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Long-term galactic cosmic ray modulation in the heliosphere
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Abstract: A two-dimensional time-dependent modulation model based on the Parker (1965) transport equation is used
to compute the cosmic ray modulation in the heliosphere. The model results are compared to Voyager 1, Ulysses and
IMP 8 protons observations over various solar cycles. Recent theoretical work on transport parameters were introduced
in our model to describe the time-dependence in the diffusion and drift coefficients. When time-dependent changes in the
magnetic field magnitude, variance and the tilt angle at Earth are transported out into the outer heliosphere, our model
computes realistic modulation on a global scale for multiple solar cycles.
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1 Introduction

Every ∼ 11 years solar activity periodically changes from
solar maximum to minimum and modulates the cosmic ray
intensity in the heliosphere. Diffusion, convection, energy
changes and drifts are the different processes which mod-
ulate cosmic ray intensities in the heliosphere. A com-
plete 22-year modulation cycle was simulated by [6] in-
cluding a combination of drift effects and GMIRs in a
time-dependent modulation model. Later [1] introduced
the compound approach, where all transport parameters are
scaled with a time-dependent function based on observed
magnetic field magnitude at Earth and also the current sheet
tilt angle.
Due to the lack of a clear theory on the transport parame-
ters the compound approach was developed by [1] to com-
pare model results with observations in the inner and outer
heliosphere. However, recent theoretical advances in trans-
port parameters by [4], [7], [8] and [9] and their depen-
dence on magnetic field magnitude and variance let us to
introduce a new approach. The time dependent magnetic
field magnitude, variance and the tilt angle are transported
out into the heliosphere to give a time dependence in the
transport parameters. Computed results over consecutive
solar cycles are compared to Voyager 1, Ulysses and IMP
8 proton observations for compatibility.

2 Model and results

Cosmic ray transport in the heliosphere is described by
the Parker transport equation [5]. We solve this equation
numerically in terms of time (t) and rigidity (P ) in two-

dimensional space (r, θ) with r radial distance and θ polar
angle.
In this work the focus is on diffusion and drift. The
corresponding diffusion coefficients in the radial direction
(Krr), the polar direction (Kθθ) and the drift coefficient
(KA) are respectively,

Krr = K|| cos
2 ψ +K⊥r sin

2 ψ, (1)
Kθθ = K⊥θ, (2)

KA =
βP

3B

10P 2

10P 2 + 1
. (3)

where K|| is the diffusion coefficient parallel to the helio-
spheric magnetic field (HMF), K⊥r the perpendicular dif-
fusion coefficient in the radial direction and K⊥θ the per-
pendicular diffusion coefficient in the polar direction re-
spectively. Also B is the modified HMF magnitude where
the mean field magnitude is increased compared to a pure
Parker type field in the heliospheric polar regions, ψ is the
spiral angle of B and β the ratio between the particle speed
to the speed of light. For an illustration of the dependence
of these coefficients on r, θ and P , see [2].
In the previous compound approach of [1] all diffusion and
drift coefficients were multiplied by the following time-
dependent function,

f(t) =

(
Bk

B

)n

, (4)

which was transported into the rest of the heliosphere with
the solar wind speed. Here, n = α/40.0 with α the tilt
angle in degrees and Bk=4.5 nT.
In our new approach to compound modelling we made use
of recent theoretical advances in diffusion parameters by
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Figure 1: The time dependent functions f2(t), f3(t) and f(t) as discussed in the text.

coupling them to the background field and magnetic turbu-
lence. An expression by [8] for the parallel mean free path
for protons (damping model) at Earth with rigidity 10−1

MV < P < 104 MV is given as λ|| ∝ P 1/3. We assume,

λ|| = C1

(
P

P0

)1/3 (
r

r0

)C2

f2(t) (5)

where C1 is a constant with units of AU, P0 = 1 MV, r0 =
1 AU, C2 a constant and f2(t) a time-dependent function
as given by Equation 7.
The time dependence of K|| is attained using an expres-
sion for λ|| given by [9] and since we consider only the
influence of time varying quantities B and δB2 on λ||, we
approximate by assuming that (see also [2])

λ|| ∝
(

1

δB

)2

. (6)

The function f2(t) in Equation 5 withC4 a constant in units
of (nT)2 become

f2(t) = C4

(
1

δB

)2

. (7)

For perpendicular diffusion coefficient we assume:

K⊥r = aK||f3(t) (8)
K⊥θ = bK||F (θ)f3(t) (9)

with a = 0.03, b = 0.01, F (θ) a function enhancing
K⊥θ toward the poles by a factor of 6 and f3(t) a differ-
ent time-varying function as given below in Equation 11.
For the time dependence of perpendicular diffusion coeffi-
cients, we approximate the expression for λ⊥ as given by
[7] assuming

λ⊥ ∝
(
δB

B

) 4
3
(

1

δB

) 2
3

. (10)

The function f3(t) with C5 a constant in units of (nT)2/3

in Equation 8 and 9 can be deduced as

f3(t) = C5

(
δB

B

) 4
3
(

1

δB

) 2
3

(11)

Figure 1 shows the time-dependent function f(t) in Equa-
tion 4 as dotted line used in the previous compound ap-
proach and f2(t) and f3(t) in Equations 7 and 11, solid
and dashed lines respectively used in the new approach.
The total variance δB2, was calculated using the OMNI
magnetic field observations (from http://cohoweb.gsfc.nasa
.gov). The observed hourly averages of the total field mag-
nitude were binned in 1 year intervals, and then the statis-
tical variance in each interval was calculated.
Concerning drifts, recent theoretical work done by [4]
showed that changes in δB can affect the drift coefficient
KA. We assume a similar dependence for the drift coeffi-
cient on solar activity as [4] but instead of δB2 we utilize
the tilt angle α (from http://wso.stanford.edu) to scale KA

(see [2]). This is done to compute realistic charge-sign de-
pendent modulation over a solar cycle.
The model results are compared to spacecraft observations
in the inner and outer heliosphere for compatibility. Figure
2 shows the proton observations with kinetic energy E >
70 MeV from IMP 8 (from http://astro.nmsu.edu) and Voy-
ager 1 (from http://voyager.gsfc.nasa.gov). In the outer he-
liosphere this E > 70 MeV channel may be contaminated
by anomalous cosmic rays but contamination is insignifi-
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Figure 2: Proton observations as a function of time are shown as symbols for different spacecraft namely Voyager 1, IMP
8 and Ulysses. Also shown are model results from the previous compound approach and the new approach.

cant in the inner heliosphere (see [3]). Since we are inter-
ested in global modulation over a solar cycle we use the
∼ 2.5 GV proton observations from Ulysses (Heber private
communication) as an extension of IMP 8 data as both the
observations have almost the same modulation amplitude
from solar minimum to solar maximum.
Figure 2 also shows the model result at Earth and along
the Voyager 1 trajectory for the compound approach (solid
line) and new approach (dashed line). In Equation 5 the
previous compound approach use C1 = 4 AU and C2 =
0.8, but for the new approach C1 = 2 AU. This figure
shows that both the approaches produce compatible model
results when compared to the observations. Where the
compound approach computes a better result for some peri-
ods and the new approach for other periods. For the period
∼ 1985 - 1989 both the approaches computes lower inten-
sities than what is observed and for the period ∼ 1994 to ∼
2000 the results are higher than the observation.
On a global scale both approaches compute realistic inten-
sities over a solar cycle but during solar maximum periods,
the computed results are less prominent than the observed
much pronounced step-like increase/decrease in intensities
for the period ∼ 1990-1992 and ∼ 2002-2004 at Earth and
along Voyager 1 trajectory. Which indicates that our model
does require some form of additional merging of the trans-
ported B, δB2 and tilt angle from Earth into the outer he-
liosphere to form a more pronounced barrier capable to re-
produce the pronounced step-like increase/decrease in in-
tensities as observed.

Figure 3 shows model results with the new approach and
shows how the dependence of parallel diffusion coefficient
at Earth, its radial dependence and the position of the mod-
ulation boundary (heliopause) rb affect cosmic ray intensi-
ties in the heliosphere. Here we show three scenarios where
we change rb , C1 which determine the magnitude of λ|| at
Earth and C2 the radial dependence where λ|| ∝ rC2 . We
assume scenario 1 which gave us a global fit at Earth and
along Voyager 1 as a reference to describe scenario 2 and
3. For scenario 1 (solid line) we assumed heliopause at 124
AU, C1 = 2 AU and C2 = 0.8. While for scenario 2 (dot-
ted line) we used the same boundary but changed C1 = 1
AU and C2 = 1. This resulted in a compatible fit at Earth
but higher intensity along the Voyager 1 trajectory because
of the larger radial dependence of the transport parameters
when compared to the observations, except for the period
∼ 1985 – 1989. To produce an optimal result along Voy-
ager 1 trajectory in scenario 2, we can lower the intensity
by decreasing the a value which in turn lower the inten-
sity at Earth than what is observed. To overcome this we
showed in scenario 3 (dashed line) that by keeping C1 = 1
AU and C2 = 1 but increasing the modulation boundary
(heliopause) to rb = 130 AU, this resulted in a compatible
result similar to scenario 1.
We conclude that based on the assumptions made for dif-
ferent parameters in our model, without knowing the loca-
tion of the modulation boundary distance we cannot settle
on the value of C1, and the radial dependence C2, of the
diffusion parameters. A larger K|| (C1 value) in the inner

Vol. 11, 24



R. MANUEL et al. LONG-TERM GALACTIC COSMIC RAY MODULATION IN THE HELIOSPHERE

Figure 3: Similar to Figure 2 except three computed scenarios are compared to observations.

heliosphere and smaller radial dependence (C2 value) is re-
quired for a smaller modulation boundary distance but for a
larger boundary a smaller C1 value in the inner heliosphere
and a larger C2 is needed. However, until more observa-
tions and theories emerge we have to continue assuming
the location of the boundary and the local interstellar spec-
trum (LIS).

3 Summary and conclusions

Time-dependent cosmic ray modulation in the heliosphere
was computed over multiple solar cycles using our well
established time-dependent modulation model and results
were compared to Voyager 1, Ulysses and IMP 8 proton
observations to establish compatibility. We tested recent
theory [4], [7], [8] and [9] on transport parameters by in-
troducing a new approach and showed that they do produce
a good description of cosmic ray intensities over consec-
utive solar cycles on a global scale. This new compound
approach also compares well to the previous compound ap-
proach of [1]. However, for extreme solar maximum con-
ditions the computed step-like modulation is not as pro-
nounced as observed, indicating that some merging in the
form of global interaction regions are needed. Finally, we
found that without knowing the exact location of the he-
liopause and the exact value of the local interstellar spec-

trum one cannot make accurate conclusions about the dif-
ferent diffusion coefficients.
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