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Abstract. Magnetic clouds modify the structure of the in-
terplanetary magnetic field on spatial scales of tenth of AU.
Their influence on the transport of energetic charged particles
is studied with a numerical model that treats the magnetic
cloud as an outward propagating modification of the focus-
ing length. As a rule of thumb, the influence of the magnetic
cloud on particle intensity and anisotropy profiles increases
with decreasing particle mean free path and decreasing parti-
cle speed. Special attention is paid to energetic particles run-
ning into a magnetic cloud released at an earlier time: here
the cloud acts as a barrier, storing the bulk of the particles in
its downstream medium.

1 Introduction

The propagation of energetic charged particles through inter-
planetary space normally is described by a transport equa-
tion which considers the effects of field-parallel propaga-
tion, pitch-angle scattering at magnetic field irregularities,
and focusing in the diverging interplanetary magnetic field
(Roelof, 1969) or, in addition to the above effects, also con-
vection with the solar wind and adiabatic deceleration (Ruf-
folo, 1995). Focusing always is considered for simple ge-
ometries, in general the Archimedian spiral field, although
variations in the large scale magnetic field structure, in par-
ticular propagating magnetic flux ropes (ejecta following coro-
nal mass ejections, CMEs, also called magnetic clouds; for
a review see e.g. Burlaga, 1995), modify the local focusing
length and therefore also particle propagation.

This paper presents a numerical model which allows the
description of the influence of a magnetic cloud on the prop-
agation of energetic charged particles.
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2 The Model

Since we are concerned with particles with energies in the
MeV and tens of MeV range, solar wind effects such as con-
vection and adiabatic deceleration are of minor importance
(Ruffolo, 1995), in particular, if we are concerned with a
long-lasting injection from a propagating interplanetary shock
(Lario et al., 1998; Kallenrode, 2001). For a first approach on
the influence of a magnetic cloud, we therefore started from
the model of focused transport (Roelof, 1969):
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with f(t; s; �) being the distribution function,t time, s dis-
tance along the Archimedian magnetic field spiral,vp parti-
cle speed,� pitch cosine,�(�; s) pitch angle diffusion coef-
ficient, and�(s) = �B(s)=(@B=@s) the focusing length.

The terms in the transport equation from left to right de-
scribe the field parallel propagation, focusing in a magnetic
field with focusing length� (s) depending on distance, and
pitch angle scattering. The source term is allowed to propa-
gate along the field line, simulating the long lasting injection
of energetic particles from a shock as described in Kallenrode
and Wibberenz (1997), the transport of energetic particles
through the shock front is treated as described in Kallenrode
(2001).

The magnetic cloud is assumed to be of spherical cross
section with the interplanetary magnetic field draped sym-
metrically around it, cf. Fig. 1. Note that the main change is a
compression of the interplanetary magnetic field at the flanks
of the cloud. The magnetic cloud is characterized by its di-
ameter� as a certain fraction of the distancershock of the
shock from the Sun, the distance� of its leading edge from
the shock, also expressed as a certain fraction ofrshock, and
its magnetic compressionrB at the flanks. For applications,
these data can be inferred from the observations; for the nu-
merical study below we use� = 0:2 and� = 0:1 (Bothmer,
1993). Withs1 = s(rshock�(�+�)) ands2 = s(rshock��)
this configuration than is translated into a sinusoidal variation
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Fig. 1. Cross-section (perpendicular to the plane of ecliptic) for the
undisturbed expanding magnetic field (top) and a field disturbed by
a magnetic cloud. The filed converges at the flanks of the cloud.

of the focusing length�

�(s) =

8<
:

�o(s) for s � s1
�o(s)� �o(s) sin

s�s1

s2�s1

f(rB) for s1 < s < s2
�o(s) for s � s2

and a corresponding elongation of the interplanetary mag-
netic field line. The� allows for the consideration of the
magnetic cloud or a void in the field instead of the cloud.

Asymmetric draping of field lines (Vandas et al., 1996) can
be considered by assuming a stronger (or weaker) compres-
sion of the magnetic field with a more (or less) pronounced
elongation of the field line.

Note that this approach allows us to describe the particle
propagation in a flux tube draped around the magnetic cloud
but not the features of energetic particles directly inside the
cloud! It also does not consider the cross-field transport of
energetic particles from the ambient medium into the mag-
netic cloud.

3 Numerical Results

Figure 2 shows intensity and anisotropy profiles for a so-
lar energetic particle event (lower set of curves; observer
at 1 AU, particle speedvp = 1 AU/h corresponding to�
10 MeV protons, radial mean free path�r = 0:1 AU, Æ-
injection on the Sun) followed by a magnetic cloud with a
constant speed of 800 km/s (no shock with particle acceler-
ation considered here). The upper set of curves is for parti-
cles accelerated at a shock with constant speed of 800 km/s
and constant acceleration efficiency, followed by a magnetic
cloud. All other parameters are the same as for the solar
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Fig. 2. Solar energetic particle event (lower set of curves) and shock
accelerated particles (upper set of curves) followed by a magnetic
cloud. The upper panel gives intensities for the two scenarios, the
lower ones anisotropies (shifted with respect to each other).

event. The shock arrives at the drop in particle intensity
around 50 h. The solid line gives the particle event with-
out ejecta, the dotted lines are for a cloud geometry with a
magnetic compressions at its flank of 1.3 (lower amplitude)
and 2. The latter value is in agreement the values inferred
from numerical simulations (Vandas and Romashets, 2001).

The presence of the magnetic cloud leads to: (1) a slight
increase in intensities upstream of the cloud by a few per-
cent, (2) a strong drop in intensities downstream of the cloud
by about an order of magnitude, depending on the strength of
the magnetic compression, and (3) a sharp drop of intensity
at the time of cloud passage (remember, this is at the flanks
not inside the cloud!) combined with a strong anisotropy
indicating a net-streaming of particles from the cloud’s up-
stream medium (where intensities are high) into its down-
stream medium (where intensities are low). Note that these
effects are very similar for a simple solar injection as well
as for the continuous particle injection from a propagating
interplanetary shock.

Quantitatively, the influence of the magnetic cloud depends
on particle speed and strength of the interplanetary scatter-
ing. With increasing scattering, the increase in upstream in-
tensities increases while the drop in downstream intensities
decreases. The intensity drop at the time of cloud passage
is independent of scattering while the anisotropy decreases
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Fig. 3. Same as Fig. 2, but the magnetic cloud is running ahead
of a solar energetic particle event (lower set of curves) and a shock
accelerated particle event (upper).

with increasing scattering. With decreasing particle speed
both upstream intensity increases and downstream intensity
drops increase and the negative anisotropy inside the cloud
becomes more pronounced. Thus faster particles are less
influenced by the presence of the magnetic cloud than are
slower ones.

Figure 3 gives the same set of curves as Figure 2 except
that the ejecta has started 24 hours prior to the release of
the energetic particles in a different solar event. In this case
the ejecta is running ahead of the particles and is at a radial
distance of about 0.5 AU at the start of the particle injection.
Again, solid lines are calculated without ejecta, dotted ones
with.

The most important results are (1) a pronounced decrease
in intensities upstream of the magnetic cloud combined with
(2) a pronounced increase in intensities downstream of the
cloud, and (3) a strong drop in intensity at the time of cloud
passage combined with a pronounced positive anisotropy, in-
dicating a net-streaming of particles from the cloud’s down-
stream into its upstream medium (again following the gradi-
ent in particle intensities). Again, effects are very similar for
a solar injection and a continuous injection from a propagat-
ing shock. These results strongly point to a barrier effect of
the magnetic cloud for the propagation of energetic particles.

Figure 4 shows a comparison between a model run and
the Helios observations in the 27 May 1981 event (for a de-
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Fig. 4. Comparison between model (dashed) and observations, cf.
text.

tailed description see Kallenrode, 1997). The passage of the
magnetic cloud is marked by a filled rectangle, interplanetary
field lines draped around the cloud are represented by the ad-
jacent open rectangles. These latter field lines are the ones
which can be approximated in this model while the field lines
inside the cloud are not considered. For modeling, this event
is a challenge in so far, as it shows a rather strong increase in
intensity towards the shock combined with a drop in intensity
short before the arrival of the magnetic cloud. This is impos-
sible to model in a simple transport model because particles
cannot be removed fast enough to get a significant decrease
in intensity. If the magnetic cloud is considered, however,
not only intensities upstream of the cloud can be fitted but
also the fast decrease of intensity associated with the arrival
of the field lines draped around the cloud and the reduced in-
tensity in the cloud’s downstream medium can be described
properly. The description fails, by definition, right inside the
cloud since the model only gives intensities along the field
lines draped around the cloud but not inside the cloud – the
satellite, on the other hand, cuts right through the cloud.

4 Discussion

The influence of a magnetic cloud on the interplanetary prop-
agation of energetic charged particles is treated numerically
by introducing a moving bottleneck into the model of fo-
cused transport. The cloud is characterized by its speed, its
distance from the shock, its width, and the magnetic com-
pression resulting from the draping of the IMF around the
cloud. Note that this method does not allow to simulate par-
ticles inside the cloud! Important results are:
(1) If the cloud follows the particle source, the upstream in-
tensity is increased by a few percent for 10 MeV protons
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under average scattering conditions (� = 0:1 AU).
(2) This increase increases with decreasing energy and in-
creasing scattering.
(3) The downstream intensities are reduced by about an order
of magnitude.
(4) If the cloud is ahead of the particle source, it is an effec-
tive barrier for particle propagation.
(5) The model allows to fit observations, although by def-
inition intensities and anisotropies inside the cloud are not
described correctly.

All these properties can be understood from the modified
focusing: viewed from the outside, the bottleneck configu-
ration shows a converging field and thus reflects part of the
particles. As a consequence, the cloud is a barrier that sep-
arates the upstream and downstream medium and allows for
markedly different intensities in both of them. Intensities are
higher on that side of the cloud where the source is located
(upstream in case of a traveling shock, downstream in case
of a magnetic cloud from an earlier event). At the bottle-
neck intensities are reduced because only the relatively small
number of particles just in transit can propagate through. In
addition, anisotropies are relatively high because only parti-
cles with small pitch angle can propagate into the bottleneck.

Changes in intensity and anisotropy related to the presence
of the cloud increase with decreasing energy and mean free
path because in these cases particles stay longer in the vicin-
ity of the cloud and thus can perform multiple interactions.
For weak scattering and high energies, on the other hand,
once a particle has passed the cloud it has only a small return
probability. The enhancement of the barrier function of the
cloud with increasing scattering also had been proposed by
Lario et al. (1999).

A relatively unexpected effect was the strong barrier action
of a cloud ahead of the particle source. Since SOHO observa-
tions show a large number of CMEs during solar maximum
(about 2/day, cf. St. Cyr et al., 2000), magnetic clouds in in-
terplanetary space ahead of a particle source might be a rela-
tively common feature. Fits of a transport equation on parti-
cle events neglecting the influence of a magnetic cloud might
be faulty. This might explain part of the discrepancy between
particle mean free paths determined from fits and particle
mean free paths determined from the analysis of magnetic
field fluctuations (Wanner and Wibberenz, 1993). In addi-
tion, the barrier properties of the magnetic cloud as demon-
strated in Figure 3 can be used to simulate rogue events where
converging shocks lead to unusual high particle intensities as
described for the August 1972 event by Levy et al. (1976).

First examples are described in Kallenrode and Cliver (2001).

References

Burlaga, L.F., Interplanetary Magnetohydrodynamics, Oxford Uni-
versity Press, 1995.

Bothmer, V., 1993. Die Struktur magnetischer Wolken im Sonnen-
wind. Ph.D. thesis, Univ. G¨ottingen

Kallenrode, M.-B., The temporal and spatial development of MeV
proton acceleration at interplanetary shocks, J. Geophys. Res.
102, 22347, 1997.

Kallenrode, M.-B., Shock as a black box II: Effects of adiabatic
deceleration and convection included, J. Geophys. Res., in press,
2001

Kallenrode, M.-B., and G. Wibberenz, Propagation of particles in-
jected from interplanetary shocks: A black box model and its
consequences for acceleration theory and data interpretation, J.
Geophys. Res. 102, 22 311, 1997.

Kallenrode, M.-B., and E.W. Cliver, Rogue SEP events: Modeling,
Proc. 27th ICRC, this volume, 2001.

Lario, D., B. Sanahuja, and A. M. Heras, Energetic particle events:
efficiency of interplanetary shocks as 50 kev< E < 100 MeV
protons accelerators, Astrophys. J., 509, 415, 1998.

Lario, D., M. Vandas, and B. Sanahuja, Energetic particle propaga-
tion in the downstrem region of transient interplanetary shocks,
in Solar Wind 9 (eds. S. R. Habbal, R. Esser, J. V. Hollweg, and
P. A. Isenberg), p. 741, 1999.

Levy, E.H., S.P. Duggal, and M.A. Pomerantz, Adiabatic Fermi ac-
celeration of energetic particles between converging interplane-
tary shock waves, J. Geophys. Res., 81, 51, 1976.

Ruffolo, D., Effect of adiabatic deceleration on the focused trans-
port of solar cosmic rays, Astrophy. J. 442, 861, 1995.

Roelof, E. C., Propagation of solar cosmic rays in the interplanetary
magnetic field, in Lectures in High energy astrophysics (eds. H.
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