a part of the qA>0 cycle). Initially the 
model with three parameters was used (η, Bss and two variants 
of the flare index (Nx and nx). It is obtained that in both cases 
the model describes well the observed variations (ρ = 
0.95÷0.96 and σ =1.87÷1.92), but a more close connection is 
obtained for Nx and the qA>0 cycle. It seems that the model 
description provides, however, different pictures of the 
process: if for qA>0 the main role play the flare index and a 
filed value on the source surface, but for qA<0 the current 
sheet plays this role (according to the drift theory in a such 
field configuration a drift of particles occurs along the current 
sheet and its structure is important for the modulation). 
 

V.  CONCLUSION 
Excluding an influence of variations associated with 

particles of ground level enhancements for description of 
long-term CR modulation during the 21-23 solar cycles helps 
to create the adequate model of CR modulation. In order to 
account short - term CR variations and, therefore, improve the 
CR modulation model it is proposed to use the flare indexes 
along with combination of characteristic of the solar magnetic 
field used previously (the heliospheric current sheet tilt, the 
average solar magnetic field intensity and the solar polar field 
with its sign). One of them is a total number of X-ray events 
(>M1) - nx, the other - Nx  - is evaluated from the maximum X-
ray intensity and longitude position of the event.  

It is shown that additional accounting of the flare activity 
improves the model description of long - term variations for 
both proposed indexes providing similar results (for all values 
of effective longitude dimension σφ, φ0 and α given above). 
This picture, but with increasing of tight correlation, is 
observed for modeling of CR variations during periods with 
same solar magnetic field polarity as well. 



 

The model provides with high accuracy the picture of long 
term variations till 2000, after that the discrepancy with 
observations is increased. The features of modulation behavior 
during the declining phase of the 23rd cycle are revealed, 
which are problematic for the considered model description of 
CR modulation. 
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