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Abstract. The global processes that determine cosmic ray modulation are reviewed. The essential
elements of the theory which describes cosmic ray behavior in the heliosphere are summarized, and
a series of discussions is presented which compare the expectations of this theory with observations
of the spatial and temporal behavior of both galactic cosmic rays and the anomalous component; the
behavior of cosmic ray electrons and ions; and the 26-day variations in cosmic rays as a function of
heliographic latitude. The general conclusion is that the current theory is essentially correct. There
is clear evidence, in solar minimum conditions, that the cosmic rays and the anomalous component
behave as is expected from theory, with strong effects of gradient and curvature drifts. There is strong
evidence of considerable latitude transport of the cosmic rays, at all energies, but the mechanism by
which this occurs is unclear. Despite the apparent success of the theory, there is no single choice
for the parameters which describe cosmic ray behavior, which can account for all of the observed
temporal and spatial variations, spectra, and electron vs. ion behavior.
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1. Introduction

The modulation of the intensity of galactic cosmic rays by the solar wind has
been a subject of considerable interest for decades, for one primary reason: to
understand the behavior of the cosmic rays with time over the solar cycle is to
understand the behavior of the heliosphere as a whole. The heliosphere is vast.
The supersonic solar wind extends to 80–100 AU from the Sun; subsonic solar
wind flows a comparable distance beyond the solar wind termination shock (see
Lazarus et al., 1998). Spacecraft observe only limited regions, at particular times.
The highly mobile cosmic rays, however, sample all of the heliosphere, and their
temporal and spatial evolution is a direct, but at times confusing response, to
changing heliospheric conditions.

Current understanding of cosmic ray behavior in the heliosphere can be traced to
the pioneering work of Parker (1965) and Gleeson and Axford (1967) who derived
the fundamental equation which should govern the cosmic ray behavior:
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Here, n is the differential number density of the cosmic rays, per unit kinetic
energy T .

Each of the terms in this equation describes a separate physical process:
� The term on the left side is the variation of n with time t. For many modulation

applications, the cosmic rays are effectively in a steady state and this term can
be neglected.

� The first term on the right describes the diffusion of the particles among the
irregularities in the magnetic field of the solar wind. The diffusion tensor �
has different components parallel and perpendicular to the magnetic field.

� The second term on the right describes the convection of the particles with the
solar wind, with speedV.

� The third term is the drift of the particles in the mean magnetic field, expressed
here in the useful formalism of an effective drift speed vD, which, if the drift
is unaffected by scattering or other mitigating effects, will be given by:

vD =
cvp

3q
r�

B

B2
(2)

where B is the mean field strength, p is particle momentum, q is charge, and
c is the speed of light.

� The fourth term describes the adiabatic deceleration in the expanding solar
wind, which was the fundamental contribution of Parker (1965). Here,�(T ) =
(T + 2T0)=(T + T0) , with T0, the particle rest mass energy. It is also possible
to express Equation (1) in terms of the distribution function of the cosmic rays
in momentum space, which simplifies the adiabatic deceleration term (e.g.
Fisk et al., 1973).

Equation (1) is a complicated, second order equation and needs to be solved
numerically. Over the last several decades, sophisticated numerical codes have been
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developed at the University of Arizona and in South Africa, and are summarized
in earlier chapters (Kóta and Jokipii; Potgieter; Jokipii and Giacalone, 1998). The
tools exist, then, for detailed comparison of theory and observation. Certain insights
from these analyses, and in some cases simply by inspection of Equation (1), are
straightforward:

First, the cosmic ray behavior is sensitive to the configuration of the mean
magnetic field, and the ability of particles to move perpendicular to the field.
The diffusion coefficient parallel to the mean magnetic field is expected to be
substantially larger than that perpendicular to the field, and thus the ready access of
the cosmic rays will be determined by both the orientation of the field, and where
the orientation is not favorable, by the perpendicular transport of the particles (see
Giacalone, 1998). Similarly, the drift velocity given in Equation (2) depends on the
field orientation, and perhaps on the scattering. As was pointed out in pioneering
work of Jokipii et al. (1977), in a standard Archimedes spiral pattern for the solar
wind magnetic field the drift speed can be several times the solar wind speed, and
thus important in Equation (1). The drift velocity, however, may be modified by
particle scattering or by other variations in the magnetic field (see Potgieter, 1998).

Second, the drift velocity is in opposite directions for electrons and ions, and
also reverses with the polarity of the magnetic field, which results in overall flow
patterns of cosmic rays in the heliosphere that vary substantially with charge
and with the solar magnetic cycle (see Evenson, 1998). During the current solar
minimum (1996; qA > 0), ions should enter primarily over the solar poles, whereas
electrons should enter along the equatorial current sheet; the opposite should be
true in the previous solar minimum (1987; qA < 0). Similarly, the entry of ions
over the solar poles, and their subsequent transport to lower latitudes should result
in relatively small radial gradients, whereas, in the previous cycle, the entry of
ions along the equatorial current sheet should result in larger radial gradients
(see Potgieter, 1998). A comparison, then, between successive solar minima, and
between the behavior of electrons and ions provide important tests of the role of
particle drifts in modulation theory.

Third, the adiabatic deceleration is of fundamental importance in Equation (1).
Its effects are of comparable magnitude to those of convection, which is the fun-
damental cause of the reduction of the cosmic ray intensity relative to that in the
interstellar medium. Hence, we can expect that adiabatic energy loss will be neg-
ligible only when there is limited modulation, such as is now being sought by the
Voyager mission in the outer heliosphere (see McDonald; Webber and Lockwood;
Lazarus et al., 1998). Limited modulation was also a possibility for the region over
the solar poles explored by Ulysses, but not seen (see McKibben, 1998). Thus,
in all spectra seen in the inner heliosphere there is evidence for extensive energy
loss by the particles. Equivalently, as was discussed in Goldstein et al. (1970) and
Gleeson and Urch (1971),there is no information in these spectra about particles
of low energy (< 100 MeV) in the interstellar medium.
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Fourth, Equation (1) works equally well for galactic cosmic rays and for the
anomalous cosmic ray component which arises from interstellar neutral gas which
is ionized in the solar wind and which is believed to be accelerated at the termination
shock of the solar wind. Even the acceleration of the anomalous component can
be included in Equation (1) since shock acceleration of mobile, energetic particles
can be treated as a compression at the shock front, and its effects included in the
fourth term on the right of Equation (1) (see Jokipii and Giacalone; Cummings and
Stone, 1998). The behavior of galactic cosmic rays and the anomalous component
thus provide related, but independent tests of modulation theory.

The comparison between the theory of cosmic ray behavior and the observations
is most readily performed near solar minimum. Here, the heliosphere is well-
ordered into regions of high speed solar wind flow above and below the equatorial
plane, emanating from the relatively steady polar coronal holes (see Suess et al.,
1998). The field polarity is also well-ordered, with one polarity in the north, the
opposite in the south, and a wavy current sheet in between, embedded in the region
of slower solar wind flow near the equatorial plane (see Balogh, 1998).

The study of cosmic ray behavior near solar minimum thus is essentially an
effort to answer two fundamental questions: First, is the basic theory correct? Does
Equation (1), as expected, capture all of the major physical effects? And second,
if it does, what does the cosmic ray behavior tell us about the overall structure and
evolution of the heliosphere?

In this chapter we explore these two questions with a series of short sections
each of which discusses a different aspect of the global behavior of cosmic rays
near solar minimum.

� We begin by describing the evolution of the intensities and spatial gradients of
the cosmic rays, in successive solar minima. Such evolution reveals the overall
flow patterns of the cosmic rays, as they recover to their maximum intensity
at solar minima.

� We discuss the latitude gradients of the cosmic rays, particularly as seen
from Ulysses, and also the curious feature observed by Ulysses that there is
an apparent offset in the plane of symmetry of the modulation. The latitude
gradients are small and our understanding of them needs to be consistent with
the overall flow patterns of the cosmic rays.

� We discuss the anomalous component and how it evolves between successive
solar minima. The anomalous component, which has steep spectra, can be more
sensitive to the effects of adiabatic deceleration, and thus provides important
tests of our understandings; in contrast, the acceleration of the anomalous
component should vary in time which may confuse the interpretation of its
behavior.

� We consider the differences between the behavior of cosmic ray electrons
and ions, which places important constraints on the role of particle drifts in
modulation.
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� We consider 26-day variations in the cosmic rays, which are seen up to the
highest latitudes observed by Ulysses. This unexpected observation places
important constraints on the ability of and the mechanism by which particles
are transported in latitude (see also Simpson, 1998).

The conclusions of these sections and their implications for our assessment of
the global processes which control cosmic ray modulation are summarized in the
final section.

2. Study of the Radial Intensity Gradients of Galactic Cosmic Rays

F. B. McDonald and Z. Fujii

2.1. INTRODUCTION

The radial intensity gradient of cosmic rays in the heliosphere is a valuable means of
studying the temporal and spatial variations in the extensive data now available from
the Pioneer, Voyager, Ulysses and IMP missions. Many previous studies have been
primarily concerned with radial gradients of integral counting rates (Venkatesan et
al., 1984; Lockwood, 1985; McKibben, 1987; Lopate and Simpson, 1991; Fillius,
1989). It has generally been difficult to use these data to delineate spatial from
temporal change. In this contribution we focus upon the radial gradient for galactic
cosmic ray He (180–450 MeV/n) and H (130–220 MeV) near the ecliptic plane
over the 1972.25–1996.0 time period.

The local intensity gradient at a given location, gr, is defined by the relation

1
J

dJ

dr
= gr (3)

Actual measurements are generally between two widely separated spacecraft which
give what is termed the non-local gradients Gr (Potgieter et al., 1989)

Gr =

1
(r2 � r1)

ln
J2

J1
(4)

However, the data over successive solar minima (Webber and Lockwood, 1985;
Cummings and Stone, 1988; Cummings et al., 1990; McDonald et al., 1992)
indicate that these radial gradients are a function of heliocentric distance with a
spatial dependence that is consistent with:

1
J

dJ

dr
= Gor

� (5)

and for measurements at two spacecraft:

ln
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�+ 1
: (6)



184 L. A. FISK AND K.-P. WENZEL ET AL.

Figure 1. Values of Go and � (12-month averages) obtained from the relation gr = Gor
� for

180–450 MeV/n He and 130–220 MeV H (Fujii and McDonald, 1997).

A minimum of three spacecraft at different radial distances is required for the
determination of both Go and �. Fortunately, such data are available over the
1973–1995 time period. To the extent that this is a valid representation of the radial
dependence of the radial gradient, then gr = Gor

�.
The annual values of Go and � (Figure 1) for galactic cosmic-ray H and He

display reasonably consistent changes over most of solar cycle 21 and 22 and an
� 11-year cycle pattern in their variation. For the 1980 and 1990 solar maxima the
values of Go and � are more nearly the same, but there is a significant change in �
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that is believed to be due to drift effects. For both cycles there are large changes in
the radial dependence of � between solar minimum and solar maximum.

2.2. DISCUSSION

With the relation gr =
1
J

dJ

dr
= Gor

� and the sets of values ofGo and� it becomes

possible to estimate the values of gr for galactic cosmic-ray H and He near the
plane of the ecliptic out to the limits of the modulation boundary. This extrapolation
can be done either as a function of radial distances (Figure 2) at a given time, or as
a function of time for a fixed radial distance (Figure 3).

The estimates of the H and He gradients from 1–100 AU for the 1977 and 1987
solar minimum periods as well as the 1981 and 1990 solar maxima are shown in
Figure 2. At the time of the two successive solar minima, the H and He intensity
gradients become very small with increasing heliocentric distance. However, for
both galactic cosmic-ray H and He at all radial distances the 1987 values of gr
are larger than in 1977. For He these values differ by a factor of � 3 over the
40–60 AU interval. These smaller values of gr in 1977 occur in a qA > 0 epoch
(1970–1980) when cosmic-ray ions are drifting in over the solar poles and leave via
the heliospheric neutral current sheet and are in broad agreement with the prediction
of drift theory (Jokipii and Thomas, 1981; Kóta and Jokipii, 1983; Potgieter et al.,
1989).

At solar maximum the values of Gor
� (Figure 2) are appreciably higher than

at solar minimum. Furthermore, the H gradients are increasing with increasing
heliocentric distance. Such a radial dependence was also obtained by Potgieter
et al. (1989) using both 1-dimensional and 2-dimensional non-drift modulation
models and diffusion coefficients suitable for these time periods.

The annual values of gr for H and He over the 1974.0–1996.0 period for 1,
10, and 75 AU (Figure 3) illustrate the complex changes that occur in gr for both
components over the solar and heliomagnetic cycle. For He the 1 AU gradients
decrease going from 1977 to 1982 while the 10 and 75 AU gradients increase in
such a manner that the three data sets converge near a common value of 3%/AU
in 1982. The behavior of lower rigidity H over this time period is marked by a
crossover in 1979. There are no significant changes in gr for H or He associated
with the reversal of the solar magnetic field in 1980 and 1990.

Starting about 1993.0 the cyclic patterns in Go; � and gr are no longer present.
This change may be a result of the increasingly larger heliocentric distance of Voy-
ager 2 and Pioneer 10, the absence of any measurements at intermediate distances,
and the possibility that the radial dependence of gr may be more complex than
that used in the present analysis. For example, it is often assumed that the particle
diffusion coefficient is inversely proportional to the magnitude of the interplanetary
magnetic field. However, in the inner heliosphere the interplanetary magnetic field
in the ecliptic plane decreases as � 1=r2 and as � 1=r in the outer heliosphere.
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Figure 2. The estimated values of gr as a function of heliocentric distance at the times of successive
solar minima and maxima using the relation gr = Gor

� and the appropriate values of Go and �
shown in Figure 1 (from Fujii and McDonald, 1997).

In previous studies of the radial dependence of gr , Cummings et al. (1995)
obtained a value of � = �1:7 for 10 MeV/n anomalous oxygen (R = 2:2 GV)
over the last half of 1993 using data from Ulysses, Sampex at 1 AU and Pioneer 10
and the Voyagers in the outer heliosphere. This compares with � = �0:96 for the
first half of 1987 (Cummings et al., 1990). McDonald et al. (1992) found that in
1987 anomalous He and 175–450 MeV/n He had the same radial dependence of
� = �0:7. Except for 1993, these values are in reasonable agreement with the
results presented in this paper for the comparable time periods. McDonald et al.
(1997) found values of � = �0:66� 0:08 and �0:82� 0:07 for 145–255 MeV/n
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Figure 3. The estimated values of gr for galactic cosmic-ray He and H over the 1974.0–1996.0 time
period for 1, 10 and 75 AU using the relation gr = Gor

� and the values of Go and � (from Fujii and
McDonald, 1997).

He for time periods in early 1993 and 1994 using data from Ulysses, Voyager 2,
Pioneer 10 and IMP 8. These 1993/1994 results using Ulysses at intermediate
distance (4–5 AU) suggest that the major difficulty with the present analysis may be
the increasingly large radial distance of the three spacecraft in the outer heliosphere
and a small departure from the Gor

� representation.
Since 1977 and 1995 are close to the same phase of both the heliomagnetic and

solar cycle, it is possible to predict the expected gradient at 55 AU and compare it
with that measured in 1996. This 1977 data predicts a gradient for 315 MeV/n He
at 55 AU of gr of 0:2� 0:09%/AU while the measured 1995 value is 0:33� 0:14
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using the Pioneer 10, Voyager 1 and Voyager 2 data. For H the measured value is
0:98� 0:1%/AU versus a predicted value of 0:7� 0:15 using the 1977 parameters.

The next step in these studies is to use the Ulysses cosmic-ray data at interme-
diate radial distances to study gr in the 1996–1997 period when that spacecraft is
near the ecliptic plane.

3. Latitudinal Structure of Modulation in the Inner Heliosphere

R. B. McKibben, R. A. Burger, B. Heber, J. R. Jokipii, F. B. McDonald and
M. S. Potgieter

3.1. INTRODUCTION

Since the cosmic ray source is constant over the outer boundary of the heliosphere,
nonuniformities of the intensity within the heliosphere provide direct information
about spatial variations in the effectiveness and relative importance of the physical
processes that produce the modulation. Thus the study of spatial gradients of the
cosmic ray intensity plays a very significant role in understanding the transport of
cosmic rays through the heliosphere.

Prior to Ulysses’ exploration of the high latitude regions of the inner heliosphere,
essentially all of our information about spatial gradients was limited to a narrow
range within about 30� of the ecliptic plane. Thus, while the radial evolution of
the modulation was well characterized by detailed studies out to beyond 60 AU
(McDonald et al., 1997), very limited information was available concerning the lati-
tudinal structure of modulation. While this remains the case in the outer heliosphere,
Ulysses has provided a rather complete picture of the latitudinal variations in modu-
lation of galactic cosmic rays, anomalous components, and electrons between the
latitudes of 80�S and 80�N at radii between 1 and 5 AU. Since the observations and
their interpretation are discussed in more detail in other chapters of this publication,
only the primary conclusions are summarized here.

3.2. THE ULYSSES OBSERVATIONS

The most reliable observations of latitude effects are those performed during the
fast latitude scan consisting of the approximately 1 year period centered on Ulysses
perihelion during which the spacecraft traversed the latitude range from 80�S to
80�N while staying within the radial range 1.3–2.3 AU. The level of modulation
as measured by IMP 8 and Earth-based detectors was also relatively stable during
this period, so that there was relatively little contribution to intensity changes at
Ulysses during the fast latitude scan from either temporal changes in modulation or
from effects of radial gradients. While radial gradients for some species have been
reported from Ulysses measurements (Heber et al., 1997b), not all of the reports of
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latitude variations have made corrections for the effect of radial gradients. However,
because of the small radial range during the fast latitude scan and the small size of
radial gradients (a few percent per AU), incorporation of such corrections would in
general make only small changes in the values of the reported latitude gradients.

The latitude gradients found by Ulysses for galactic cosmic ray nuclei and
anomalous components were positive, with intensities increasing towards the poles.
This is consistent with predictions of modulation models that include the effects
of gradient and curvature drifts for the current positive polarity of the Sun’s dipole
magnetic field (qA > 0). The measured gradients are summarized as a function of
particle magnetic rigidity in Figure 4, including both the inner heliosphere gradients
measured by Ulysses and gradients measured in 1996 in the outer heliosphere by
the Pioneer 10 and Voyager 1 and 2 spacecraft over the latitude range from 19�S to
34�N. Latitude gradients measured in the outer heliosphere appear to be comparable
to or somewhat smaller than those measured by Ulysses. All measured gradients
are small, at most �2%/degree for certain of the anomalous components, and less
than 1%/degree for galactic cosmic rays. The anomalous component gradients
are comparable to those measured in the previous solar minimum with positive
magnetic polarity (McKibben, 1989) and significantly smaller than the negative
gradients measured within 30� of the ecliptic in the 1987 solar minimum with
negative solar magnetic polarity (Cummings et al., 1987). From Figure 4, the
largest latitudinal gradients are observed for particles with rigidities near 1 GV. For
galactic cosmic rays the measured values decline steeply from the maximum to
near-zero for rigidities of the order of a few hundred MV, and decline more gradually
towards high rigidities. Consistent with the small gradients, the modulated spectra
observed at the poles are very similar to those observed in the ecliptic for both
galactic cosmic rays and anomalous components.

For the flux of electrons > 300 MeV, contrary to expectations based on sim-
ple implementations of drift-dominated modulation models, no obvious latitude
dependence was observed (Ferrando et al., 1996). Accounting for this lack of
latitude dependence has become one of the challenges posed to comprehensive
3-dimensional modulation models by the Ulysses observations.

While the gradients for nucleons are small and positive, they are not uniform
from the equator to the polar regions. Shortly after Jupiter flyby, Ulysses spent an
extended period near 5 AU and at latitudes less than 30� in the region swept by the
heliospheric current sheet. During this period, little variation in the intensities of
cosmic ray nuclei and anomalous components with latitude was observed. During
the fast latitude scan, passage through the region swept by the current sheet was so
rapid that the suppression of latitudinal effects in the current sheet region near the
perihelion radius of 1.3 AU could not be assessed conclusively. Recent observations
during Ulysses’ return to low latitudes near the orbit of Jupiter appear to confirm
the effect of the current sheet in suppressing latitude gradients near 5 AU (Heber
et al., 1997b).
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Figure 4. Measured latitudinal gradients 1994–1996 as a function of particle magnetic rigidity for
galactic cosmic rays (A) and anomalous components (B). Ulysses measurements are from Trat-
tner et al. (1995, 1996), Heberet al. (1996a), and McKibbenet al. (1996). Most Pioneer/Voyager
measurements are from McDonaldet al. (1997).



GLOBAL PROCESSES 191

Above the regions swept by the current sheet, the intensities of particles with
rigidities > 500 MV increased steadily (when compared to simultaneously mea-
sured intensities in the ecliptic) up to latitudes of about 60�S, above which little
variation with latitude was observed (Simpson et al., 1995). During the fast latitude
scan the near absence of a latitude gradient at the highest latitudes was confirmed
for both the north and the south polar regions (McKibben et al., 1996; Heber et al.,
1996a). However more recent observations reported by Heber et al. (1997b) for the
period after the north polar pass do not show this effect as clearly.

A very surprising observation made during the fast latitude scan, first remarked
upon by Simpson (1996), was that the plane of symmetry of the modulation ap-
peared to be offset southwards from the heliographic equator by about 10�, and that
the fluxes observed over the north polar regions, when compared to simultaneous
in-ecliptic measurements, were about 10% larger than the fluxes over the south
polar regions, implying a strong north-south asymmetry to the modulation in the
heliosphere. Figure 5, clearly shows the southward offset of the minimum intensity
for the integral intensity of protons

�

> 100 MeV (Figure 5A). Furthermore, as
shown in Figure 5B when the intensities are reflected about a latitude of 10�S, a
near-perfect alignment of intensities in the northern and southern hemispheres is
obtained (i.e. the latitudinal gradients measured with respect to 10�S are the same
in both hemispheres), suggesting a possible interpretation of the north polar flux
excess as simply the result of the larger latitudinal range available for the gradient
to act through in the northern hemisphere. Similar behavior was observed for
anomalous helium (Simpson et al., 1996; McKibben et al., 1996) and for> 2 GeV
protons (Heber et al., 1997a).

No gross features of either the interplanetary magnetic field or the solar wind
velocity structure measured by Ulysses have been found to correlate with this
southward offset. The observed constancy of the radial magnetic field components
as a function of latitude (Smith and Balogh, 1995; Suess et al., 1996), together
with the requirement that div(B) = 0, implies that the heliospheric current sheet
separating the north and south magnetic hemispheres cannot on average be sup-
pressed 10� south of the equator. In the solar wind, the sharp increases the solar
wind speed defining the boundaries of the equatorial solar wind were observed to
lie symmetrically approximately 20� north and south of the equator (Phillips et al.,
1995). As a result, the reality of the southward offset of modulation has been the
subject of much discussion at this Workshop.

For the southward displacement of the minimum flux, it was suggested that as
a result of the speed with which Ulysses passed through the equatorial zone, the
relative positions of Ulysses and of IMP-8 (to which the Ulysses fluxes were being
compared) with respect to the corotating undulations in the heliospheric equatorial
current sheet at the time of Ulysses’ equator crossing could account for the apparent
offset. Analysis of the effect of artificially advancing or delaying the Ulysses data
with respect to the IMP data by periods of up to half a solar rotation showed that the
apparent offset of the absolute minimum Ulysses/IMP flux ratio from the equator
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Figure 5. A) Daily average Ulysses/IMP counting rate ratios as a function of heliographic latitude
for the integral intensity of protons > 100 MeV. B) The same observations reflected about a latitude
of 10�S and superposed to show the symmetry of the modulation about this latitude. Lines are least
squares fits to the data (from Simpson et al., 1996).

could indeed vary by as much as 10� in latitude, However, knowledge of the actual
current sheet structure and of the spacecraft positions with respect to it at the time,
which have not yet been folded into this analysis, does not allow free choice of
the relative phasing of the Ulysses and IMP observations. Furthermore, whatever
the case for the minimum, another explanation is required for the organization
of the high latitude observations with respect to 10�S latitude since at the higher
latitudes Ulysses latitudinal velocity has slowed to the point that significant motion
in latitude takes place only over periods comparable to a solar rotation. As a result,
the intensities in any given latitudinal band represent an average over solar rotation,
and phasing with respect to the current sheet undulations is not likely to explain
the apparent symmetry with respect to 10�S.

3.3. THEORETICAL IMPLICATIONS OF THE OBSERVATIONS

The Ulysses observations of the latitudinal structure of modulation are still in the
process of being assimilated into models of the global heliospheric modulation.
However some of the implications are already clear.

The small size of the latitudinal gradients observed clearly implies that access
of cosmic rays to the inner heliosphere is little easier over the poles than in the
ecliptic plane, despite the looser winding of the ideal Parker model interplanetary
magnetic field lines expected over the poles. This, together with direct observations
of large amplitude Alfvén waves in the high latitude magnetic field (Forsyth et al.,
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1996), appears to confirm the suggestion by Jokipii and Kóta (1989) that transverse
fluctuations in high latitude magnetic field lines may play a major role in the
controlling propagation of energetic particles through the polar heliosphere. With
access thus impeded, the polar heliosphere is much like the equatorial heliosphere
for low energy particles, and the modulated spectra are determined by the same
balance between convection and adiabatic deceleration as in the ecliptic plane. As
Paizis et al. (1997) have noted, this results in a Compton-Getting factor near zero
for low energy galactic cosmic rays, consistent with the near-absence of spatial
gradients for these particles.

To achieve even reasonably acceptable fits to the observations using current
three-dimensional numerical modulation models, and to explain other features of
the modulation such as the persistence of 26-day periodic variations in modulation
to the highest latitudes (see report of Working Group 2), it has further proved
necessary to enhance latitudinal transport of energetic particles in the heliosphere.
Within the models this has so far been implemented by incorporating an anisotropy
in diffusion perpendicular to the magnetic field (Potgieter, 1997; Potgieter et al.,
1997), with a latitudinal diffusion coefficient increased to values as large as 30%
of the value of the diffusion coefficient parallel to the field. As an alternative,
with however the same goal of enhancing latitudinal transport, Fisk (1996) has
suggested a new model for the geometry of the interplanetary field. In his model, the
interaction of the differential rotation of the photosphere with the non-differentially
rotating overlying solar magnetic structure leads to establishment of direct magnetic
connections between the polar and equatorial regions of the heliosphere.

The effect of enhancing latitudinal transport is to enhance the importance of
diffusion and to diminish the effectiveness of gradient and curvature drifts in con-
trolling the modulated intensities in the inner heliosphere at all latitudes. Potgieter
et al. (1997) find that with such modifications to their standard model, they are able
to reasonably reproduce both the small gradients for nucleons and the near-absence
of latitude effects for highly relativistic electrons in the inner heliosphere. With
further modifications, for example by incorporating the tighter winding for the
south polar interplanetary magnetic field found by Forsyth et al. (1995), Hattingh
et al. (1997) have also reproduced the southward offset of the symmetry of the
modulation and the north polar flux excess.

Nevertheless, the reconciliation of Ulysses observations of the latitudinal struc-
ture of modulation with modulation models is still in a very preliminary state.
Much more exploration of the range and functional forms of the parameters of the
models, and perhaps even fundamental rethinking of some of our understanding of
the transport of energetic particles through the heliosphere will be required before
full understanding is achieved.
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4. Anomalous Cosmic Rays and the 22 Year Solar Modulation Cycle

W. R. Webber, J. R. Jokipii, J. Kóta, J. A. Lockwood, C. D. Steenberg, H. Moraal,
M. S. Potgieter, J. A. Le Roux, F. B. McDonald, A. C. Cummings and E. C. Stone

4.1. INTRODUCTION

As the current solar 11-year cycle reached its minimum in 1996, it has become
clearly evident that the intensities of anomalous H, He, and O nuclei are greatly
different than they were at the minimum of the previous cycle in 1987. In the
outer heliosphere between 40–60 AU the intensities are typically only 0.1–0.2 of
what they were at the same radial distance in the previous cycle (Stone et al.
1996; Webber and Lockwood, 1997; McDonald and Lal, 1995). The situation at
the Earth seems to be reversed with the intensities in 1996 actually larger than those
observed in 1987 (Lockwood and Webber, 1997). Obviously the radial gradients
must be quite different as well in the two cycles. This data provides clear evidence
for a solar magnetic polarity effect on the anomalous component intensities. Such
effects are the basis of models for the solar modulation which include drift effects;
however, the large intensity differences that are observed between cycles require
other explanations beyond simple drift effects within the region of the heliosphere
inside the solar wind termination shock (SWTS).

4.2. OBSERVATIONS AND MODEL CALCULATIONS

In an attempt to understand the situation we have examined the intensities of 10–
22 MeV/n He+, 7–17 MeV/n O+ and 30–60 MeV H+ as a function of heliocentric
radius,R, near the equatorial plane, comparing both measurements and predictions
for the negative polarity cycle minimum in 1987, and the positive polarity minimum
1996. These results are shown in Figures 6, 7, and 8. The calculations are shown
for shock locations at 70 and 85 AU for a nominal set of interplanetary diffusion
parameters: �(R) / R and �(P ) / P (P is the particle rigidity). The data come
from the Pioneer 10 (P10), Voyager 2 (V2) and IMP 8 spacecraft at 1987.5 and
1996.0. At 1987.5, P10 and V2 are located at 42 and 24 AU respectively, and in
1996.0 these distances are 64 and 47 AU. The large intensity difference between
cycles in the outer heliosphere is immediately apparent in the data for He+ and
O+ and is much less obvious in the data for H+. A crossover of intensities near
the Earth is seen for He+ and O+; however, the intensity of He+ is too small near
Earth to make a clear observation of this effect.

The model calculations likewise show this large difference of a factor �5-
10 between cycles for the He+ and O+ intensities in the outer heliosphere. The
observed crossover of intensities between cycles just beyond the Earth is also cor-
rectly predicted. The predicted difference between H+ intensities in the positive and
negative cycles is much less than that for the other two species, in agreement with
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Figure 6. Differential intensities of 10–22 MeV/n He+ nuclei as a function of heliocentric radius.
P10, V2, and IMP data points are shown as solid symbols connected by solid lines. Predictions for
positive (+) and negative (�) cycles for two possible termination shock distances are shown as dashed
lines.

the data. So overall the model calculations correctly predict the general behavior
of the anomalous nuclei intensities in the opposite polarity cycles. They show that
this difference is a result of a much lower intensity near the heliospheric equator at
the location of the termination shock at the time of the positive cycle minimum.

Overall the radial dependence of the intensities in the two cycles fit slightly
better with a termination shock location at 85 AU. This fit can be optimized
by normalizing the intensities at the termination shock and varying the radial
dependence of �(R). Further work is in progress in this area to try to determine
the location of the shock more accurately. The rigidity dependence of �(P ) will
determine the relative changes in the various components in the two polarity cycles,
as well as the extrapolation to the termination shock. The range in rigidity is from
� 2:4 GV for O+ to � 0:3 GV for H+. The total extrapolation to the termination
shock is a factor�1.5 for O+ at 64 AU, a factor�10 for He+, increasing to a factor
�100 for H+, in inverse order to their rigidity. Here the computational effort, which
consists of varying �(P ), is directed towards determining accurate intensities and
spectra at the termination shock during both cycles.

The overall comparison in this section is, of course, restricted to near the
equator (latitudes < 35�), because that is where the spacecraft are located. The
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Figure 7. Same as Figure 6 but for 7–17 MeV/n O+.

calculations show that in the negative cycle there is a negative intensity gradient
along the termination shock leading to much smaller intensities at the pole (see
e.g. Figure 9C). This result is at least partly responsible for the negative latitudinal
gradients observed within the heliosphere at this time (1987) (see Stone et al.,
1996). In the positive cycle the calculations show the opposite behavior, a positive
gradient along the termination shock leading to much larger intensities at the
pole and again responsible for the positive latitudinal gradients seen within the
heliosphere at this time (1996).

We note that the high intensities at the shock near the equator in the negative
cycle are roughly, but not exactly, matched by the high intensities at the shock near
the pole in the positive cycle. This alternating intensity behavior near the shock in
the two cycles is a result of the drift and acceleration of the anomalous cosmic rays
along the shock (Jokipii, 1990), but the effective accelerating potential, �, is not
quite symmetric between both cycles, being more effective in the negative cycle
when the particles are drifting along the shock from the pole to the equator. The
important thing to note here is, however, that the “source” function for anomalous
cosmic rays is changing dramatically along the shock from negative to positive
cycles. This in turn has a large effect on the anomalous intensities within the
heliosphere. In fact a large part of the observed “modulation” of the anomalous
components within the heliosphere at all locations may simply be the result of these
intensity changes taking place near the solar wind termination shock.
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Figure 8. Same as Figure 6 but for 30–60 MeV/n H+.

4.3. MODEL CALCULATIONS

Numerical solutions of the time-dependent cosmic ray transport equation (Equa-
tion 1) have been developed for a heliosphere containing a solar wind termination
shock where first order Fermi acceleration of galactic cosmic rays (GCR) and
lower energy particles (of the order of a hundred keV) takes place. Steenkamp
(1995) developed a two-dimensional shock acceleration model that includes drift
effects and a discontinuous (or continuous) shock transition in an axially sym-
metric heliosphere (model 1), while Le Roux et al. (1996) modeled a spherically-
symmetric heliosphere and a continuous solar wind termination shock (model 2).
Both models are descendants of a unique steady-state acceleration model by Pot-
gieter and Moraal (1988) which is still widely used, e.g., Stone et al. (1996).

Panels A and B of Figure 9 show anomalous cosmic ray (ACR) observations
in 1987 at different heliocentric distances, compared to model 1, operated as an
acceleration model with a source of anomalous particles on the SWTS (Steenberg
and Moraal, 1996). The modelled ACR energy spectra, having a common form
for different species, and their radial variations as a function of time, energy, and
species are in excellent agreement with observations from the Voyager and Pioneer
spacecraft. Panel C shows that the ACR component at the SWTS has a characteristic
power law spectrum for energies up to a curvature cutoff energy. Models 1 and 2 are
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Figure 9. ACR spectra for a negative cycle showing the common spectral shape of ACR He+

and O+ as a function of total kinetic energy. Panels A and B show He+ (open squares) and O+

(closed dots) observations from IMP-8 (1 AU), Voyager 2 (24 AU), and Pioneer 10 (42 AU) in 1987
(from McDonald et al., 1992), together with modulated ACR spectra (solid curves) at the different
spacecraft positions (Steenberg and Moraal, 1996). In Panel A differential spectra are shown at 1 AU
(lower curve, intensity multiplied by 10�1) and 24 AU (upper curve), in Panel B at 32 AU (lower
curve, multiplied by 10�1), at 42 AU (centre curve, with observations) and at 70 AU (upper curve,
multiplied by 10). The straight dashed lines of the form j / T are drawn through the lowest point
of each calculated spectrum to represent the adiabatic limit. Panel C shows drift-modified power law
spectra for the qA < 0 cycle, up to the so-called curvature cutoff energy, for four positions at the
SWTS. The dashed line has the form T�1, as expected for a strong planar shock.

able to explain the characteristics of the singly charged ACR species (He+, O+ and
N+) which are easily distinguishable from the fully ionized galactic component
(e.g. Steenkamp and Moraal, 1993a). The more complex case of protons, with only
one charge state, was considered by Steenberg and Moraal (1995) and Le Roux
et al. (1996), who used models 1 and 2 respectively, to investigate the spectral
characteristics of anomalous protons during the 1987 solar minimum (qA < 0
cycle). They concluded that the coincident spectral peaks of the ACR and GCR
hydrogen combined with the greater radial gradient of the ACR component should
make detection of this component exceedingly difficult inside a heliocentric radius
of 20 to 30 AU, while it should be dominant in the outer heliosphere. Potgieter
(1995) pointed out that the likelihood of detection in the inner heliosphere should
be higher during the qA > 0 cycle because of a shift to lower energies in the
spectral peaks of the anomalous proton spectra.
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The so-called hysteresis effect in cosmic rays, where cosmic ray intensities
lag behind the actual modulation conditions in the heliosphere, was investigated
by Steenkamp and Moraal (1993b), Steenkamp (1995) and Steenberg and Moraal
(1996). It was found that a pure modulation model (without a SWTS) produced
the smallest hysteresis effect or temporal phase lag (about 4 months), followed by
a GCR re-acceleration model (just under a year), and the ACR acceleration model
(2 years). The large phase lags for ACRs were attributed to the long characteristic
acceleration time for the first order Fermi acceleration process.

Steenberg and Moraal (1997) showed that particle drifts greatly modify ACR
spectra at the SWTS, causing a harder (softer) spectrum in the ecliptic and a softer
(harder) spectrum in the polar regions in the qA < 0 (qA > 0) drift cycle. It turns
out that these modifications are greatly parameter dependent and need intensive
further study.

The current focus is on: (1) Explaining the 1994 to 1997 (qA > 0) spectral
observations of ACR and GCR spectra in the outer heliosphere (see also Report
of Working Group 3). (2) Using a two-dimensional version of model 2 to study
the re-acceleration and modulation of galactic and Jovian electrons at the SWTS
(Haasbroek et al., 1997). (3) Modeling the injection of thermal ions into the SWTS
(see also the Report of Working Group 3).

5. Charge Dependent Spatial Modulation of Cosmic Rays

B. Heber, M. S. Potgieter, P. Ferrando, G. Wibberenz, P. Evenson and J. R. Jokipii

5.1. INTRODUCTION

The comparison of the electron modulation with that of ions certainly provides
the best information about the importance of modulation processes, such as helio-
spheric drifts, which depend on the sign of the particle charge. Garcia-Munoz et
al. (1986) have clearly shown that the He/electron ratio at � 0:8 GV has been
rapidly changing during the change of polarity of the solar magnetic field in the
’70s and ’80s (see also Evenson, 1998).

Ulysses was launched at the end of the qA < 0 magnetic polarity period of the
solar cycle, was in the ecliptic during the field reversal, and made its out-of-ecliptic
journey on the first solar orbit during the qA > 0 magnetic polarity. On board
Ulysses, the Kiel Electron Telescope has provided a continuous record of cosmic
ray fluxes, both for protons and helium from about 5 MeV/n up to several GeV/n
in different energy windows, and electrons from about 3 MeV to several GeV
(Simpson et al., 1992; Rastoin et al., 1996; Ferrando et al., 1996). In contrast to
ion measurements, no high-energy 1 AU electron data are available, so that it is
not possible to disentangle temporal and spatial variations of the galactic electron
fluxes.
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Figure 10. 26-day averaged quiet time counting rates of 2.5 GV protons and electrons measured by
the KET on Ulysses between late 1990 and March 1996. The rates have been normalised at the south
polar pass (SPP). The Jovian encounter (JE), the equatorial crossing (EC) and the time periods of the
south and north polar passes (NPP) are marked.

Figure 10 displays the 26-day averaged quiet time KET counting rates of 250–
2200 MeV protons and 900–4600 MeV electrons. (The 38–125 MeV proton chan-
nel, not shown here, has been used to determine these quiet time periods when
the galactic cosmic ray flux was not contaminated by solar or locally accelerated
energetic particles.) The time-profiles of both channels mix temporal and spatial
(radial and latitudinal) variations. Electrons and protons show qualitatively similar
features with a general solar cycle recovery. There are two periods during which
the electron and proton profiles show significant charge dependent effects: during
the time period of the pole to pole passage in 1994/1995 and during the reversal of
the heliospheric magnetic field (HMF) in 1991.

Two aspects of the galactic electron to proton ratio (e/p) are discussed here:
first, the determination of the spatial charge-dependent modulation during solar
minimum conditions and second, the evolution of this ratio as a function of the
HMF polarity.

5.2. SPATIAL VARIATION OF THE E/P RATIO

As is apparent in Figure 10, the 2.5 GV electron and proton time-profiles differ
during the Ulysses fast latitude scan. The proton profile has a ‘V’ shape during
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Figure 11. Left panel: Computed e/p flux ratio for qA > 0 cycle between pole and equator as a
function of polar angle (0� is pole, 90� equator, from Potgieter et al., 1997). 5 GV: circles; 1 GV:
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Right panel: e/p ratio measured by KET as a function of Ulysses heliographic latitude Θ for 2.5 GV
particles (FLS: fast latitude scan; SDS and SDN: slow descent south and north).

that period (early 1995), with a flux minimum close to the equator (see McKibben,
1998) whereas the electron profile is steadily increasing. The electron and proton
rates, normalized at the south pole, reach the same level (within error bars) at the
north pole. This indicates with high probability that electrons and protons had the
same relative (small) recovery during that period.

The right panel of Figure 11 shows the variation of the e/p-ratio at 2.5 GV as
a function of heliographic latitude. [The full circles are data taken during the fast
latitude scan, while open circles are data taken during the slow ascent to the south
polar region in 1993 and 1994 and during the slow descent from the north pole
in 1995 and 1996. The earliest (latest) point, at � 40� S (40� N), corresponds to
data collected in Sep. 1993 (Mar. 1996)]. The � 20% difference between highest
latitudes and equator is entirely due to the proton latitudinal gradient, as is the
flattening of this ratio above 60�. Electrons have a homogeneous latitudinal distri-
bution (Ferrando, 1997). An important point is that the data taken during the slow
latitude descents are consistent with the measurements made during the fast latitude
scan. This is remarkable because the galactic cosmic ray proton and electron fluxes
increase from 1993 to 1996 and the radial distance from the Sun during the fast
latitude scan (2.3 to 1.3 AU) is smaller than in the other periods (2.0 to 4.7 AU).
Within the uncertainty of the data, the amplitude of the e/p-variation as a function
of rigidity reflects the rigidity dependence of the proton latitudinal gradient (see
also Figure 4).

The left panel of Figure 11 shows the calculated latitudinal dependence of
the e/p ratio in the inner heliosphere for five different rigidities (Potgieter et al.,
1997). Because of drift effects the computed ratio at rigidities above 0.5 GV shows,
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in agreement with the observations, a maximum at the heliospheric equator and
minima in the polar regions in the inner heliosphere. The steady-state modulation
model used by Potgieter et al. (1997) includes all major modulation mechanisms.
Steady-state is justified because solar minimum conditions prevailed during the
Ulysses fast latitude scan. For the more general predictions of time-dependent
models, see Haasbroek et al. (1995), and Ferrando et al. (1996). For a general
description of model predictions, see Potgieter (1998).

In a qA < 0 solar cycle (e.g. 1980 to 1991) protons drift along the heliospheric
current sheet into the inner heliosphere and electrons move outwards along the
current sheet. In a simple picture one should expect lower proton (higher electron)
fluxes in polar regions. Therefore the corresponding e/p pole to equator ratio should
be greater than one. As the right panel of Figure 3 in Potgieter (1998) shows, this
is also expected from advanced modulation modelling for rigidities above several
hundred MV in the outer heliosphere. In the inner heliosphere the increase of the
e/p pole to equator ratio becomes small. However, with Ulysses we would have
the unique opportunity to measure the e/p ratio in a qA < 0 solar cycle close to
solar minimum conditions during a third fast pole-to-pole passage in 2006. Such
measurements would provide crucial information for our understanding of spatial
charge dependent modulation under solar minimum conditions

At lower rigidities protons but not electrons are mainly modulated by adia-
batic cooling. To investigate the charge-dependent modulation at lower rigidities
(<several hundred MV) it is necessary to measure the positron intensity as a
function of latitude. The KET does not separate positrons and electrons.

5.3. THE E/P RATIO DURING THE HMF REVERSAL

The relative 2.5 GV electron and proton fluxes show an important variation from
late 1990 to the beginning of 1992, i.e., in the time period of the HMF polarity
reversal (shaded area in Figure 12). The e/p ratio decreases from about 1.6 to 1.2,
approximately twice the spatial variation observed during the fast latitude scan.

As discussed by Ferrando (1997), this 1991 decrease might reflect a time lag
for the recovery of the electrons compared to the protons. The e/p values before
and after this reversal are in fact consistent with being almost constant. Ferrando
(1997) reports that the variation of the 0.9 GV e/p ratio is very similar to the He/p
variations reported by Garcia-Munoz et al. (1986). It can thus be quantitatively
concluded that the same phenomenon was observed two solar cycles apart, for the
same magnetic field polarity reversal. One would expect such big changes in the e/p
ratio if drifts dominate throughout the 11 year solar cycle. The dominance, even the
occurrence, of drifts during solar maximum periods has however been questioned
(Potgieter, 1993; 1995; Le Roux and Potgieter, 1995). It is at present not clear what
causes these large charge-dependent effects during solar maximum activity epochs
(see also Evenson, 1998; Potgieter, 1998). A direct causal link between the HMF
structure and the e/p ratio appears to be attractive, but further studies are obviously
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Figure 12. 26-day averaged quiet time 2.5 GV electron and proton fluxes and e/p ratio during the
time period from late 1990 to March 1996.

necessary before settling this issue. The next HMF reversal is not expected to occur
before 2001. By that time Ulysses will be at high northern heliospheric latitudes,
allowing us for the very first time to investigate a HMF reversal as a function of
latitude.

6. Implications of 26-Day Variations for the Global Modulation

M. Zhang, J. A. Simpson, H. Kunow, J. R. Jokipii, M. S. Potgieter, R. A. Burger
and A. C. Cummings

26-day recurrent variations in the fluxes of cosmic rays and anomalous com-
ponents are generated by solar wind and interplanetary magnetic field structures
that recur with the period of solar rotation. This subject is mainly described in
the report of Working Group 2. Although 26-day recurrent variations (sometimes
called 27-day variations when observed from an Earth-orbiting spacecraft or a
ground-based instrument) have been studied for more than 40 years, it is not until
the recent Ulysses observations in the polar regions of the heliosphere that we have
realized their importance for understanding the global modulation of cosmic rays.

Recurrent structures in the interplanetary medium during the solar activity min-
ima mainly appear in low and middle latitude regions. There are two basic kinds
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of recurrent structures: corotating interaction regions (CIRs) and the heliospheric
current sheet (HCS). Studying recurrent variations of cosmic ray fluxes in their
relation to the CIRs or the HCS at low latitudes can provide considerable infor-
mation on the mechanisms by which cosmic rays transport, e.g., diffusion and
gradient/curvature drifts, and thereby, indirectly, information on solar modulation
in the global heliosphere. Although CIRs cannot produce a global or a long term
effect on the cosmic rays (e.g., Kóta and Jokipii, 1991; Potgieter and Le Roux,
1994), studies using magnetic field and cosmic ray measurements from Voyager
in the outer heliosphere (Burlaga et al., 1985) have established that the reduced
particle diffusion in the enhanced magnetic fields inside the interaction regions is
a source for cosmic ray depressions. Based on this observation, it has been pro-
posed that the 11-year solar cycle cosmic ray variation is the result of accumulated
disturbances from global merged interactions (Burlaga et al., 1993; Le Roux and
Potgieter, 1995).

Recently, Zhang (1997) pointed out that there is a linear relationship between
the amplitude of 26-day recurrent variations and the magnitude of latitude gradients
in the fluxes of both galactic cosmic rays and the anomalous component (Figure 13,
as an example). The linear relationship holds for recurrent variations observed at
all latitudes and radial distances in the inner heliosphere. This relationship means
that particles which have large latitude gradients are also strongly modulated by
corotating structures regardless of their charges and energies. In other words, it
implies that particles of different energies and charges have approximately similar
distributions as a function of latitude and longitude. Zhang’s investigation with
Voyager and IMP-8 measurements in the previous solar cycle, when the solar
magnetic field polarity was reversed, also displayed this linear relationship even
though the latitude gradient had a negative sign.

The linear relationship provides a direct connection between modulation by
corotating structures and that by the global heliosphere. It suggests that there may
be a common mechanism that controls both flux variations in recurrent modulation,
as well as the latitudinal flux distribution. This common mechanism can result
from either the heliospheric magnetic field or from some aspect of the modulation
process.

A single interplanetary magnetic field structure that can control both global
latitudinal and longitudinal cosmic ray flux distributions can account for a cor-
relation between the latitude gradient and longitudinal recurrent variations. Such
a structure, however, is not expected to be the CIRs alone since they should not
have a global effect, particularly during the present solar cycle of magnetic polar-
ity qA > 0. Here, positively charged cosmic ray particles come from the polar
regions of the heliosphere, and CIRs at low latitudes should not have a significant
effect on the polar flux level. An alternative explanation could involve the HCS,
which could have an effect on the global heliospheric cosmic ray distribution, as
well as on recurrent modulation. In fact, even before Ulysses made its observa-
tions, this idea was proposed by Stone and Cummings (Stone, 1987; Cummings
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Figure 13. A linear relationship between the latitude gradient and the amplitude of 26-day variations
is seen by Ulysses. Each data point corresponds to a particle channel. The amplitudes were calculated
from data measured in a sample period at middle latitudes in 1993 when the recurrent variations
were largest due to strong compression of the solar wind and magnetic fields and much greater than
the errors due to statistical fluctuations. The gradients were calculated from data obtained during
the south pole to north pole fast latitude scan period. The correlation between the amplitude of the
recurrent variations and the latitude gradient is independent of the time period studied.

and Stone, 1988), who argued that cosmic ray fluxes are roughly organized by
heliomagnetic latitude, a quantity proportional to the distance to the HCS, and that
periodic changes in the heliomagnetic latitude at a spacecraft can simulate 26-day
recurrent flux variations. In this theory, the linear relationship between the latitude
gradient and the amplitude of recurrent variations is automatically satisfied if the
2-dimensional longitude-latitude flux distribution maps have a similarity among
particles of different energies and charges. However, it remains to be answered
whether the observed 26-day recurrent variations can be produced by the HCS.
Zhang et al. (1995) found no correlation between the phase of 26-day cosmic ray
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recurrent variations and heliomagnetic latitude, and Simpson (1998) pointed out
that the amplitude of 26-day variations at the same heliocentric latitude did not
change significantly even though the tilt angle of the HCS changed from 30� in
1993 to 15� in 1996 while the latitude gradient remained the same. Rather, these
studies, along with other studies of accompanying low-energy particle recurrent
events (Sanderson et al., 1995; Roelof et al., 1996), seem to favor CIRs as a modu-
lation source for the recurrent variations. Further studies are needed to determine
the relative contribution of CIRs and the HCS to the recurrent variations.

If the recurrent variations and the latitude gradients are determined by different
interplanetary magnetic fields or even different particle transport mechanisms (i. e.,
the recurrent variations are caused by the compressed magnetic fields of CIRs and
the latitude gradients are determined by the global large- and small-scale interplan-
etary magnetic fields from the poles to the equator), then the correlation requires
that there must be some common aspect of the modulation process controlling the
flux variations in these phenomena. Zhang (1997) argues that this common aspect
is the effect of adiabatic deceleration by the expanding solar wind. As cosmic ray
particles are transported from polar regions to the equator, they must continuous-
ly undergo adiabatic energy loss, thus resulting in lower fluxes along their path.
Similarly, the flux decreases caused by the compressed magnetic fields of CIRs are
the result of adiabatic deceleration of the particles trapped behind the strong fields
(Thomas and Gall, 1984). The latitude gradients and the amplitudes of recurrent
variations are both a deviation in the cosmic ray flux caused by a perturbation in
the modulation experienced by the cosmic rays in different locations or in different
interplanetary conditions. Thus, the latitude gradients and the recurrent amplitudes
should be determined by the amount of additional energy loss they suffer due to
this extra modulation, as well as by the shape of their spectra near the location of
observation (the shape of the spectrum determines how the flux varies with energy
changes). If the amount of energy loss as a function of particle rigidity are similar
(which may more or less be true) in the particle transport processes for these two
phenomena, then the ratio of the latitude gradient and the amplitude of recurrent
variations is left independent of particle rigidity, consistent with the correlation in
Figure 13. With similar arguments, this explanation predicts that the radial gradient
of cosmic ray fluxes should also roughly have a linear relationship to the latitude
gradient.

The polar regions of the heliosphere beyond approximately 40� south and north
latitude are dominated by fast steady solar wind streams from polar coronal holes
(Phillips et al., 1995). There, the large-scale average magnetic field is remarkably
uniform and shows no signatures of the solar magnetic dipole (Balogh et al., 1995).
It was, therefore, a surprising discovery that recurrent variations of cosmic rays
and anomalous components extend to the Ulysses maximum solar polar latitude of
80� south and north (Simpson et al., 1995; Simpson, 1998, and references therein).
Autocorrelation studies revealed that the recurrent period in the polar regions is 26
days, the same as the equatorial rotation rate. Since the solar rotation period in the
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polar region is much longer (�32 days) due to the differential rotation, the recurrent
variations of cosmic ray fluxes must come from low latitudes. Thus the recurrent
variations become a large scale global heliospheric modulation phenomenon.

Since recurrent modulation source regions occur only at low latitudes, it was
immediately recognized that there must be efficient particle transport in latitude.
The gradient/curvature drifts cannot carry recurrent variations from low latitudes to
the polar regions because in the present cycle of solar magnetic polarity (qA > 0)
positively charged particles drift from the poles to the equator. Therefore the
only way for the recurrent variations to propagate to high latitudes is through
cross-latitudinal diffusion (���). Kóta and Jokipii (1995) have generated computer
models that yield recurrent variations at high latitudes under the assumption of
large ��� . These models are consistent with the small latitude gradients observed
from Ulysses (Simpson et al., 1995; Potgieter et al., 1997).

The remaining question is how to achieve a sufficiently large��� . Two approach-
es have been proposed: Kóta and Jokipii (1995) suggested a mechanism of random
walking of magnetic field lines across latitude to increase the perpendicular dif-
fusion coefficient in the � direction. A different approach was developed by Fisk
(1996), who pointed out that the interplay between the differential rotation of
the footpoints of the magnetic field lines on the photosphere and the subsequent
non-radial expansion of the field with the solar wind plasma from rigidly-rotating
coronal holes may result in extensive excursions of heliospheric magnetic fields
lines over a wide range of heliographic latitudes. A spacecraft at high latitudes
is then periodically connected to a remote CIR at low latitudes. Particle diffusion
along the direction parallel to the average magnetic field gives rise to particle trans-
port in latitude. Detailed discussions of these models and their tests are presented
in the report of Working Group 2.

7. Summary

The previous five sections each illustrate an important aspect of the global process-
es which affects galactic cosmic ray modulation at and around solar minimum
conditions; together they lead to the following general conclusions:

1. There is no evidence of any deficiencies in the basic Equation (1) which de-
scribes the behavior of the cosmic rays in the solar wind. Admittedly, there is
still a wide variation in the choice of the parameters in this equation. However,
within acceptable ranges for these parameters, the observed phenomena can be
accounted for.

2. The overall flow patterns of cosmic ray ions in the heliosphere, as determined
by drift effects, appear to be understood. In the current cycle, the recovery
of ions in the inner heliosphere precedes that in the outer heliosphere, as
would be expected if the access of the ions is primarily over the solar poles,
consistent with that predicted by drift effects. Conversely, in the previous
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cycle, the recovery is faster in the outer heliosphere as if the access is along
the equatorial current sheet, again consistent with drift effects.

3. The radial gradients near solar minimum are also, in general, consistent with
drift effects. The gradients tend to be smaller in the current cycle when access
is easier over the poles, and larger in the previous cycle when the access is
along the current sheet. It is important in making this evaluation to consider
the radial gradients on a large spatial scale; smaller scale variations can distort
the expected variation between solar minima.

4. The small latitude gradients in cosmic rays observed by Ulysses, as well as
the observation that particles accelerated in or modulated by low latitude co-
rotating interaction regions propagate easily to high latitudes, demands that
cross-field transport, at least in the heliocentric polar direction, is quite easy.
The mechanism by which this transport occurs, whether by cross-field diffusion
or by direct magnetic connection, is uncertain.

5. The offset of the plane of symmetry for modulation by 10� towards the south-
ern hemisphere, as observed by Ulysses, has no definitive explanation. The
observation appears to suggest an asymmetry between the solar hemispheres;
however, there is no direct evidence for such an asymmetry in the magnetic
field or plasma observations.

6. The model in which anomalous cosmic rays are accelerated at the termination
shock of the solar wind, and subsequently propagate in a standard model for
galactic cosmic ray modulation, is consistent with many of the observed fea-
tures of the anomalous component. The faster recovery in the inner heliosphere
during the current approach to solar minimum, as opposed to in the previous
cycle, is consistent with propagation theories in which drift effects are impor-
tant. The difference between solar cycles, however, is too large to be due only to
drifts within the heliosphere and may require a solar magnetic cycle difference
in the latitudinal distribution of the anomalous component at the termination
shock. Such a difference can also result from drift effects, since the direction
in which particles drift along the shock front varies with the solar magnetic
cycle.

7. The electron observations, as a test of our understanding of cosmic ray modu-
lation, are inconclusive. Drift effects suggest that electrons and ions should
behave substantially differently; indeed, the electrons should exhibit behavior
similar to the ions in the previous or following cycle. Electron observations,
however, have not been made over multiple solar cycles with the same fidelity
as those of ions, and there can be confusion as to the extent to which the galac-
tic electron spectrum contains galactic positrons. Moreover, the principal test
of the electron vs. ion behavior should occur near the reversal of the polarity
of the heliospheric magnetic field. However, this occurs just following solar
maximum conditions when it is unclear whether the field is sufficiently ordered
to experience the full effects of drifts.
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8. No single model, with a single choice for the parameters used in Equation (1),
has been able to account for all the observed features of galactic and anom-
alous cosmic ray behavior – time and spatial variations, spectra, electron and
ion behavior. In part, this may reflect that the fact that even with the many
advances in numerical solutions to Equation (1), a full time-dependent, three-
dimensional code does not exist. It may also reflect the fact that the best choices
for the parameters, driven by the micro-physics of the interactions of energetic
particles with the heliospheric magnetic field, has yet to be found.

Note Added at Press Time: North-South Asymmetry in the Heliosphere

There has been a significant amount of attention given at this workshop to the
interpretation of the north-south asymmetry observed by Ulysses in the cosmic-ray
flux (see McKibben, 1998). This problem went without clear resolution during
the workshop, primarily because the most-straightforward interpretation of the
observations seemed to be at variance with magnetic-field observations. In their
original paper reporting on their observations of the apparent latitudinal asymmetry
in the cosmic-ray counting rate, Simpson et al. (1996) stated among other things,
that “the plane of symmetry is offset southward from the Sun’s heliographic equator
by � 10� of latitude”. They also pointed out the importance of the fact that the
latitudinal gradients were the same in the northern and southern hemispheres, and
that the cosmic-ray intensity near the north pole exceeded by 10%–15% that near
the solar pole, consistent with a global shift. A similar effect was reported by Heber
et al. (1996b). One way to change the plane of symmetry, in the framework of the
current picture of cosmic-ray modulation, is to shift the current sheet some 10�

south.
This observation was discussed in some detail at the workshop and it was

concluded that it could not be consistent with the magnetic field observed at
Ulysses. The point being that Maxwell’s equations require that the total radial
magnetic flux out of the sun be zero. If the current sheet is shifted toward one
pole, then the hemisphere toward which the current sheet is shifted must have a
radial magnetic field magnitude which is larger. The average field in the southern
hemisphere would be a factor of 1.3 larger than that in the northern hemisphere,
for the shift of 7� suggested by Simpson et al. (1996), to be present. The initial
response of the magnetometer team to this was that such a large a change in the
magnetic field was not observed. In the face of this conclusion, other alternatives
were discussed, including a new magnetic-field configuration and warps in the
current sheet. But none of these seemed very compelling, and the problem was
temporarily dropped.

However, in the past 2 months, a new look at the magnetic-field data seems to
have resolved this problem. As reported in a talk by Jokipii at the Fall 1997 AGU
meeting in San Francisco (Smith et al., 1997), the Ulysses magnetic-field data
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actually do show a roughly 30% change in the radial component of the magnetic
field roughly consistent with in-ecliptic observations carried out on the WIND
spacecraft.

The problem in relying solely on the Ulysses measurements is that the spacecraft
was basically in one magnetic sector at a time, a negative sector when in the south
and a positive one when in the north. So it was not possible to compare the radial
component inthe two sectors, simultaneously, using Ulysses alone. When this
limitation was recognized, the WIND data, obtained near the heliospheric equator,
were examined to see how the radial fields compared in the two sectors as they
swept past WIND. Unexpectedly, a significant difference between the inward and
outward sectors was observed throughout the interval of the Ulysses fast latitude
scan, and whose magnitude is consistent with the southward displacement of the
heliospheric current sheet inferred from the north-south asymmetry in the cosmic
rays. The WIND data show that this difference gradually disappeared toward the
end of the interval so that when Ulysses passed into the north hemisphere the radial
component there was essentially the same as it had been when Ulysses was in
the south hemisphere. Thus, the time dependence had obscured the evidence of
a difference in the two sectors as seen at Ulysses. That a time dependence can
masquerade as a spatial dependence is well known. However, in this instance, the
opposite effect occurred with a time dependence actually compensating for a spatial
dependence.

In the same AGU presentation, Smith et al. (1997) presented preliminary results
from two-dimensional simulations of the modulation of galactic cosmic rays, using
the Arizona modulation code, which verified that cosmic-ray asymmetries similar
to those observed by the cosmic-ray experiments are a natural result of the observed
asymmetry in the magnetic field. Such a model would also increase the intensity at
the North pole. Hence, the asymmetry problem appears to have a straightforward
resolution. The results of Smith et al. (1997) will be incorporated into a publication
in the near future.
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