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Abstract. This review covers the sessions SH 3 and SH 4 of
the 27th International Cosmic Ray Conference held in Ham-
burg, Germany. The subtopics cover observations and mod-
ulation models of galactic and anomalous cosmic rays, their
acceleration, spectra, composition, and gradients in the he-
liosphere, as well as the interaction with the Earth magneto-
and atmosphere. A total of about 190 contributions reported
on the progress on understanding solar and terrestrial mod-
ulation using advanced models and in-situ as well as remote
measurements. Especially addressed were 1) the local inter-
stellar spectra, 2) the termination shock and the outer bound-
ary of the modulation volume, 3) the structure of the helio-
spheric magnetic field and its implication for particle prop-
agation within the heliosphere, 4) the diffusion tensor, and
5) the variation of these propagation parameters over the so-
lar cycle. Several papers addressed the importance of resid-
ual modulation and its implication for modulation in the he-
liosheath.

1 Introduction

The three dimensional region around the Sun, controlled by
the solar wind and its embedded magnetic field, is called the
heliosphere (see Fig.1). The interaction of the supersonic
solar wind with the local interstellar medium (LISM) leads
to a transition of the solar wind from supersonic to subsonic
speeds at the heliospheric termination shock. Such a tran-
sition might also occur for the interstellar wind at the he-
liospheric bow shock; the heliopause is the boundary layer
between the interstellar and solar wind. The exact geometry
as well as the dimension of the heliosphere are uncertain, but
several attempts have been made to estimate the heliospheric
scale size. Stone and Cummings (SH 4.4 O1) compile sev-
eral recent estimates of the distance to the heliospheric ter-
mination shock. Fig.2 shows the result of these different
attempts as well as the heliocentric distance of the two Voy-

Correspondence to:B. Heber (bheber@uni-osnabrueck.de)

Fig. 1. Sketch of the heliosphere (http://interstellar.jpl.nasa.gov/).

ager space probes. Most of the values are clustering in the
range of 80 to 100 AU, suggesting an encounter of Voyager 1
with the heliospheric termination shock before 2005. How-
ever, as Stone and Cummings (SH 4.4 O1) emphasize, the
termination shock will likely move away because of the ar-
rival of the increased pressure and it may be several years
before it moves back within the Voyagers range.

Galactic Cosmic Rays (GCRs) entering our heliosphere
encounter an outward-flowing solar wind carrying a turbulent
magnetic field, which can be approximated by an Archime-
dean spiral (Parker, 1965). Due to these interaction the en-
ergy spectrum measured at Earth is different from the Local
Interstellar Spectrum (LIS). Fig.3 displays measured energy
spectra at Earth during different phases of the solar activity
cycle. The upper/lower curves for each species reflect the in-
tensity at solar minimum and maximum, respectively. While
cosmic rays above several 10th of GeV/n undergo only little
modulation, the intensity at Earth varies by an order of mag-
nitude in the 10 MeV range. That there is some solar cycle
dependence on cosmic rays at energies in the TeV range was
shown by the Tibet ASγ-collaboration (SH 3.4 O1) and by
the Soudan 2-collaboration (SH 3.4 O2). While the Sun’s
shadow is well and clearly observed at solar minimum, it

http://interstellar.jpl.nasa.gov/
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Fig. 2. Estimates of the location of the solar wind termination
shock (SH4.4 O1). Methods used are: 1) pressure balance (e.g.
Belcher et al., 1993), 2) episodes of low frequency radio emissions
(Gurnett and Kurth, 1996), 3) backscattering of solar UV radiation
(Hall et al., 1993), 4) ACR intensity gradients (Stone and Cum-
mings, 1999), and 5) Cosmic ray transients (le Roux and Fichtner,
1999).

Fig. 3. Energy spectra of different elements during solar minimum
(upper curves) and maximum phase (lower curves) as seen close to
Earth (Meyer et al., 1974).

gradually diminishes with increasing solar activity and al-
most disappears at solar maximum, especially at energies be-
low 10 TeV.

In the 1970’s, Garcia-Munozet al. (1973) measured an un-
expected shape of the helium spectrum below∼100 MeV/n

(see Fig.3). The helium spectra at solar minimum is much
flatter than the hydrogen spectra. Fisket al. (1974) postu-
lated the following mechanism as a source for these Anoma-
lous Cosmic Rays (ACRs): Neutral interstellar particles enter
the heliosphere and are ionized by the interaction with the so-
lar wind and/or solar radiation and are picked up by the solar
wind. Pickup ions are convected out to the heliospheric ter-
mination shock, are accelerated to cosmic ray energies, and
transported into the inner heliosphere.

The study of GCRs and ACRs in the heliosphere provides
insights on how

1. the energy spectrum and composition of cosmic rays
coming from the galaxy is modified. In order to un-
derstand the origin of cosmic rays and their propagation
in the galaxy, we must correct for these modification,
which requires a detailed understanding of the particle
transport in a magnetized plasma.

2. energetic particles are accelerated by shock waves. The
Voyager spacecraft are expected to encounter the helio-
spheric termination shock within this decade, and will
provide essential in-situ information of the structure of
an astrophysical shock wave.

Because the heliosphere is the only astrophysical environ-
ment, accessible to in-situ measurements, the understanding
of the transport and acceleration processes also leads to an
increasing understanding of cosmic rays in remote sites. Op-
positely, cosmic rays can be used as a tool for sensing the he-
liospheric structure remotely. At present, they are one of the
most-important sources of information regarding the outer
regions of the heliosphere, the termination shock and beyond.

2 Theoretical background

The transport of GCRs in the heliosphere can be described
by Parker’s (1965) transport equation, as discussed in detail
by Potgieter(1998): Let f(r, R, t) be the differential cosmic
ray distribution function with respect to the particle rigidity
R, then its variation with timet and positionr is given by:
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where terms on the right-hand side represent:
a. Outward convection by the solar wind.
b. Adiabatic deceleration from the divergence of the spheri-

cally expanding solar wind.
c. Inward diffusion (K(s)) through the irregular interplane-

tary field in response to the gradient set up by convection
and deceleration. The symmetric tensorKs consists of a
parallel diffusion coefficient (K‖) and the perpendicular
diffusion coefficients (K⊥).
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d. Gradient and curvature drifts (〈vD〉) in the global helio-
spheric magnetic field. The pitch angle averaged guiding
center drift velocity for a near isotropic GCR distribution
is given by〈vD〉 = Pv

3 ∇×
B
B2 , with v the particle speed,

P its rigidity andB is the magnitude of the background
heliospheric magnetic field (HMF).

e. Additional sources like particles accelerated at the termi-
nation or interplanetary shocks.

The present understanding of the global modulation in the
heliosphere as described by equation1, is generally believed
to be essentially correct (see, e.g., Fisket al., 1999). The
main problem in solving (1) is to know the spatial, temporal
and rigidity dependence of all parameters involved in modu-
lating GCRs as well as the size of the modulation volume.

3 Modulation models

Papers presented in these session are concentrated on dif-
ferent modulation models, ranging from a numerical fully
three dimensional time dependent energy averaged code
(e.g. Fichtneret al., SH 3.1 O6) and other sophisticated
models (e.g. Kota, SH 130, Kota, SH 192) to the analyti-
cal force field (e.g. Usoskinet al., SH 155) approximation.
Moraal and Steenberg (SH 3.1 O5) showed that the later ap-
proximation should not be applied to measurements in the
outer heliosphere, because it overestimates the adiabatic en-
ergy loss. Therefore, the determination of the radial dif-
fusion coefficient by Cummingset al. (SH 4.2 O1) using
Voyager data, can not be directly used in more appropriate
modulation models. An interesting new analytical approach
has been presented by Zhang and McDonald (SH 182). By
using the stochastic approach by Zhang (1999) the authors
showed that for high rigidity particles the observed intensity
f(r, p, t) = 〈fLIS(pe)〉 the averaged local interstellar intensity
at higher rigidities. The observed spectrum at a given loca-
tion in the heliosphere originates essentially from the distri-
bution at higher rigidities and undergoes significant adiabatic
cooling. The correlation of the latitudinal gradient and the
amplitude of the recurrent modulation found by e.g.Paizis et
al. (1999), and the correlation between the radial and latitudi-
nal gradient, as being presented by the authors and displayed
in Fig. 4 can thus be explained by a common term due to
adiabatic energy loss in their eqs. (8), (9) and (11).

Fichtneret al. (SH 3.1 O6) used an alternative approach
to develop a fully three-dimensional time dependent mod-
ulation model averaging over the particle energies. Such a
model is well suited to study the three dimensional propaga-
tion of Jovian electrons in the inner three dimensional helio-
sphere. Although their results are qualitative in nature, they
make a number of interesting conclusions. Among them the
perhaps most important statement is the that the new model-
ing approach also offers an opportunity for an indirect study
of Corotating Interaction Regions (CIRs) in their functions
as modulation barriers.

Fig. 4. Correlation between the radial and latitudinal gradients of
GCRs and ACRs. Each data point is for a particle species at a cer-
tain energy (SH 182).

4 Parameters important to modulation

Models of cosmic ray transport in the heliosphere require
knowledge of the boundary conditions at the interface with
the LISM as well as at the Sun (SH 134).

4.1 The size and structure of the modulation volume

In most modulation models the outer boundary is assumed to
be a sphere with a radius of∼100 AU (Potgieter, 1998). Al-
though, as pointed out byJokipii (2001), the question as to
what this boundary corresponds to, physically, has not been
discussed clearly in the literature. Fig.1 illustrates, schemat-
ically, the four relevant spatial regions, as they are within
the heliospheric boundary shock, the heliopause, the bow
shock or corresponding transition and beyond in the LISM.
In their paper, Schereret al (SH 3.6 O8) used a 5-fluid hy-
drodynamic approach to model the heliosphere (Fahr et al.,
2000). Currently the LISM is believed to be characterized by
a proton density ofnp ∼ 0.1 cm−3, a hydrogen atom density
of np ∼ 0.1 cm−3, a temperature ofT ∼ 8000 K, a speed
of v ∼ 25 km/s, a magnetic field strength ofB ∼ 1.4µG
and a cosmic ray density of∼ 0.5 − 1 eV/cm3. The re-
sult of this approach is shown in Fig.5. Typical heliocen-
tric distances in the upwind direction are 80–100 AU for the
termination shock, 150–200 AU to the heliopause, and 300–
400 AU for the bow shock. In comparison these distances are
much shorter than the corresponding ones downwind. The
LISM properties change due to the motion of the Sun within
the Galaxy. For the structure and especially the extent of the
heliosphere the total pressure of the LISM is the most im-
portant parameter. The principal effect of a higher pressure
has been explored byZank and Frisch(1999) and Fahr et
al. (2000), and leads to the heliospheric configuration as dis-
played in the lower panel of Fig.5. Obviously the dimension
as well as the structure of the heliosphere has changed dra-
matically. Schereret al. (SH 3.6 O8) discuss the influence of
such a reconfiguration on cosmic ray modulation.
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Fig. 5. The structure of the heliosphere resulting from an axisym-
metric model (Fahr et al., 2000); the proton number density seen
in the rest frame of the Sun for a proton and neutral gas number
density of the LISM ofnp = nH = 0.1 cm−3 (upper panel) and
np = nH = 1.0 cm−3 (lower panel). The solid lines indicate the
position of the termination shock, the heliopause, and the bow shock
(SH 3.6 O8).

The effects of the heliospheric termination shock - reac-
celeration of cosmic rays -, and the location in the he-
liosphere on the modulation of galactic and Jovian elec-
trons have been studied by Ferreiraet al. (SH 128) by us-
ing a two-dimensional shock-drift model (Haasbroek et al.,
1997), including a Jovian electron source. Observations of
16 MeV Pioneer 10 electrons have been used to compare
the calculated radial profiles with in-situ measurements up to
70 AU. The location of the termination shock as well as the
outer modulation boundary have been varied between 80 and
100 AU and 120 and 140 AU, respectively. From their study
they conclude, that not only the position of the heliospheric
termination shock has an important influence on the observed
spectra, but the relative position of the shock and the modu-
lation boundary, as displayed in Fig.6. With increasing dis-
tance the radial gradient keeps constant up to large distances,
but then increases significantly up to the outer boundary. The
effect of the termination shock is more pronounced for larger
distances between the termination shock and the modulation
boundary. Unfortunately, reliable data up to only∼70 AU
for electrons are available. In addition their results show
that the discussed effects are much more pronounced at ener-
gies above 100 MeV than in the 10 MeV range available by
the Pioneer 10 spacecraft measurements, indicating the need
of more sophisticated observations in the outer heliosphere
which are envisaged with instrumentation on board of an In-
terstellar Probe. The effect of the termination shock on the
measured energy spectra, e.g. at Earth, depends strongly on
the assumption of the LIS.

Fig. 6. Computed and measured radial profiles of 16 MeV electrons.
The termination shock is located at 90 AU, while the outer boundary
varies between 120 AU and 140 AU. As LIS the spectrum proposed
by Langner et al.(2001) have been used (SH 128).

4.2 The local interstellar spectra

In order to study the transport of cosmic rays in the helio-
sphere and to find proper diffusion coefficients it is important
that the LIS of these particles are known with adequate preci-
sion. Recent new developments, and data triggered Langner
and Potgieter (SH 123), Potgieter and Langner (SH 124),
and Ferreiraet al. (SH 3.1 O2) to study the effects of these
newly proposed spectra on cosmic ray modulation system-
atically. In Fig. 7 the LIS for anti-protons, protons, posi-
trons and electrons from Langner and Potgieter (SH 123, SH
204) are compiled. The anti-proton spectra are from Mos-
kalenko et al. (OG 1.3 O7), Moskalenko private communi-
cation (2000), Bieber et al.(1999), the proton spectra were
taken from Moskalenkoet al. (OG 1.3 O7),Strong, et al.
(2000), Webber, Potgieter, and Burger(1990), Webber (pri-
vate communication), Stanev (private communication) the
positron spectrum fromStrong, et al.(2000), and the elec-
tron spectra fromStrong, et al.(2000), Strong et al.(1994),
and Langner et al.(2001). In contrast to electrons, obser-
vations of protons do not provide informations on the LIS
below a several 100 MeV due to adiabatic deceleration. The
LIS for electrons is an important parameter in heliospheric
modulation studies and is basically unknown at energies be-
low 100 MeV. The difference between the lowest (Strong, et
al., 2000) and the highestStrong et al.(1994) value is several
orders of magnitude for 10 MeV electrons. Because of the
solar modulation it is impossible to determine a realistic LIS
from observations at Earth, because of the lack of knowledge
of the transport parameters. In their contributions, Ferreiraet
al. (SH 3.1 O2, SH 127, SH 128) used a steady state three-
dimensional modulation code and 16 MeV electron measure-
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Fig. 7. Local Interstellar spectra for anti-protons and protons (upper
panel) and positrons and electrons (lower panel). Compilation from
SH 3.1 O2, O3, 123, 124, 125, 127, 128, 204, OG 1

Fig. 8. Computed differential intensities of 16 MeV electrons as
function of radial distance along the Pioneer 10 trajectory (SH 3.1
O3).

ments from Pioneer 10, to investigate the consequences of
different LIS’s for the diffusion tensor. Fig.8 displays their
best approximation to the observations. Although the LIS
varies by more than 2 orders of magnitude the authors could
determine for each spectrum an appropriate set of diffusion
coefficients, discussed in section4.4. They show in SH 128
that similar solutions can be found when including the ef-
fects of the termination shock, as long as the shock and the
boundary are not to far apart from each other.

4.3 The heliospheric magnetic field and the solar wind

The latitudinal and radial dependence of the solar wind speed
around solar minimum as well as solar maximum is by now
well-established (see, e.g., McComaset al., 2001). Obser-
vation of the three dimensional magnetic field and the solar

Fig. 9. Magnetic field magnitude (B), distance between discontinu-
ities (λDIS = λqlt), fractal dimension (d), and solar wind speed
(vSW ) along the Ulysses trajectory (from SH3.1 O10).

wind, as displayed in Fig.9, have been presented by Erdöset
al., (SH3.1 O10). What is less clear, is the actual configura-
tion of the HMF, especially in the polar regions of the Sun.
In early modulation models a pure Parker field was used. In
most of the “state of the art”-modulation models the follow-
ing approach is applied:
Latitudinal transport caused by stochastic processes
Jokipii (1966) pointed out that random walk of field mag-
netic lines due to turbulence in the solar magnetic field, e.g.
by stochastic movement of super granules, could provide a
large contribution to perpendicular particle transport: Cos-
mic rays follow individual field lines. Since the random walk
of field lines occurs on a variety of length scales, it is possi-
ble for particles to move from one field line to another (for
details see Fisk and Jokipii, 1999).
As a consequence of the Ulysses observation,Fisk (1996)
suggested another modification of the HMF:
Latitudinal transport caused by foot-point motion
This modification is based on the following assumptions (see
Fisk and Jokipii, 1999): The HMF is attached to the pho-
tosphere, which differentially rotates. The high speed solar
wind expands non-radially from polar coronal holes. The ex-
pansion of the solar wind in the polar coronal holes is around
an axis that is both offset from the solar rotation axis and
which tends to rotate rigidly at approximately the equatorial
rotation rate. The resulting field patterns can be complicated
and can extend to lower latitudes at larger radial distances.
Burger and Hattingh (SH 126) determined the drift term in
eq.1 for different Fisk HMF geometries. They found that in
this approach drifts are not as strongly suppressed as for the
Jokipii and Kota(1989) approach.

Because the Fisk field is a time dependent function of all
three spatial components it is inherently three-dimensional
and is difficult to handle in current numerical models. An
approach byKota and Jokipii (1999) has been developed
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further in their contribution SH 130, but a complete imple-
mentation into numerical models is still under investigation.
In contrast to the Parker-field and theJokipii and Kota(1989)
modification the drift coefficient is varying in the Fisk HMF
modification with the global HMF structure. While in most
of the present sophisticated modulation models (eg. Fer-
reira et al. (SH 3.1 O2), Gillet al. (SH 135)) the mod-
ified tilted dipole field has been used, Kota (SH 192) and
Kota and Jokipii (SH 130) investigated in their contribu-
tions the influence of Corotating Interaction Regions and a
strong quadrupole moments,observed near solar maximum,
on GCR modulation (see section5.3).

4.4 The diffusion tensor

Particles moving along magnetic field lines undergo pitch
angle scattering due to magnetic field fluctuations. Katz
(SH 137) and Aslamazashviliet al. (SH 138) investigated
magnetic field and cosmic ray fluctuations at Earth, while
Erdös et al. (SH3.1 O10) determined the characteristic dis-
tanceλDIS of magnetic field discontinuities as a function of
Ulysses location in the inner heliosphere. They found that the
frequency of discontinuities decreases with radial distance
due to the turbulent decay of the fluctuations, and that this
frequency is larger in the fast than in the slow solar wind
regime. It is remarkable, that there is no dependence with
heliographic latitude. AlthoughλDIS is smaller in the fast
solar wind regime in the inner heliosphere,λDIS is increas-
ing less strong than in the slow solar wind regime, leading to
a reverse situation in the outer heliosphere.

There are two different approaches to determine the diffu-
sion tensor in the heliosphere. The first, turbulence, approach
relies on the determination from plasma and magnetic field
observations using either turbulence theory (Bieber et al.,
1994) or the theory of particle wave interaction (Lerche and
Schlickeiser, 2001). Using a realistic LIS and some assump-
tion on the size of the modulation volume, model calculations
lead to cosmic ray distributions that can be directly compared
with observations. In the second approach the same informa-
tions are used, but in contrast to the first a consistent diffu-
sion tensor is determined to “fit” particle measurements in
the heliosphere. Because the plasma physical theory of par-
ticle scattering in turbulent magnetic fields is still under de-
velopment, the cosmic ray approach provides useful and im-
portant constraints on the diffusion tensor. And, indeed, both
methods are linked with each other, e.g. the overall rigidity
dependence of the diffusion tensor used in the modeling can
be motivated from wave-particle and/or turbulence theory, re-
stricting the number of free parameters in the calculations.

4.4.1 The turbulence approach

Scattering theory involves turbulence parameters, and thus
one needs to understand how plasma turbulence evolve
throughout the heliosphere. Even in the simplest formalisms,
this would involve specification of the turbulent energy den-
sity everywhere in the heliosphere. While in-situ data at e.g.

Fig. 10. Mean free pathsλrr, λ
θ,θ
⊥ , andλA at different colatitudes.

λA describes the mean free path due to drifts (SH 3.1 O7).

1 AU can be used as boundary conditions, it is necessary
to understand the evolution in the three-dimensional helio-
sphere. Parhiet al. (SH 3.1 O7) used the two-component
turbulence model byMatthaeus et al.(1990), which includes
one-dimensional (“slab”) and two-dimensional ingredients.
The rigidity dependence at Earth and the radial dependence
at different colatitudes of the corresponding mean free path’s
are displayed in Fig.10. λrr = λ‖ · cos(Ψ) + λr,φ⊥ · sin(Ψ)
with λ‖, λ

r,φ
⊥ , andλθ,θ⊥ the mean free path parallel and per-

pendicular in the radial and polar direction to the mean mag-
netic field.Ψ describes the spiral angle of the HMF. In order
to estimate the importance of drifts in comparison with the
diffusion, the drift coefficientλA is also shown in these pan-
els. The left and right panels of Fig.10show the dependence
on the “slab”-geometry, parameterized bylslab. It should be
pointed out that the Ansatz chosen by Parhiet al. (SH 3.1
O7) is not generally accepted because of other formalisms in
the literature to derive the diffusion tensor and it’s evolution
in the heliosphere (Lerche and Schlickeiser, 2001). Ruffalo
et al. (SH 136) calculate the diffusion coefficient taking non-
axisymmetric HMF fluctuations into account. From Fig.10
it follows thatλrr is always larger thanλA in the inner he-
liosphere, while for the outer heliosphere the importance of
diffusive and drift effects depend onlslab. If lslab ∝ r−0.3

then we find larger mean free paths and diffusion becomes
relatively more important, while in thelslab ∝ r1 case we
obtain relative small mean free paths in the outer heliosphere
and modulation becomes drift dominated. In order to dis-
tinguish between both cases, Parhiet al. (SH 3.1 O7) used
these diffusion coefficients in a two-dimension modulation
model to calculate the intensity of galactic protons in the he-
liosphere. Fig.11show from top to bottom for positive (left)
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Fig. 11. From top to bottom: Proton energy spectra at Earth, intensity variation of 200 MeV protons with heliographic distance and energy
dependence of the latitudinal gradient for protons in anA > 0 (left) andA < 0 (right) solar cycle. Calculations have been performed using
theλrr, andλθθ as shown in Fig.10, with lslab ∝ r1 (SH 3.1 O7),

and negative (right) HMF polarities the modulated energy
spectrum at Earth, the radial distribution, and the latitudinal
gradient, as defined by the intensities at 90◦ and 10◦ colat-
itude at∼ 2 AU in the inner heliosphere usinglslab ∝ r1.
These predictions can be compared with measurements from
the Voyager (e.g. Fujii and McDonald, SH 133) and Ulysses
(Heber et al., 1996) spacecraft. Obviously the radial distri-
bution close to the ecliptic plane is well described. However
in both cases the latitudinal gradient needs to be reduced at
low rigidities. The authors argue that this can be fulfilled
when taking into account e.g. a systematic transport along
the mean HMF, as proposed byFisk (1996). Although there
is a large need for further improvements, it should be empha-

sized that large progress has been performed since the last
ICRC. The results from this “ab-initio” theory are promising
and we might expect further improvements at the next ICRC.

4.4.2 The cosmic ray approach

In contrast to the “turbulence” approach, a large set of obser-
vations is used in the cosmic ray approach to determine the
rigidity and spatial dependence of the diffusion coefficients.
As stated above, most of the modelers today use information
from the turbulence approach to restrict the choice in param-
eter space. Such a compound approach has been very suc-
cessful in explaining the observed rigidity dependence of the
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latitudinal gradients (Heber et al., 1996) in the inner helio-
sphere by Ulysses (Burger et al., 2000). Burger(2000) stated
in the rapporteur paper of the last ICRC: “In the quest for
a realistic diffusion tensor, cross-field transport remains the
biggest challenge. ... What we need is a source of particles,
not to far from Earth, so that we have a good idea of what the
turbulence, magnetic field look like ... It is somewhat ironic
that the source of contamination of galactic electrons (Jovian
electrons) may play a vital role in studying at least the low
rigidity part (<100 MV) of the diffusion tensor.”

As is known since the Jupiter fly-by by Pioneer 10 in 1974,
the planet’s magnetosphere is a source of electrons with en-
ergies up to∼ 30 MeV (Simpson et al., 1974; Teegarden et
al., 1974). While the Ulysses measurements (Heber et al.,
2001a) allow to explore the three-dimensional inner helio-
sphere, the outer heliosphere distribution can be probed with
the Pioneer 10 spacecraft. Comparing these observations
with model results allows to tackle the following problems:
One can

1. find constraints on the transport parameters,

2. determine the relative contribution of Jovian and GCR
electrons (Ferreira et al., 2001), and

3. bracket the range of possible LIS’s at these energies.

In their series of contributions, Ferreiraet al. (SH 3.1 O2, SH
127, SH 128) studied the latitudinal and radial dependence
of the diffusion tensor for∼ 10 MeV electrons. The 16 MeV
electron data from Pioneer 10 serve as a unique data set in or-
der to determine the radial dependence of the diffusion tensor
in equatorial regions of the heliosphere.Ferreira et al.(2001)
computed solutions of 16 MeV electrons along the Pioneer
trajectory using the LIS fromLangner et al.(2001). They
found that the solutions are very sensitive to the assumed ra-
dial dependence of the diffusion tensor. The corresponding
parallel mean free pathλ‖ is displayed in Fig.12. As dis-
cussed above Ferreiraet al. (SH 128) could find for each of
the different LIS a set of diffusion tensors, which make the
model solutions compatible to the observations. When plot-
ting the parallel mean free path at Earth as a function of the
LIS at 16 MeV, the authors found a relationship between the
mean free path and the intensity at the modulation boundary.
Since there are observations available of the parallel mean
free path at 1 AU the possible variation in the LIS is reduced
dramatically, making the values fromStrong et al.(1994) and
Strong, et al.(2000) unlikely.

In order to reproduce the low latitudinal gradients ob-
served by Ulysses, drift effects have to be weakened by
latitudinal transport. The two modifications of the HMF
as described in section4.3 are qualitatively able to explain
the observation. The effect of latitudinal transport due to
a HMF modification can be taken into account by using an
anisotropic diffusion tensorKs, with an enhanced compo-
nentκ⊥ϑ in polar direction. The latitudinal dependence of
κ⊥ϑ is displayed in Fig.13(left), and is described by atanh.
The ratio betweenκ⊥/κ‖ = b in the ecliptic and increasing

Fig. 12.Left: Computedλ‖ as function of radial distance as needed
for compatibility between the model solution and 16 MeV electrons
observed by Pioneer 10. Right:λ‖ required at Earth from the left
panel as a function of the LIS. The shaded area represents measure-
ments ofλ‖ during solar minimum conditions (Dröge, 2000). From
SH 3.1 O3.

towardsκ⊥/κ‖ = b · d over the poles. Ferreiraet al. (SH
127) used a two-dimensional modulation model to calculate
the∼7 MeV electron flux along the Ulysses trajectory, using
as LIS the one proposed by Langneret al. (SH 204). Fig.13
(right) shows the dependence of the enhancement of the per-
pendicular diffusion by a factord over the poles compared
to the one in the ecliptic as a function of the ratioκ⊥/κ‖ in
the ecliptic plane. Four scenarios withκ⊥/κ‖ between 0.005
and 0.02 have been computed. Within this range the authors
could calculate solutions compatible with the Ulysses obser-
vations (Heber et al., 2001a). From this study a linear relation
betweend andκ⊥/κ‖ and the relative contribution of Jovian
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Fig. 13. Normalized latitudinal dependence ofκ⊥,θ (SH 127), and
factord of increase ofκ⊥,θ over the poles with respect to the one in
the ecliptic as function of the one in the ecliptic plane as needed to
compute solutions compatible with the∼ 7 MeV electron observa-
tions (SH 127).

and galactic electrons could be determined. Unfortunately,
the accuracy of Ulysses observations at high heliographic lat-
itudes at solar minimum is low, so that from these observa-
tion we can only conclude thatκ⊥/κ‖ ranges between 0.005
and 0.02.

5 Drift effects - The role of the heliospheric current
sheet

The large-scale HMF leads to gradient and curvature drifts of
cosmic rays in the heliosphere.Jokipii et al.(1977) pointed
out that these drift effects should also be an important ele-
ment of cosmic ray modulation. Figure14 shows the count
rates of 1.2 GV galactic cosmic ray helium and electrons
measured at 1 AU on IMP 8 and ICE, respectively (adapted
from McDonald, 1998, and Evenson, 1998). The lower panel
in Fig. 14 shows the smoothed monthly sunspot number and
maximum latitudinal extension of the heliospheric current
sheet (HCS), a thin layer separating inward and outward di-
rected magnetic polarities. From the figure it is evident that
the cosmic ray flux is varying with the 22 year solar magnetic
cycle. In the 1980s the helium profile is peaked, whereas the
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Fig. 14. Upper panel: Solar modulation of 1.2 GV galactic cos-
mic ray helium (open symbols) and electrons (filled symbols);
adapted from McDonald, 1998, and Evenson, 1998. Lower panel:
Smoothed monthly sunspot number (obtained from the NSSDC)
and maximum latitudinal extension of the heliospheric current
sheet. Marked by A+ (A−) are times when the solar magnetic field
is directed inward (outward) from the Sun in the northern polar and
outward (inward) in the southern polar region (Heber and Potgieter,
2000).

helium profile is more or less flat in the 1970s. Electrons
show also a more or less flat time profile in the 1980s, as
predicted when taking into account drift effects. A number
of papers confirm our present understanding that drift effects
are indeed present during periods close to solar minimum
periods. These data studies include papers by Svirzhevskaya
et al. (SH 165), Badruddin (SH 170), Krymsky (SH 176),
Usoskin (SH 3.2 O14), El-Borie and Al-Thoyaib (SH 3.2 O
11), and Krymsky (SH 3.2 O10). The importance of charge
sign dependent (e.g. drift) to charge sign independent pro-
cesses (e.g. diffusion) can be investigated by studying the
following:

5.1 Latitudinal gradients

In an A>0 solar magnetic epoch, when the solar magnetic
field is directed outward from the Sun in the northern po-
lar and inward in the southern polar region (as in the 1970’s
and 1990’s) positively charged particles drift inwards over
the poles and outwards along the HCS. Their intensities are
therefore expected to be larger at polar regions than in the
ecliptic plane, whereas electrons drifting in along the HCS
should not show such an increase towards high latitudes.
Such gradients have been measured at solar minimum by
Ulysses (Heber et al., 1996; McKibben et al., 1996) in the
inner and by the Voyagers (Fujii and McDonald, SH 133) in
the outer heliosphere, and deduced from the cosmic ray an-
nual variation at neutron monitor energies (Nachkebiaet al.,
SH 172). In their presentations, Belovet al. (SH 205), and
Heberet al. (SH 3.3 O2), studied the evolution of the latitu-
dinal gradient with solar activity. Fig.15 displays from top
to bottom the evolution of the tilt angleα, the e/p-ratio, and
Ulysses to Earth-ratio. The latter was corrected for a radial
gradient of 2.2%/AU and 3.5%/AU and is an indicator for the
measured latitudinal gradient. The increase of the radial gra-
dient in 1998 has been reported byBelov et al.(1999). Lat-
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Fig. 16.Meridional cut of the>2 GeV/n protons spatial distribution
in a sphere of 5 AU during solar minimum (a) and solar maximum
(b). Dark and light regions corresponds to low and high intensities,
respectively (SH 205).

itudinal gradients are obviously present from 1995 to 1997.
While in 1998 and 1999 the spacecraft has been close to the
heliographic equator, the authors attribute the increase in mid
1999 to an observed latitudinal gradient, which is consistent
with the extrapolation from the Ulysses minimum trajectory
(grey curve in the lowest panel). The vanishing of the latitu-
dinal gradient, as indicated by the large difference between
the observed ratio and the extrapolation, has been attributed
to the global reconfiguration of the HMF. Fig.16from Belov
et al. (SH 205) characterizes the different cosmic ray dis-
tributions at solar minimum and maximum, respectively. In
contrast to solar minimum a spherical symmetric distribution
of GCR around solar maximum is observed. The intensities
in the inner heliosphere are depending on the radial distance
from the sun only, while in 1994 to 1996 the latitude depen-
dence outside of the streamer belt (∼15o) dominates the ob-
servations. Since the radial gradient was increasing in 1998
(Belov et al., 1999) a transformation from the minimum to
the maximum distribution must have occurred sometimes in
1999, when the spacecraft was well below the heliographic
equator, allowing a good determination of latitudinal effects.
Another important conclusion can be made by the compar-
ison of the spatial distribution. Since latitudinal gradients

Fig. 17. Radial gradients for 144–255 MeV/n helium and 130-
240 MeV protons, for the 1977/1978 and 1997 A>0 and 1987 A<0
solar minimum (SH 133).

were positive at solar minimum in the last cycle and vanish-
ing to zero, the total modulation is higher at polar latitudes
than in the ecliptic. While the observations at solar mini-
mum in an A>0 solar magnetic cycle confirms the results
from advanced modulation models (Potgieter et al., 2001),
the distribution obtainable by Ulysses during the next solar
A<0 solar minimum will be a crucial test for such models.

5.2 Radial gradients

In studying cosmic ray transport, also the radial intensity gra-
dients provide insight into the physical processes of cosmic
ray transport. In several papers Fujii and McDonald (SH 133,
SH 184, SH 3.1 O8) studied the radial gradient for galactic
and anomalous cosmic rays. In Fig.17 the radial gradients
observed during the 1977/78 and 1997 A>0 and during the
1987 A<0 solar minimum have been compiled. Obviously
the radial gradientgr for protons varies with polarity. It is
important to note, thatgr depends on the radial distance to
the Sun: In general the radial gradient is increasing with de-
creasing radial distance in the inner heliosphere. In agree-
ment with modulation models the radial gradient is larger in
an A<0 than in an A>0-solar magnetic epoch. Ulysses ob-
servations in the next A<0-solar epoch in 2004 will be cru-
cial for the HMF-polarity dependence of the radial gradient
in the inner heliosphere because they will provide the first
in-situ measurements close to an A<0-solar minimum.
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Fig. 18. Left: solar diurnal anisotropy resulting from co-rotational
streaming of particles past the Earth. This view from above the
ecliptic plane shows local solar times.. Right: Observed vector ad-
dition diagram for the diurnal anisotropy from 1964 to 1995, and
the same vector diagram for A<0 (1964–1970 and 1981–1990)
and A>0 (1972–1979 and 1992–1995). From SH 177. Ecliptic
anisotropy components obtained for A>0 (+) and A<0 (-) cycles
for models : (a) tilted dipole withα=30◦, (b) quadrupole added,
and (c) quadrupole and CIR’s added (SH 192).

5.3 Solar diurnal anisotropy

Forman and Gleeson(1975) showed that the cosmic ray par-
ticles would co-rotate with the HMF. At 1 AU this repre-
sents a speed of order 400 km/s in the same direction as the
Earth’s orbital motion (at 30 km/s). Thus the cosmic rays
will overtake the Earth from the direction of 18 hours local
time as shown in Fig.18. Drift terms were neglected byFor-
man and Gleeson(1975). Later models by e.g.Levy (1976)
that included drifts showed that the arrival direction of the
anisotropy is affected by drifts shifting from 18 hours local
time in the A<0 polarity state to 15 hours local time in the
A>0 state. In Fig.18 we see observations from the Deep
River neutron monitor anisotropy, presented by Dubeyet al.
(SH 177). These observations were not corrected for geo-
magnetic bending so the absolute phases do not generally
represent those of the anisotropy in free space. The changes
in phase of the anisotropy are, however, readily apparent
at the times of solar field reversal. The lower panel show
model calculations by Kota (SH 192), extending their previ-
ous work by including a quadrupole and a component caused
by corotating interaction regions. The calculated phase shift
of the diurnal component is in good agreement with the ob-
servations when taking into account a time dependence of
the processes to be included; e.g. the tilted dipole and the
quadrupole-CIR model describes best the values found at so-
lar minimum and maximum. From his study Kota (SH 192)

Fig. 19. Observation of the positron (top) and anti-proton (bottom)
abundance since 1997 and 1993 (SH O3.2 O2, OG 1.1 O17).

concluded that the determination of the radial gradient using
the North-South-Asymmetry and the standardB×V proce-
dure may be oversimplified.

5.4 Temporal charge sign dependent variation.

Alternating relatively flat and triangle shaped time histories
could be regarded as a consequence of drift effects. For elec-
trons in one solar cycle distinguishably different time pro-
file as for positively charged particles is expected. There-
fore charge-dependent effects are often illustrated in terms
of the ratio of intensities of oppositely charged particles
with the same magnetic rigidity. Measurements are pre-
sented by Heberet al. (SH 3.3 O2), for the 2.5 GV elec-
tron to proton ratio (Fig.15), Clem and Evenson (SH 3.2
O3) using electrons and positrons in the energy range from
0.2 GeV to 5 GeV from the AESOP instrument, and protons
and anti-protons in the same energy range from Bess bal-
loon flights (Asaokaet al., OG 1.1 O17), as displayed in
Fig. 19. Although the Ulysses measurements do not separate
electrons and positrons as well as protons from anti-protons
from each other, these data are very valuable, because they
are the only ones taken continuously in the heliosphere for
more than one solar cycle. AESOP and Bess measurements
have been obtained during campaigns of several days only.
Both indicate a positron and antiproton abundances of about
10% and 0.01% at 2.5 GV, respectively, so that the influence
of the positrons/anti-protons in the electron/proton channel
should be of minor importance. As discussed in Heberet
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Fig. 20. Top: Ratio of electrons at 2 AU for the A>0 and A<0 so-
lar magnetic epoch, computed with and without a termination shock
at 80 AU. The ratio of the LIS-spectra is shown as reference. Bot-
tom: Ratio of 1 GV anti-protons to protons from the time-dependent
model (solid line) and the steady-state model (dashed line, from SH
3.1 O4).

al. (SH 3.3 O2) the electron to proton ratio is steadily in-
creasing from 1999 on, reaching a value in 2000 compara-
ble to the one in 1990 during the previous solar maximum.
At each sunspot maximum, the solar dipole fields reverses
direction. Possibly, the most striking effect of the reversal
is the change in the charge-sign ratio (Evenson and Meyer,
1984). An explanation by Langner and Potgieter (SH 123)
andBurger and Potgieter(1999) is that drift effects may ex-
plain these ratio changes with the tilt angle. They showed
that in a steady-state two-dimensional model, the intensity at
solar maximum, when the tilt is 90◦, is independent of the
solar magnetic epoch, and corresponds to the no drift value.
From an A>0-solar minimum the e/p and̄p/p ratio is first
decreasing with the tilt angle and from intermediate tilts on
increasing towards solar maximum. When the HMF has re-
versed these ratios are continously increasing up to interme-
diate tilts, and later decreasing towards the A<0-solar mini-
mum. It should be pointed out that for<100 MeV electrons
drifts do not occur and the tilt angle dependents dissipates
therefore. One also should notice that the total modulation
of anti-protons is due to the spectral shape of the LIS quite
different form the proton modulation (SH 3.1 O3). Espe-
cially the radial gradient is rather small for both magnetic
polarities.

Burgeret al. (SH 3.1 O4) followed up these studies by uti-
lizing the compound model by Ferreira and Potgieter (SH
125), as discussed below. Fig.20 displays their calcula-

tions using a steady-state and a time dependent compound
model. The result of these models does not only depend on
the variation of the tilt angle but also on a time dependent
diffusion tensor. From Fig.20 it is evident that the time-
dependent model shows less pronounced features and gives
smaller overall effects than the steady-state model when us-
ing the same transport parameter. The time-dependent cal-
culations lead to a qualitative agreement with the data, when
comparing with the Ulysses observations (Fig.15). A de-
tailed comparison is given by Potgieter and Ferreira (SH 3.1
O3) and discussed later. The main problem with the Ulysses
measurements is that different particle masses are used, so
that momentum and energy can not be the same for a cho-
sen rigidity. Clem and Evenson (SH 3.2 O3), and Asaokaet
al., (OG 1.1 O17) are using particles and the corresponding
anti-particles so that the only difference is the charge sign.
At 2.5 GV Ulysses data indicate an increase from 1998/1999
by a factor of 1.35. AESOP and Bess data are increasing by
a factor of 3 and 1.5, respectively. The difference between
Ulysses and Bess measurements are within the uncertainty
limits (see Fig.19, and Fig.15), while the increase in the
AESOP ratio is much higher than the other two observations.
Note, that Bess and AESOP are in better agreement with each
other at higher energies.

Compared to the last ICRC progress has been achieved in
the modeling of electrons/positrons and protons/anti-protons.
In their contributions Potgieter and Langner (SH 124) and
Langner and Potgieter (SH 123) studied the influence of dif-
ferent LIS and the termination shock on these ratios, and
found that no unambiguous conclusions can be drawn re-
garding any preference for the LIS’s presently available using
measurements at Earth.

With Pamela, launched in fall 2002, a new era in contin-
uous electron and positron observations will become avail-
able, and we can look forward seeing their results at the next
ICRC. Although Pamela opens new horizons in studying the
electron to positron ratios, unfortunately no measurements
at energies below 50 MeV will be made. Fig.20 displays
the computed electron to positron ratio using the LIS from
Langner et al.(2001) during an A>0 and A<0-solar mag-
netic epoch with and without the influence of the termination
shock. The thick solid line represents the LIS-e−/e+-ratio.
From that figure it is evident that below∼20 MeV the e−/e+-
ratio exhibits a slope that is almost the same in the inner he-
liosphere than at the modulation boundary. If good measure-
ments of the two species could be made at Earth it should be
possible to know the ratio of the interstellar spectra. Unfor-
tunately, no instrumentation, which would be able to supply
such measurements, is forseen in the near future.

6 Variations in cosmic-ray intensities

Long, medium and short term variations are seen in cosmic
ray intensities. Obvious ones are∼27-days (rotation period
of the Sun),∼11 (solar cycle) and∼22 year (solar magnetic
cycle). Different methods have been used to determine the
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Fig. 21. Fits of the propagating-barrier model to solar rotation av-
erages of the cosmic ray intensity during the onset phase of solar
cycle 22 and 23 (SH 129).

typical frequency distribution. El Borie and Al-Thoyaib (SH
178) used the daily averaged count rates from different neu-
tron monitors and muon telescopes as well as a Fourier trans-
formation, while Thomsonet al. (SH 159) and Cahallero and
Valdez-Galicia (SH 3.2 O12) used the multitapper and max-
imum entropy method. Once identified, the idea is to find
out what causes a particular periodicity, or at least to identify
some other feature that has the same periodicity. The authors
mentioned above studied the periodicity range of a few days
to several 100 days. The 27-day period, obviously correlated
with the solar rotation period, has been identified as a sta-
ble feature in cosmic ray modulation (Cahallero and Valdez-
Galicia, SH 3.2 O12) and investigated by a series of papers
by Sabbah (SH 3.2 O12, SH 169, SH 170, SH 171). He found
that the amplitude of the 27-day variation is linearly corre-
lated with HCS, HMF magnitude, the product of solar wind
speed and HMF magnitude. He found a correlation with so-
lar activity and solar magnetic epoch, with maxima occurring
in 1957, and 1979. The amplitude is enhanced right after so-
lar maximum activity. Cahallero and Valdez-Galicia (SH 3.2
O12) reported on a stable 38-day variation, also found in the
HMF and solar wind speed. These authors associate it with
Alfv én waves originating at the Sun and propagating into the
heliosphere. Thomsonet al. (SH 159) studied the 2.2-day
variation in cosmic ray particles as well as in the 38-53 keV
electron flux. In order to determine a temporal evolution of
the cosmic ray power spectrum Kudelaet al. (SH 3.2 O8) ap-
plied a wavelet approach on time scales of 60 to 1000 days.
They studied the 150-160-day, 1.3 and 1.7-year periodicity.
The first was found earlier byCane et al.(1998) in the HMF.
The 1.3-year period has been reported in solar wind speed
(Gazis et al., 1995), in the North-South component of the
HMF, as well as in the Ap-Index (Paularena et al., 1995) too.
Sabbah (SH 169) found also clear evidence for a 27-day vari-
ation in geomagnetic activity.

While Sabbah investigated in detail the 27-day variations
other authors studied the correlation of the cosmic ray flux
with different plasma and HMF parameters in order to ex-
plain medium and long term variations. Caneet al. (SH
160) showed that a number of features of cosmic ray modu-
lation at 1 AU can be explained by the evolving HMF. They
doubt that coronal mass ejection or CIRs are important com-

Fig. 22.Observed and simulated monthly averaged cosmic ray vari-
ation at 10 GV. Contributions from the mean source surface field
strengthBss, heliomagnetic polarity, tilt angle of the HCS, and so-
lar wind characteristic (product ofVSW and |BHMF |) have been
used in the multiparameter model of Belovet al. (SH 186).

ponents in medium or longterm modulation. They found a
strong evidence that strong modulation events in the inner
heliosphere are caused by an increased solar magnetic flux,
which are not necessarily correlated one by one with coronal
mass ejection. Corotating interaction regions are character-
ized by regions of compression and rarefaction, so that the
net effect, if not overlayed by a net increase of solar magnetic
flux into the HMF, is zero. Richardsonet al. (SH 129) devel-
oped a simple 1-dimensional model and assumed that the dif-
fusion coefficient scales with the magnetic field magnitude.
Like Potgieter and Ferreira (SH 125) they use the term dif-
fusive barrier for the evolving magnetic field enhancement.
Fig. 21 displays solar rotation averages of the HMF magni-
tude and the cosmic ray intensity (black curve) observed by
the Mount Wellington neutron monitor, during the onset of
solar cycle 22 and 23. The gray curves gives the best fit of
their model to the data. While the fit to cycle 22 leads to a
reasonable behavior the fit to cycle 23 does not describe the
whole period. One model parameter is the recovery time of
cosmic rays after the passage of the diffusion barrier. Con-
sistent with modulation models including drifts (Potgieter et
al., 1993) these recovery times are shorter in the A>0 than in
the A<0-magnetic epoch. However, it should be recognized,
that the idea of escaping solar magnetic flux is determining
in concert with drift effects the medium and long term mod-
ulation is discussed controversially in the community. Using
Voyager and Pioneer cosmic ray data Burlaga, McDonald
and co-workers put forward the concept that large regions
of magnetic field enhancement in the outer heliosphere, so
called (Global) Merged Interaction Regions (GMIRs), are re-
sponsible for long term modulation (Burlaga et al., 1985) at
moderate and high solar activity.

Based on an empirical model Belovet al. (SH 186)
showed that using solar wind speed, tilt angle of the HCS,
solar magnetic epoch, and source surface magnetic field
strength as input parameters, the cosmic ray variation at
10 GV can be reproduced. Their analysis is displayed in
Fig. 22. Obviously this semiempirical model does describe
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Fig. 23. Measurements (open circles) and compound model com-
putations for 1.2 GeV electrons and different fixedn at 1 AU (SH
125).

the long term variation of galactic cosmic rays over three cy-
cles at neutron monitor energies, using time constants (de-
lays) of 2 to 7 months, corresponding to∼50 AU. Although
such a model describes the observations well, only little new
can be learned about the physical modulation processes from
such consideration.

All the different processes in the Parker equation have
been discussed so far. Potgieter and Ferreira (SH 125) stud-
ied the 22-year solar modulation cycle using a changing HCS
and diffusion tensor. While the variation of the HCS with the
solar cycle can be approximated by the variation of the tilt an-
gle, the solar cycle dependence of the diffusion tensor is less
straight forward. The basic concept as proposed byCane
et al. (1999) was to let the diffusion tensor be proportional
to the HMF-magnitude (κ‖ ∝ ( B0

B(t) )n), as measured close
to Earth. Hereinn is a constant,B0 andB(t) the average
and time varying HMF magnitude. These changes are than
propagated with the solar wind speed into the heliosphere.
Pulses of enhance magnetic fields can be regarded as prop-
agating diffusive barriers (PDB). Because the model com-
bines both drift and PDB effects on modulation it is called
the compound model. Fig.23 shows the compound model
calculations and observations of 1.2 GeV electrons at 1 AU
with a fixedn on the left. Obviously at these energiesn > 3
is needed to explain the observed amplitude in modulation.
The authors found, when taking a largen the amplitude is
modeled correctly but the model is too sensitive in changes
of B close to solar minimum. In order to introduce a time
dependentn Ferreira and Potgieter (SH 125) usedn ∝ α the
tilt angle of the HCS. By doing so changes inB close to solar
minimum will have less effect than around solar maximum.

Fig. 24. Measurements (open circles) and compound model com-
putations for 1.2 GeV electrons andn ∝ α proportional to the tilt
angle of the HCSα at 1 AU (SH 125).

The result of this procedure is displayed in Fig.24, and leads
to a good agreement for 1.2 GV electrons over 2 solar cycles.
Although this approach describes the inner heliosphere ob-
servation very well - including Ulysses in three-dimensions
- results concerning the outer heliosphere are eagerly ex-
pected. Of special interest is the question, whether merg-
ing of magnetic field flux into GMIRs is still necessary to
explain the modulation in the outer heliosphere. McDonald
et al. (SH 183) and Cummings and Stone (SH 211) studied
the onset of modulation in the outer heliosphere. In Fig.25
the time histories of 150-380 MeV/n, and 34-50 MeV/n He,
and 30-69 MeV H from IMP 8, Ulysses, and Voyager 1 and
2 spacecraft are compiled. The onset of solar activity was
observed in the inner heliosphere early 1998, when both the
Ulysses as well as the IMP count rates begun to decrease.
Although the solar wind takes several month to reach the po-
sition of the Voyager spacecraft in the outer heliosphere only
little modulation was observed at that time. In the outer he-
liosphere modulation set in the year 2000, which corresponds
to the strong decrease in 1999 in the inner heliosphere. Cum-
mings and Stone (SH 211) found by studying the structure of
the magnetic field at the solar surface calculated by Hoek-
sema that outer heliosphere modulation is strongly affected
by the reconfiguration of the solar magnetic source surface
field. This is in agreement with findings by (Heber et al.,
2001b), who showed that the vanishing of the latitudinal gra-
dient in 1999 is correlated with such a reconfiguration (see
also SH 3.3 O2). However, it would be very interesting to ob-
tain calculations for the Voyager observation using the Pot-
gieter and Ferreira (SH 125) compound model. Such model
calculations could be very helpful in understanding the need
or non-need of merging of magnetic flux in order to explain
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Fig. 25. 26-day averages of 150-380 MeV/n, and 34-50 MeV/n He,
and 30-69 MeV H from IMP 8, Ulysses, and Voyager 1 and 2 space-
craft. (SH 183).

longterm modulation. It is likely that there is a need to com-
bine MHD simulation of PDB with compound modulation
models in order to describe the temporal evolution of the dif-
fusion tensor within the heliosphere.

7 Anomalous cosmic rays

As mentioned in the introduction ACRs were discovered in
the 1970’s when Garcia-Munozet al. (1973) found an un-
expected shape of the helium spectrum. Fisket al. (1974)
postulated the following mechanism as a source for these par-
ticles. The principal ideas were further developed by Vasyli-
unas and Siscoe (1976), discussed in detail by Moraal (2001)
and le Roux (2000), and are summarized in Fig.26: Neu-
tral interstellar particles enter the heliosphere and are ionized
by the interaction with the solar wind and/or solar radiation
and are picked up by the solar wind. Pickup ions (PUIs) are
convected out to the heliospheric termination shock and are
accelerated to cosmic ray energies. The process of ACR-
shock acceleration has been theoreticaly described by Pesses
et al. (1981) and Lee and Fisk (1982). No in-situ measure-
ments of ACRs at the heliospheric termination shock are
available today. However, interstellar neutral helium and the
hydrogen and helium pickup ions were measured with in-
struments onboard the AMPTE (Moebiuset al., 1985) and
the Ulysses spacecraft (Witteet al., 1993; Gloeckleret al.,

Fig. 26. The generation cycle of ACRs (adopted fromHeber and
Cummings(2001)).

1993). ACRs, like GCRs, are modulated by the turbulent
HMF.

Joneset al. (SH 4.1 O1) calculated the spectrum of ACRs
at the heliospheric termination shock by employing the sup-
posed spectrum of interstellar PUIs as the seed population.
The pickup ion spectra for different species were extrapo-
lated from measurements some distance from the termination
shock under the assumptions that adiabatic energy loss was
the only energy change process acting before reaching the
termination shock. These shock spectra can be compared to
the ACR spectra measured at Voyager (Christian et al., 1995),
when using a suitable theory of solar modulation. While the
results from Joneset al. (SH 4.1 O1) give a reasonable fit to
the H-ACR spectra, He+ and O+ are underabundant. They
also showed that a selective preacceleration, as suggested by
le Roux and Ptuskin(1998), moves things in the right direc-
tion but is still too inefficient to solve this problem, called
the “injection problem” (Cummings and Stone, 1998). The
injection problem at quasiparallel shocks has been studied
by Scholer and Kucharek (SH 4.1 O2). Okaet al. (SH 210)
presented GEOTAIL measurements which allow the investi-
gation of the acceleration of pickup He+ in the Earth’s bow
shock.

An alternative approach to determine the ACR spectra was
presented by Czechowskiet al. (SH 206): ACR are able to
charge exchange with neutral atoms, and can then propagate
as Energetic Neutral Atom (ENA) into the intermediate he-
liosphere without suffering modulation. As shown in Fig.26,
if the shock spectra would be known, a suitable model of
ENA generation would predict a flux of these neutrals, which
would be measurable in the intermediate heliosphere, e.g. by
the INCA instrument onboard Cassini. Of particular inter-
est is the 10-50 keV range, because at these low energies the
spectral shape of the energetic neutrals reflects the one of the
ACRs, and new results are expected to be presented at the
next ICRC.
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McDonald (SH 3.2 O4) studied the recovery of ACRs and
GCRs in both an A<0 and A>0 magnetic epoch. While the
modulation due to drifts plays a dominant role for the long
term recovery in an A<0-magnetic epoch; the recovery in
the A>0 solar epoch is much more complex. In order to
understand the observed time profiles of ACRs and GCRs
simultaneously a significant modulation in the heliosheath
is needed. Although, as mentioned above, very little work
has been done to investigate modulation beyond the termina-
tion shock, it becomes evident that these regions might con-
tribute significantly to our understanding of modulation and
the LIS’s (McCracken and McDonald, SH 3.1 O1).

8 Cosmic rays in the terrestrial environment

Interpretation of cosmic ray measurements at the Earth sur-
face by neutron monitors as well as by low altitude balloons
and satellites are modified due to the existence of the Earth
magnetosphere and atmosphere. Several papers were investi-
gating the response function of neutron monitors, the arrival
direction (e.g. Storiniet al., SH 232), and the cutoff rigidities
have been studied by e.g. Danilovaet al. (SH 214), Dormann
et al. (SH 215), and Bieberet al. (SH 226), during latitude
surveys from 1994 to 2001, by Struminsky and Manohar (SH
217) during the 20 to 22 October 1989 Forbush decrease, by
Bobik et al. (SH 218), by Kahler and Ling (SH 219) and
Oglioreet al. (SH 234) using Sampex observations, A com-
pilation of vertical cutoff rigidities for different cosmic ray
stations was presented by Shea and Smart (SH 220). Besides
the influence of the Earth magnetic field, there are other fac-
tors, which make a intercallibration of neutron monitors diffi-
cult. Therefore Moraalet al. (SH 225) presented the physical
and electronic design of a mobile (220 kg) neutron monitor,
which will allow the intercallibration of the worldwide neu-
tron monitor network. Although these contributions are very
much technical in nature, they are important for a detailed
understanding of cosmic ray modulation.

In several papers the interaction of energetic particles with
the Earth magnetic field (e.g. Hondaet al., SH 235, and
Wentz et al., SH 267), and atmosphere (e.g. Quacket al.,
SH 3.6 O7) is studied by using Monte-Carlo simulations
(GEANT, and Fluka code). These codes used in high energy
physics became of special interest in order to explain the per-
formance and observations of the AMS instrument (Fiandrini
et al., SH 3.6 O2, Espositoet al., SH 235, Hondaet al., SH
236, Zucconet al., SH 256, and Wentzet al., SH 267). Such
models have also been applied to understand the production
of cosmogenic isotopes like Be10, C14, Ti44, and Fe60, which
have been used in several contribution to investigate solar
modulation in historical records. It is beyond of the scope of
this paper to summarize the research in this field. However,
in three promising contributions McCracken and McDonald
(SH 3.2 O1), Boninoet al. (SH 3.1 O8), and McCracken (SH
239) studied the variation of the galactic cosmic ray flux from
1500 onwards. The time history of the10Be-concentration is
displayed in Fig.27. In order to interpret Fig.27 it is impor-

Fig. 27. Concentration of10Be, and sunspot number (SH 3.2 O1).

tant to note that the concentration of10Be is influenced by
four major factors: (1) the production rate is a strong func-
tion of latitude; (2) mixing and redistribution of10Be in the
atmosphere; (3) the10Be precipitation process process; and
(4) variable dilution by time changes in the annual snow fall
and the “reworking” of the surface snow. The authors used
the assumption that the production rate is proportional to the
cosmic ray variation at 2–2.6 GeV/nucleon. By using a linear
relationship between the cosmic ray variation at these ener-
gies (Climax neutron monitor) and the10Be concentration,
the authors found that the flux at these energies exceeds the
flux which is today believed to be the LIS. Like Boninoet
al. (SH 3.1 O8) the authors used the force field approach
to determine the LIS. Boninoet al. (SH 3.1 O8) found that
the integral intensity was 3 times higher during the Maunder
minimum (around 1700) than today. However, as Moraal and
Steenberg (SH 3.1 O5) stated such an approximation leads to
large uncertainties, so that the variation in the modulation
have to be reconsidered by using sophisticated modulation
models. Mursulaet al. (SH 163) pointed out that the rela-
tion between solar proxies for modulation is not linear, so
using the coronal magnetic field flux in a linear relation be-
tween cosmic ray flux and this field strength is oversimpli-
fied. Another indication for modulation in the heliosheath is
the typical recovery with a relaxation time of 200-years in
late 1600 and late 1700. The statement that progress in un-
derstanding the LIS and the modulation in the heliosphere
can be achieved by investigating cosmogenic isotopes and
the current outer heliosphere measurements seems too opti-
mistic because of the limited possibilities of the Voyager in-
strumentation and the uncertainty in the different factors de-
termining the concentration of cosmogenic elements. In or-
der to understand the variation in these isotopes and with that
the influence on the terrestrial system a good knowledge of
the LIS, and the modulation within the heliosphere - includ-
ing the regions beyond the termination shock is needed. Such
informations can only be achieved by sending a spacecraft
with modern sophisticated instrumentation to the boundary
region of the heliosphere.
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9 A wish list - instead of a summary

Advances in our understanding of galactic and anomalous
cosmic rays in the heliosphere continue to come at a rapid
rate. The field remains healthy because we have excellent
new data from heliospheric spacecraft and from 1 AU, and in-
novative new ideas from experimental and theoretical groups.
However, it also should be pointed out that there is an obvi-
ous need for new missions (e.g. Interstellar Probe), new ad-
vanced modeling, but also to collect data from current mis-
sions and observations close to Earth into the future. E.g.
Ulysses data during the A<0-solar minimum epoch at high
heliographic latitudes would provide important information
to understand the diffusion tensor. “It seems that the most-
important problems now centered around our relative igno-
rance of the transport coefficients” (Jokipii and Kota, Rap-
porteur at the 25th ICRC) and the structure of the helio-
sphere.
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