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Abstract. The modulation of cosmic rays in the heliosphere
appears to be dominated by four major mechanisms: convec-
tion, diffusion, drifts (gradient, curvature and current sheet
drifts), and adiabatic energy losses. Individually, these mech-
anisms are well understood but when they combine to pro-
duce modulation, the complexity increases significantly es-
pecially when one wants to describe how they evolve with
time and in three dimensions throughout the heliosphere as
a function of solar activity. In this regard the global struc-
ture of the solar wind, the heliospheric magnetic field, the
wavy current sheet, and that of the heliosphere also play im-
portant roles. The Pioneer, Voyager and Ulysses spacecraft
observations have contributed significantly to establish the
relative importance of these major mechanisms, leading to
renewed interest in developing more sophisticated numeri-
cal models to explain these observations, and also in the un-
derlying physics, e.g. what determines the diffusion tensor.
For this highlight paper some features and predictions of re-
cent numerical models and the progress are illustrated and
discussed, e.g. the contribution of the jovian electron source
with respect to the galactic contribution, the role of the he-
liospheric termination shock, consequences of different local
interstellar spectra, and the causes of the 11-year and 22- year
cosmic ray modulation cycles.

1 Introduction

In what follows, several references are made to the ICRC
2001 proceedings in the format “authors, page number” and
are not repeated in the reference list.

Modelling modulation of cosmic rays (CRs) in the helio-
sphere requires basic information about the large-scale he-
liosphere. First, the local interstellar (LI) spectra for the
different CR species are needed as initial conditions at the
assumed outer heliospheric boundary. Little is know about
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most of these spectra at energies below a few 100 MeV be-
cause of solar modulation, but significant progress has been
made in modelling these spectra over the past five years us-
ing galactic propagation models (e.g. Strong et al., 2000).
In this paper, the modulation based on new LI spectra for
electrons, positrons, protons, and anti-protons are briefly dis-
cussed. The influence of Jupiter as a source of few tens-of-
MeV electrons has been properly studied and is one of the
main topics discussed below. It has become possible to dis-
entangle the galactic and jovian electron populations in the
observed total electron (negatron) measurements with the aid
of these recent models.

Second, the structure and geometry of the heliosphere are
important, e.g. at what distance from the Sun is the termi-
nation shock (TS) and where is the outer boundary located?
(See e.g. Stone and Cummings, p4263). The distance to the
TS is estimated at 80–90 AU with reasonable confidence, but
the distance to the outer boundary of 100–130 AU is uncer-
tain. Important aspects are still studied, for example, the
termination shock seems to move in and out with the solar
cycle. In modulation modelling the heliosphere is consid-
ered as a sphere in a majority of cases, an assumption which
may be quite reasonable for the termination shock, but rather
simple for the heliopause. However, no clear CR azimuthal
dependence was observed by Pioneer 10 and 11 which had
trajectories in opposite directions of the Sun, although an az-
imuthal dependence is predicted by models with only a slight
asymmetry in the position of the TS with respect to the Sun
(e.g. Fichtner et al., 1996; Haasbroek and Potgieter, 1998).
In this paper, the comparison between models and electron
observations will be used to illustrate the progress in under-
standing modulation in the outer heliosphere.

Third, knowledge about the solar wind profile and helio-
spheric magnetic field (HMF) is required for realistic mod-
elling. Before the Ulysses mission little was known about
the latitudinal dependence of these entities with the excep-
tion of the limited latitudinal range that the Pioneers covered
and which the Voyager missions still explore. Today, we can
specify the solar wind profile in great detail in our models,
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while for the HMF came the realization that it may not be
approximated in the heliospheric polar regions by the field
that Parker (1965) envisaged in the 1960’s. This aspect has
contributed to interesting developments in CR modulation.
Currently, we apply a significant modification to the Parker
field in the polar regions, while the “ultimate” replacement
in the form of the Fisk (1996) solar magnetic field has been
given proper attention since its proposal. Unfortunately, the
Fisk field is too complex to handle straightforwardly in stan-
dard CR modulation models, but progress is being made (e.g.
Kóta and Jokipii, 1999, 2001; Burger and Hattingh, p3698).
The wavy heliospheric current sheet (HCS) has turned out to
be one of the most successful upshots in modulation, once
it was realized that gradient and curvature drifts should play
an important role (Jokipii et al., 1977). The “tilt angle” (e.g.
Hoeksema, 1992) of the HCS has become a prime indicator
of solar activity from a drift-modulation point of view and is
widely used in data interpretation (e.g. Heber and Marsden,
2001) and modelling (e.g. Ḱota and Jokipii, 2001, p3577).
The modulation effects of the HCS and drifts, the subsequent
22-year cycle and charge-sign dependence are being studied
in detail, especially for solar minimum periods.

Periods of maximum CR modulation are complex, they
may last only three years (1969–1971), or up to six years
(1979–1984), or may be dominated by a massive decrease as
in 1991. Underlying patterns are obscured by an apparent
randomness which makes modelling of long-term modula-
tion very difficult. Nevertheless, there exist several concepts
(not yet well developed theories) on how long-term modu-
lation occurs over 11 years, the more recent attempt will be
discussed below. A great concern in modulation modelling
are the spatial, rigidity and time-dependence of the diffusion
coefficients As yet, no ab initio modulation theory exists, one
in which the diffusion coefficients are determined on the ba-
sis of turbulence theory and the theory of charged particle
scattering (e.g. Parhi et al., 2001). However, by working
from the basics to phenomenological approaches, progress is
made as will be pointed out below. The features of the helio-
sphere mentioned above are illustrated in Fig. 1. For reviews
on heliospheric modulation, see Potgieter (1995), Heber and
Potgieter (2000), Heber and Marsden (2001), Potgieter and
Ferreira (2001), Potgieter et al., (2001) and Heber (this vol-
ume).

2 The physics of modulation models

Models are generally based on the numerical solution of
Parker’s (1965) time-dependent transport equation:

∂f

∂t
= −(V + < vD >) ·∇f +∇ · (Ks ·∇f)

+
1
3

(∇ · V )
∂f

∂ lnR
+Q. (1)

wheref(r, R, t) is the CR distribution function;R is rigidity,
r is position, andt is time, withV the solar wind velocity.
Terms on the right-hand side represent convection, gradient

and curvature drifts, diffusion, adiabatic energy changes and
a source, respectively. The latter represents any local helio-
spheric source, e.g. the jovian electrons. The symmetric part
of the tensorKS consists of a parallel diffusion coefficient
(K‖), and two perpendicular diffusion coefficients (K⊥r
andK⊥θ). The anti-symmetric element (KA) of the ten-
sor describes gradient and curvature drifts in the large-scale
HMF, with the averaged charge-sign dependent drift velocity
< vD >= ∇ × KAeB with eB = B/B, andB the mag-
nitude of the background HMF. The effective radial diffu-
sion coefficient is given byKrr = K‖ cos2 ψ +K⊥r sin2 ψ,
with ψ the angle between the radial and the average HMF
direction. Note thatψ → 90◦ when r > 10 AU and the
polar angleθ → 90◦; ψ → 0◦ when θ → 0◦, which
means thatK‖ dominatesKrr in the inner heliosphere, and
in the polar regions, withK⊥r dominating in the middle to
outer regions of the heliosphere. The role of diffusion per-
pendicular to the HMF has become increasingly important
over the past few years when it was realized that it might be
anisotropic, given the manner in which field fluctuations me-
ander as they expand with the solar wind. (See e.g. Fisk and
Jokipii, 1999). The expectation is that perpendicular diffu-
sion should be significantly larger in the polar direction than
in the radial/azimuthal direction of the heliosphere. Current
models employ the enhancement of perpendicular diffusion
by assumingK⊥θ > K⊥r through most of the heliosphere
(e.g. Kóta and Jokipii, 1995; Burger et al., 2000; Potgieter,
2000; Ferreira et al., 2000, 2001). Details of models can be
found in various ICRC papers (p3653, p3661, p3666, p3686,
p3690, p3694, and p3702); Alania et al., (p3678) and Kóta
and Jokipii (p3577).

3 New results and progress

Jovian and low-energy galactic electrons.Fichtner et al.,
(2000; p3666) and Ferreira et al., (2001, 2002; p3702) devel-
oped fully three-dimensional models to describe the propa-
gation and modulation of jovian electrons in the inner helio-
sphere. In Fig. 2 the characteristic three-dimensional mod-
ulation of jovian electrons over the first 10 AU of the helio-
sphere is shown. It illustrates how the distribution happens
parallel and perpendicular to the Parkerian spiral HMF, with
the jovian source at 5 AU in the equatorial plane. Their mod-
els were compared to the Ulysses observations at∼7 MeV
(Heber at al., 2001) and the Pioneer 10 measurements (∼4
and∼16 MeV) of these low- energy electrons (Lopate, 1991,
2001). This allowed them to study the radial and latitudi-
nal transport of these particles in detail and to estimate upper
and lower limits for the ratio of the parallel and perpendicu-
lar diffusion coefficients which are discussed below. The role
perpendicular diffusion plays to transport these electrons to
high-latitudes is now better understood. They could also dis-
entangle the galactic and jovian contributions to these elec-
tron observations, a process that enhances our understanding
and the interpretation of the Ulysses data. This is shown in
Fig. 3 and indicates that jovian electrons should dominate the
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Fig. 1. A sketch of the heliosphere with some features of importance to modelling. Note the heliopause/outer boundary, the solar wind
terminations shock (TS), the wavy current sheet, and the different drift directions of oppositely charged particles for the so-calledA > 0
epoch e.g. 1990-2000, and the non-parkerian magnetic field in the polar region.

inner equatorial regions up to 10 AU but it is unlikely that
they can dominate the low-energy galactic electrons to lati-
tudes higher than≈ 30◦ off the equatorial plane. This aspect
is determined, however, by how large perpendicular diffusion
is made (Ferreira et al., 2001; p3702).

Local interstellar spectra.The study of cosmic ray elec-
trons, positrons, protons and anti-protons, and for that mat-
ter all other species, has been advanced significantly with
the improved computations of the LI spectra with sophisti-
cated galactic propagation models (e.g. Strong et al., 2000;
Moskalenko et al., 2002; Strong and Moskalenko, p1942).
With improved knowledge of the LI spectra and of the diffu-
sion tensor the global modelling of heliospheric modulation
has benefited tremendously. Applications and implications
for heliospheric modulation of these new LI spectra are given
by Langner et al., (p3992); Potgieter and Langner (p3690),
Langner and Potgieter (p3657, 3686), Ferreira et al., (p3635)
and Moskalenko et al., (p1868). These new computations
have made it most relevant to revisit the modelling of charge-
sign dependent modulation caused by gradient and curvature
drifts in the heliosphere as discussed below.

Long-term modulation.The primary goal is to simulate the
11-year and 22-year cycles evident from the long-term neu-
tron monitor observations since the 1950’s. Basically, the
challenge is to reproduce the observed CR amplitudes and
phases of the 11-year and 22-year cycles at all energies of in-

terest to modulation, particularly the many step-like features
observed before and after solar minimum modulation. The
basic role players in time-dependent modulation are the solar
activity dependent wavy HCS and changing HMF, and tran-
sients of various complexity. The modelling of le Roux and
Potgieter (1995, and reference therein) showed thatA > 0
polarity cycles (e.g. 1970–80; 1990–2000) have plateau-like
intensity-time profiles compared with the pointed profiles
duringA < 0 cycles (e.g. 1960–70; 1980–90). The role of
time-dependent gradient, curvature and HCS drifts in estab-
lishing the basic modulation profile especially at minimum
to moderate solar activity was shown conclusively. But using
the wavy HCS as the only time-dependent parameter during
increasing solar activity is an oversimplification, propagating
diffusion barriers (PDB) are additionally required to simulate
the many step changes evident in long-term modulation.

Burlaga et al., (1985, 1993) established that merged inter-
action regions (MIRs), manifested by recognizable HMF en-
hancements/rarefactions beyond∼5 AU, are true PDBs and
later extended it to global MIRs. When these features were
combined with drifts in comprehensive numerical models, it
was shown that the combination of drifts - which dominate
minimum modulation periods - with MIRs and global MIRs
- which dominate maximum modulation periods - could pro-
duce the 11-year and the 22- year modulation cycles (le Roux
and Potgieter, 1995).
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Fig. 2. Computed distribution of 7 MeV jovian electrons for the
inner 10 AU of the heliosphere. (Fichtner et al., 2000 and Ferreira
et al., 2001, 2002; p3702). The source is at 5 AU.

The MIR-drift approach for long-term modulation still
seems most reasonable although not without reservations.
Recently, Cane et al., (1999) raised the question of why
modulation steps were seen at Earth well before any global
merging could have taken place. They proposed that step-
like and long-term modulation are primarily related to HMF
variations which propagate from the Sun with the solar wind
speed, superimposed on the long-term HMF trend associated
with solar activity changes over a full modulation cycle.

Potgieter and Ferreira (p3694) modelled long-term modu-
lation, in what they called the compound approach, by com-
bining the changes in the total HMF as PDBs with changes
in the HCS tilt angle and found amazing good compatibility
with long-term observations of 1.2 GV electrons and helium
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combined electron intesities (solid line) compared to Ulysses 3–
10 MeV electron obeservations (Heber et al., 2001). See also Fer-
reira et al. (2001; and p3702).

as shown in Fig. 4. They concluded that for long-term mod-
ulation the following are important: (1) The increase in the
total magnetic field with solar activity with respect to the av-
eraged field at solar minimum as a proxy for increasing tur-
bulence. (2) The variations in time of the HMF magnitude
combined with the time-dependence of the HCS tilt angles -
to control drifts over a complete 22-year cycle. (3) The devel-
opment of time varying PDB’s that will increase in numbers
and in extent with increasing solar activity and the formation
of MIRs beyond 5 AU, as contained and compounded in the
two above mentioned properties.

The combination of the major mechanisms, in particluar,
drifts, with PDBs in such a compound approach is found to
be successful in explaining complete 11-year and 22-year cy-
cles, in amplitude and phase for all energies of interest.

Charge-sign dependent modulation.The compound ap-
proach is also remarkably successful in simulating charge-
sign dependence modulation along the Ulysses trajectory
(see Fig. 4, p3697; Heber et al., p3897). The improvement
of LI spectra for electrons and positrons, and protons and
anti-protons, also caused renewed interest in how the op-
positely charge particles really modulate in the heliosphere
during the two polarity dependent epochs. Recent galactic
propagation models of CRs give the interstellar spectrum for
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positrons more reliably than before. Using this information
the electron to positron ratios are computed with a compre-
hensive numerical shock- modulation model by Potgieter and
Langner (p3690). Their results are shown in Figs. 5 and
6. They concluded that: (1) At energies below∼0.01 GeV,
thee−/e+ becomes independent of drifts; the energy where
this occurs shifts to higher values with in-creasing radial dis-
tances. (2) Large charge-sign dependence occurs between
∼0.02 GeV and∼5 GeV in the inner heliosphere. (3) The
computede−/e+ below∼20 MeV exhibits a slope that is
almost the same in the inner heliosphere than at the modu-
lation boundary. (4) The positron contribution to the “nega-
tron” (e− + e+) measurements becomes negligible at low
energies (<∼100 MeV) because the positron LI spectrum is
almost a factor of103 less than the electron LI spectrum at
10–20 MeV (Strong et al, 2000; Moskalenko et al., 2001) as
shown in Fig. 5.
These electrons and positrons also do not experience large
adiabatic energy losses in the heliosphere and drifts become
negligible at these energies. This means the positron contri-
bution can safely be neglected at these low energies.

Progress has also been made with proton-antiproton mod-
ulation. The basic modulation differences between these
species were shown by Langner and Potgieter (p3686) while
Burger et al., (p3661) looked into the time- dependence of the
proton to anti-proton ratio. The model predictions for this
ratio with solar activity have been distinctly confirmed by
recent experiments e.g. Moskalenko et al., (p1868) and ref-
erences therein. According to modelling, the anti-proton to
proton ratio at mid-radial distances in the heliosphere already
contains useful information about the ratios of the LI spectra,
but only during anA < 0 HMF polarity cycle (Langner and

Potgieter, p3686). For these species the modulation is more
complicated because of large adiabatic energy losses.

Termination shock effects.The effect of the TS on electron
and positron spectra and their radial dependence in the equa-
torial plane was shown in Fig. 5. Ferreira et al., (p3702) also
modelled the effects of the solar wind termination shock (TS)
on electron modulation and found in comparison with the ob-
served∼16 MeV Pioneer 10 data that the effect of the TS is
less pronounced at 16 MeV than for energies> 100 MeV.
The effects become more significant the higher the LI spec-
trum is made at an assumed modulation boundary of 120 AU.
The TS causes a factor of∼3 more 1 GeV electrons at Earth
than a non-TS model, that is when the shock is located at
rs = 90 AU. As rs increases, this factor also increases. If the
distance between the shock and outer boundary is kept con-
stant at 40 AU, the radial dependence of the intensities, and
the effect of the TS remains similar regardless of the position
of the TS. Changing the outer boundary radiusrb has a larger
impact on modulation at these low energies than changing
rs. Clearly, very large modulation can be expected for low
energy electrons in the outer heliosphere (r > 80 AU).

In Fig. 7 three scenarios are shown for 16 MeV electrons
for the radial distance to the outer boundary while keeping
the position of the shock fixed. Using the same approach,
they also studied the effect of the TS when three different
electron LI spectra were used. This is shown in Fig. 8. Com-
pared to the Pioneer 10 data at this energy, the lower LI spec-
trum seems the less likely (see p3992).

Diffusion Coefficients.In order to determine the appropri-
ate heliospheric diffusion coefficients several studies have
recently been made to understand the relation between the
diffusion tensor, the theory of charged particle scattering
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Fig. 5. (a)Computed equatorial spectra for electrons for theA > 0 HMF polarity cycle with diffusion coefficients as described by Potgieter
and Langner (p3690). Solutions are shown 2, 15, 24, 42, 60, 81, 100 AU, with TS at 80 AU and the LIS at 120 AU; from bottom to top.
Ulysses data (solid circles) for 1997 at 5 AU (Heber private communication, 1999; Potgieter et al., 1999), and balloon measurements (solid
triangles) for 1977 (Evenson, 1998) are shown for comparision.(b) Modulation profiles for 1, 16, 50, 100, and 1000 MeV electrons as a
function of radial distances. Note the TS effect at 80 AU. Pioneer 10 data (Lopate 1991, 2001; Lopate, private communication, 1999) for
16 MeV electrons compared.(c) As in (a), but for positrons.(d) As in (b), but for positrons.

and turbulence theory. To derive turbulence parameters (e.g.
Schlickeiser and Lerche, p1904; Burger et al., 2000) one
needs to understand how the turbulence evolves throughout
the heliosphere. As discussed by Parhi et al., (p3670) efforts
to develop an ab initio model of solar modulation face numer-
ous challenges and it may take some time before a significant
impact will be made on numerical modelling. However, cur-
rent theories for parallel diffusion of high energy particles are
fairly well understood and accepted, but important questions
remain at medium to low energies (e.g. Burger et al., 2000;
Stawicki et al., p3322; Ragot, p3291). For electrons the sit-
uation seems more complicated and even less well-known
(Dröge, p3283).

The role of perpendicular diffusion which is very impor-
tant for modulation in the heliosphere has become the topic
of several theoretical studies in which the first steps are
taken to develop a comprehensive theory (e.g. Ruffolo and
Matthaeus, p3298; Ruffolo et al., p3729). In the mean time,
the phenomenological approach based on testing the predic-
tions of modulation models, based on the physics described
above, against heliospheric observations is the only alterna-

tive for making progress. In this regard, Ferreira et al., (2001,
2002; p1234) made use of the availability of electron obser-
vations from Ulysses and Pioneer 10, as well as the devel-
opments in the diffusion theory as described by Burger et
al., (2000) to gain insight in the ratios of parallel and per-
pendicular diffusion. Assuming thatK⊥ ∝ K‖ they found
K⊥r/K‖ = 0.006 for 16 Mev electrons as an approximate
upper limit, andK⊥θ/K‖ = 0.005–0.020. The assumption of
anisotropic perpendicular diffusion is still not without con-
troversy but seems to work amazingly well as explanation
of why the proton latitudinal gradients observed by Ulysses
are very small despite predictions of full drift models to the
contrary; see Potgieter et al., (1999), and for reviews, Potgi-
eter (1995), Potgieter et al., (2001) and Heber and Potgieter
(2000).

The heliospheric current sheet and modulation.In Fig. 9
the dependence of CR protons on the HCS “tilt angle”α is
illustrated using a steady-state drift model (Burger and Pot-
gieter, 1999). It shows how the CR proton intensity, at three
energies, differs for the two polarity epochs as a function of a
changing HCS. From this it is possible to identify four basic
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Fig. 6. (a)Ratio of electrons to positrons at 2 AU for theA > 0 andA < 0 HMF polarity cycles, computed with a TS model with a shock
at 80 AU, and without a shock, respectively. The ratio of the two interstellar spectra is shown as a reference at 120 AU.(b) As in (a), but
computed with the TS model and a steady-state model, respectively (Potgieter and Langner, p3690).

periods of modulation: minimum (α = 0◦ ∼ 30◦), moderate
(α = 30◦ ∼ 55◦), large (α = 55◦ ∼ 75◦, i.e. high solar
activity) and maximum (α > 75◦, i.e. extreme solar activ-
ity). Note the following special features: (1) The crossing of
the intensities at low solar activity (smallα) dissipates with
decreasing energy, which is a requirement to explain why
neutron monitors have higher intensities inA < 00 cycles
than inA > 0 cycles, but that low energy protons behave op-

Fig. 7. Computed modulation of 16 MeV electrons compared to
Pioneer data. Three scenarios are shown corresponding to three
different values ofrb the position of the outer boundary, with the
TS radius fixed atrs = 90 AU. Solid lines corresponds torb =
120 AU, dotted linerb = 130 AU and the dashed linerb = 140 AU
(Ferreira et al., p3706).

positely (e.g. Reinecke et al., 1994). (2) Theα dependence is
strong for theA < 0 cycle withα ∼ 30◦, but for theA > 0
cycle it is the strongest withα ∼ 60◦, depending on the en-
ergy. (3) For values ofα in between, one can find the same
α-dependence (slopes) for both cycles. (4) At maximum so-
lar activity, the concept of a well-definedα (>∼ 75◦) breaks
down and it cannot be measured reliably any longer - in the
modulation model it can be pushed to larger values only to
illustrate that the model does approach a non drift case. In

Fig. 8. Modulation of 16 MeV electrons similar to Fig. 7, but for
three different LI electron spectra. Those of: Strong et al. (1994) as
a dashed line, Langner et al. (2001) as a solid line, and the lowest LI
spectrum of Strong et al. (2000) as a dotted line. The latter seems
the less likely LI spectrum; see also Langner et al. (2001).
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respectively. Solid circles indicate intensity for the non-drift case at
a theoreticalα = 90◦. (Burger and Potgieter, 1999).

reality, this period may last one to three years and it can be
described realistically only by a time-dependent model incor-
porating more than just tilt angles as discussed above (Potgi-
eter and Ferreira, 2001; p3694). For CR electrons, theA > 0
andA < 0 dependence would simply reverse to produce a
clear 22-year cycle in the long-term modulation of oppositely
charged particles (as shown in Figs. 4 and 5). The non- drift
solutions are also shown as a reference.

Thee+/(e+ +e−) ratio as function of tilt angle at Earth is
shown in Fig. 10, computed with a steady-state model for
both HMF polarity epochs at kinetic energies of 50 MeV,
100 MeV and 1 GeV, respectively. In the lower panel the
e+/(e+ + e−) ratio computed with a steady-state model is
compared to the corresponding computation with a termina-
tion shock model, in this case with the TS at 80 AU, at a ki-
netic energy of 1 GeV. At this energy the contribution of the
TS moderates the characteristic ’V’ and ’Λ’ shapes, respec-
tively, predicted for the A> 0 and A< 0 polarity cycles for
the ratio of oppositely charged particles. (See also Burger
and Potgieter, 1999; Burger et al., p3661; Potgieter et al.,
2001).
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Fig. 10. (a) the e+/(e+ + e−) ratio as function of tilt angle at
Earth computed by Langner and Potgieter (p3686) with a steady-
state model of both HMF polarity epochs at kinetic energies of
50 MeV, 100 MeV and 1 GeV, repectively.(b) Thee+/(e+ + e−)
ratio computed with a steady-state model compared to a termination
shock model - TS at 80 AU - at 1 GeV.

4 Précis

Good progress has been made in the modelling of the he-
liospheric modulation of CRs. New fully three dimensional
models were developed for the propagation and modula-
tion of jovian and low-energy galactic electrons. Together
with the progress in computing the LI spectrum for elec-
trons, the modelling could distinguish between the jovian
and galactic contributions to the observed low- energy elec-
trons by the KET/Ulysses instrument. The improved LI for
positrons, protons and anti-protons renewed interest in mod-
elling charge-sign dependent modulation more realistically.
These developments also have advanced the modelling of
solar wind termination shock effects, in particluar, its role
in re-acceleration jovian and galactic electrons. These re-
sults indicate a preferred LI spectrum for electrons, and that
the location of the TS is probably around 90±5 AU, with the
outer boundary some 40 AU further away from the Sun.

Progress to understand the relation between the diffusion
tensor, the theory of charged particle scattering and turbu-
lence theory is also made. Efforts to develop an ab initio
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model of solar modulation face numerous challenges and
it may take some time before a significant impact will be
made on numerical modelling. However, current theories
for parallel diffusion of high energy particles are fairly well
understood and accepted, but important questions remain at
medium to low energies. For electrons the situation seems
even more complicated, especially< 100 MeV. The role of
perpendicular diffusion, which is very important in heliopsh-
eric modulation, has become the topic of several theoretical
studies.

Interesting progress has also been made in simulating
complete 11-year and 22-year modulation cycles with the
so-called compound approach in which the time-dependent
wavy current sheet, the global changes in the solar magnetic
field over 11 years, and propagating diffusion barriers are
used as the main role players.
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