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Abstract: We explore the relationship between the galactic cosmic rays (GCRs) intensity changes (dI) and the
magnitude (B) of the interplanetary magnetic field (IMF) for 1996-2012, including positive polarity (A > 0)
period (1996-2000), maximum of solar activity period with uncertain direction of the sun’s polar magnetic
field (2000-2003), and negative polarity (A < 0) period (2003-2012). The overall inverse linear correlation
coefficient (cc) between dI and B is high, for the full range of the observed 27-day averages of B, for 1996-
2012, cc = −0.82± 0.03. The breakdown is as follows, for 1996-2000, cc = −0.65± 0.07, for 2000-2003 the
correlation is significantly weaker, cc = 0.01± 0.10, and for 2003-2012 , cc = −0.84± 0.05. We find that the
dependence of dI on B may be represented by a power law, dI ∝ Bα . For the full range of the observed 27 day
averages of B, for 1996-2012, α = −0.24. The breakdown is as follows, for 1996-2000, α = −0.19; for 2000-
2003, α = 0, and for 2003-2012, α =−0.23. We attempt to construct a time-dependent 2-D model of GCR long-
term variations taking into account the derived relationship between dI and B.

Keywords: galactic cosmic rays, time-dependent modeling, 11-year variation

1 Introduction
Long period variations of galactic cosmic ray (GCR) in-
tensity has been studied for years using experimental data
from different detectors [1]-[9]. Modeling study of GCR
transport have been carried out by Ferreira and Potgieter
[10]. They used numerical solution of Parker’s transport
equation to model the modulation of cosmic-ray protons,
electrons, and helium for full 11 year and 22 year modu-
lation. Krymsky et al. [11] have constructed a simplified
theory for the heliospheric modulation of high-energy cos-
mic rays in which no adjustable parameters are used. U-
soskin et al. [12] have done a series of reconstruction of
the monthly values of the modulation potential. Siluszyk et
al. [13] developed the 2-D time dependent model of the 11-
year variation of the GCR intensity using in situ measure-
ments of solar wind and solar activity parameters; with an
acceptable level of compatibility for 1976-1987 (solar cy-
cle 21) when the expected temporal changes of the GCR
particle density are shifted for 18 months with respect to
the temporal changes of the smoothed experimental data
on the GCR intensity. Manuel et al. [14] have calculated
time-dependent cosmic ray modulation over multiple so-
lar cycles. Recently Krymsky et al. [15] shown that cos-
mic rays behave quite differently when even and odd so-
lar cycles alternate. Paouris et al. [16] investigate galactic
cosmic ray modulation in relation to solar activity indices
and heliospheric parameters during the years 1996-2010
covering solar cycle 23. Chowdhury et al. [17] show that
GCR experience various types of modulation from differ-
ent solar activity features and influence space weather and
the terrestrial climate. There are a few interesting and very
much attractive studies by various authors, but 4 pages s-
pace of this paper confine us to mention many of other au-
thors.

Despite significant advances in our understanding of
many aspects of the long period variation of GCR intensity,
a single parameter or group of parameters that completely
describes the 11-year cycles of GCR intensity has not been
found. It should be underlined that the theoretical model-
ing of the long period variation of the GCR intensity also
remains complex because of the uncertainty selecting of
the suitable parameters to be implemented in the transport
equation. Nevertheless, only one criterion remains for se-
lecting an appropriate set of parameters, the degree of com-
patibility of modeling results with the experimental data.
So, a composite study of the experimental data and model-
ing is much valuable. Our aim in this paper is to find a rela-
tionships among cosmic ray intensity variations for period
of 1996-2012 and parameters of solar wind and solar activ-
ity, and then use these parameters in transport equation to
model a behavior of GCR intensity registered by neutron
monitors (NMs).

2 Experimental Data
To find a relationships among cosmic ray intensity varia-
tions and parameters of solar wind and solar activity, we
use the GCR intensity for Oulu NM, solar wind velocity
V , magnitude B of the interplanetary magnetic field (IMF)
and tilt angle TA of the heliospheric neutral sheet (HNS)
for 1996-2012. In figure 1 are presented changes of the 27-
day averages of the GCR intensity for Oulu NM (top pan-
el), solar wind velocity V , magnitude B of the IMF and tilt
angle TA of the HNS for 1996-2012.

In order to set up a relationship between changes of the
GCR intensity and magnitude B of the IMF, intensity of
GCR for Oulu NM was recalculated to free space using the
temporal changes of the rigidity spectrum index γ found
for long period variations of GCR intensity [18]. The re-
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Fig. 1: Temporal changes of the 27-day averages of the
GCR intensity for Oulu NM, solar wind velocity V , mag-
nitude B of the IMF and tilt angle TA of the HNS for 1996-
2012.

Fig. 2: Temporal changes of the 27-day averages of the
GCR intensity in free space for Oulu NM for 1996-2012 .

calculated intensity of the GCR intensity for Oulu NM to
free space is presented in figure 2; it corresponds to the
changes of GCR intensity for 10−15GV . To find a power
law dependence of the GCR intensity dI (Fig. 2) and mag-
nitude B of the IMF (dI ∝ Bα ) for 1996-2012, scattering
diagram is presented in figure 3. A power law approxima-
tion dI ∝ Bα shows that α = −0.24. Taking into accoun-
t that minimum epochs of solar activity can be character-
ized as drift dominated periods, but maximum-as a diffu-
sion dominated, the whole period 1996-2012 is divided as
follows, 1996-2000 (A > 0), 2000-2003 (A = 0), and 2003-
2012 (A < 0). Scatter plots of the 27-day averages of GCR
intensity changes dI for Oulu NM and magnitude B of the
IMF according the breakdown are presented in figures 4-6.
The breakdown is as follows, for 1996-2000, α = −0.19
(figure 4); for 2000-2003, α = 0 (figure 5), and for 2003-
2012, α =−0.23 (figure 6).

3 Model
In this paper we model the long period variation of the
GCR during years 1996-2012 (the Bartel’s rotation (BR)
periods 2219-2447). The proposed model of the long peri-
od variations of the GCR intensity is based on the Parker’s
time-dependent transport equation [19]:

Fig. 3: Scatter plot of the 27-day averages of GCR intensity
changes dI for Oulu NM and magnitude B of the IMF for
1996-2012.

Fig. 4: Scatter plot of the 27-day averages of GCR intensity
dI for Oulu NM and IMF B for the positive polarity (A > 0,
1996-2000).
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Where N and R are omnidirectional distribution function
and rigidity of GCR particles, respectively; τ - time, U so-
lar wind velocity, vd is the drift velocity. We set up the di-
mensionless density f = N

N0
, time t = τ · τ0 and distance

r = ρ
ρ0

; where N0 is density in the Local Interstellar Medi-
um (LISM), ρ and ρ0 are the radial distance and size of
the modulation region; τ0 is the characteristic time corre-
sponding to the changes in heliosphere for the certain class
of GCR variation. For the considered model we accept that
τ0 is equal to 218 BR. A size of the modulation region
ρ0 = 100AU and the upwind-downwind asymmetry of the
heliosphere is not taken into account, as far ρ0 is signifi-
cantly greater (more than 10 times) than the larmor radius
of GCR particles to which NMs respond. It would be prop-
er to underline here, that Krymsky [20] and Parker [19] in-
dependently established the crucial roles of diffusion, con-
vection and expanding solar wind in modulation of GCR;
also, they showed that diffusion coefficient of GCR has the
tensor character in the interplanetary space.

The equation (1) for the dimensionless variables f, R
and t in the 2-D spherical coordinate system can be written:

A0
∂ f
∂ t

= A1
∂ 2 f
∂ r2 +A2

∂ 2 f
∂θ 2 +A3

∂ 2 f
∂ r∂θ

+A4
∂ f
∂ r

+

+ A5
∂ f
∂θ

+A6 f +A7
∂ f
∂R

(2)

where A0 =
ρ2

0
τ0KII

and the coefficients A1,A2, ...,A7 are func-
tions of the spherical coordinates (r,θ), rigidity R of the
GCR particles and the time t (detailed coefficients are



Time dependent modeling of galactic cosmic ray transport
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Fig. 5: Scatter plot of the 27-day averages of GCR intensity
dI for Oulu NM and IMF B for the maximum conditions
of solar activity, period (2000-2003).

Fig. 6: Scatter plot of the 27-day averages of GCR intensity
dI for Oulu NM and IMF B for the negative polarity period
(A < 0, 2003-2012).

given in [13]). The anisotropic diffusion tensor of GCR
Ki j = K(S)

i j +K(A)
i j consists of the symmetric K(S)

i j and K(A)
i j

antisymmetric parts. We implement a drift velocity of GCR

particles in a model as [21], ⟨vd,i⟩=
∂K(A)

i j
∂x j

. This expression
is equivalent to the standard formula for ⟨vd⟩ [22]. The IM-
F vector B is written, as [23, 24]:

B = (1−2H(θ −θ
′
))(Brer) (3)

where H is the Heaviside step function changing the sign
of the polar magnetic field in each hemisphere and θ ′

cor-
responds to the heliolatitudinal position of the HNS, er is
the unite vector directed along the component Br of the
IMF of the two dimensional Parker field [25]. Parker’s spi-
ral heliospheric magnetic field is implemented through the
angle ψ = Arctan−Bφ

Br
= Arctan Ωrsinθ

U in anisotropic diffu-
sion tensor of GCR particles (ψ is the angle between mag-
netic field lines and radial direction in the equatorial plane)
and ratios β = K⊥

KII
and β1 = Kd

KII
of the perpendicular K⊥

and drift Kd diffusion coefficients to the parallel KII dif-
fusion coefficient: β = 1

1+(ωτ)2 and β1 = ωτ
1+(ωτ)2 where

ωτ = 300BλcR−1, the magnitude B of the IMF equals 5.5
nT in minimum epoch and 8.5 nT in maximum epoch of
solar activity; λ linearly depends on the rigidity R of GCR
particles and c is the speed of light. So, for the cosmic ray
particles of rigidity R > 10GV the perpendicular K⊥ and
drift Kd diffusion coefficients are proportional to the par-
allel KII diffusion coefficient. The billiard ball diffusion is
not generally the best approximation [26]-[29] but it work-
s well at high rigidities to which NM and muon telescopes
are respond, R > 10−15GV [30, 31]. A parallel diffusion
coefficient used in modeling is expressed, as:

Fig. 7: The changes of the diffusion coefficient given by eq.
(4) for GCR particles with rigidity 15GV .

Fig. 8: GCR intensity variation for Oulu NM and model
computations for 1996-2012.

KII = K0K(r)K(B)K(t)K(R,γ(t,R)) (4)

where K0 = 3.12 ·1019cm2/s, K(r) = 1+0.5r/r0; K(B) =
Bα , as obtained based on the experimental data analysis,
for 1996-2000, α = −0.19; for 2000-2003, α = 0, and
for 2003-2012, α = −0.23; K(R,γ(t,R)) = Rγ(t,R), where
γ(t,R) = (2.55t4−0.98t3−3.44t2+1.89t+0.76) ·0.7R0.1

contributes to the changes of the parallel diffusion coeffi-
cient KII due to dependence on the GCR particles rigidi-
ty R; K(t) = Exp(4.5(2− γ(t,R)), function K(t) is intro-
duced to make a consistent changes of diffusion coefficient
KII throughout the 11year cycle of solar activity. The expo-
nent γ(t,R) reflects the changes of the variational rigidity
spectrum in the modulation of the GCR particles. Accord-
ing to the experimental data analysis (e.g., [18], and refer-
ences therein) this exponent increases in the maximum of
solar activity. In this paper we assume that γ(t,R) reflect-
s this changes i.e. in minimum of solar activity in 1996
γ(t,R) ≈ 0.7, in the maximum increases up to γ(t,R) ≈ 1,
then decreases to γ(t,R) ≈ 0.6 in 2009, and then increase
again in ascending phase of the 24th solar activity cycle. In
this way the expression Rγ(t,R) is larger in maxima epoch
than in the minima epoch. On the other hand diffusion co-
efficient KII should be greater in minimum epoch than in
maximum epoch of solar activity. It is adjustable by the
changes of a rate of the function K(t) in the manner that
the product of K(t)K(R,γ(t,R)) should diminish from min-
imum (1996) to maximum (2000) epochs of solar activity
and then increase again (Fig. 7).

In the model are implemented the 27-day averages (BR
2219-2447) of the in situ data of the interplanetary mag-
netic field magnitude B, solar wind velocity V and the he-
liospheric tilt angle TA of the HNS (Fig. 1). Also, in the
model is implemented the waviness of the HNS (for details
see [13]). The neutral sheet drift was taken into account ac-
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cording to the boundary condition method [23], when the
delta function at the HNS is a consequence of the abrupt
change in sign of the IMF. Drift effect due to gradient and
curvature of the regular IMF is implemented in the model
by means of the ratio of the drift Kd diffusion coefficients
to the parallel KII diffusion coefficient, β1 =

Kd
KII

. We con-
sider that a drift effect is scaled to zero during the reversal
time (2000-2003) of the Sun’s global magnetic field (diffu-
sion dominated period). The equation (2) was transformed
to the algebraic system of equations using the implicit fi-
nite difference scheme, the details of the numerical solu-
tion of the eq. (2) are given in [32].

Results of the numerical solution of the equation (2) for
rigidity R = 15GV and changes of the GCR intensity ob-
served by Oulu NM are presented in figure 8. Figure 8
shows that in general there is some agreement between ex-
perimental data for Oulu NM and modeling results dealing
mainly with shape and average amplitude of the 11-year
variations of the GCR intensity. It is hardly expected that
any short period fluctuations of the GCR intensity could be
completely explained by modeling. We show by this mod-
eling that an implementation of in situ measurements of
the solar wind and solar activity parameters makes model
more compatible with the experimental data; also, an inclu-
sion of the real (observed) power law dependence of the
GCR variations on the strength B of the IMF, different in
various epochs of solar and magnetic activities, makes the
proposed model more realistic.

4 Conclusions
1. We show that there is different overall inverse linear

relationship between changes of the GCR intensity
dI and strength B of the IMF in various phases of
solar magnetic activity. For positive and negative
polarity periods coefficient correlations are high; for
1996-2000 (A > 0), cc = 0.65±0.07, for 2003-2012
(A < 0), cc = −0.84 ± 0.05, while for maximum
epoch 2000-2003, cc= 0.01±0.10. It is clearly seen
that in maximum epoch of solar activity diffusion is
completely dominated, and role of B is minimal.

2. We show that the dependence of dI on B can be
represented by a power law, dI ∝ Bα with significant
oddity in maximum epoch comparing with positive
and negative polarity epochs. Namely, α = 0, while
for A > 0, α =−0.19, and α =−0.23, for A < 0.

3. We compose 2-D time dependent model included
in situ measurements of B , solar wind velocity V ,
and tilt angle TA. The finding dependence between
dI and B is taken into account in parallel diffusion
coefficient.

4. In general there is a good agreement between ex-
perimental data of Oulu NM and modeling results
dealing mainly with shape and average amplitude of
the 11-year variations of the GCR intensity. We con-
clude that an inclusion of the real (observed) pow-
er law dependence of the GCR variations dI on the
strength B of the IMF in various epochs of solar mag-
netic activities, makes the proposed model more re-
alistic. However, a short period fluctuations of the
GCR intensity could not be completely reproduced
by the proposed model.
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