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Abstract We developed an axially-symmetric time-dependent
numerical drift model with a simulated wavy neutral sheet with
which Forbush decreases (Fd’s) were modelled by assuming that
they were caused by propagating regions of enhanced scattering
and diminished drift. We studied the magnitude and recovery
times of Fd’s in the intensity of 1 GeV protons in the equatorial
plane as a function of radial distance by varying the complexity
of the models. The model was first tested against the linear analysis
of Chih & Lee (1986) by simplifying it to a one-dimensional (1D)
model. This model behaved qualitatively in accordance with the
results of the linear analysis. Quantitative differences were the
result of the assumptions upon which the linear analysis was
based. To simulate a realistic Fd at Earth it was necessary to
simulate a propagating disturbance that became less effective in
sweeping away inward diffusing particles at larger radial
distances. The decrease in the magnitude and the increase in the
recovery time of Fd’s with increasing radial distance corresponded
qualitatively with observations (Webber et al. 1986). The radial
dependence of the magnitude was however predicted much too
strong contrary to the observations. Application of the two-
dimensional (2D) model without drift showed that the magnitude
of the Fd adhered qualitively to the local value of a linear
combination of parallel and perpendicular diffusion coefficients.
The radial dependence of both the magnitude and the recovery
time of the Fd showed a promising compatibility with the data.
This improvement was a natural consequence of the important
role of crossfield diffusion and the 2D geometry of the distur-
bance. The predicted increase of the recovery time with radial
distance was also determined by the developing geometry of the
propagating disturbance because, although the disturbance had
a fixed radial and latitudinal extent at all radial distances, it
acquired an area which increased linearly with increasing radial
distance in a spherical coordinate system. The 2D model with
drift included was remarkably successful in giving a realistic
intensity-time profile of Fd’s at Earth considering the additional
complexity of drift in the model. The calculated recovery times
of Fd’s at Earth, however, were noticeably longer during the epoch
when the northern-hemisphere interplanetary magnetic field
(IMF) pointed towards the Sun (4 < 0) than during the epoch
when the northern-hemispheric IMF pointed away from the Sun
(A > 0) and for a small neutral sheet tilt angle corresponding to
solar minimum conditions. The polarity-reversal effect was found
too large compared with observations. We showed for the first
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time that the polarity-reversal effect was reduced substantially
when the tilt angle was increased corresponding to solar
maximum conditions. This effect, however, was still too large.
Consequently, three modifications to the drift model namely, a
solar polar field deviation from the Parker spiral field, decaying
disturbances as a function of radial distance and reduced drift
(factor of 3) were considered. The best results compared with
observations were obtained with reduced drift because not only
was the polarity-reversal effect on the recovery time reduced
significantly at Earth, but a reasonable correlation of the
magnitude and the recovery time of Fd’s with observation as a
function of radial distance in the equatorial plane was achieved.
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1. Introduction

The subject of this paper is the classical Forbush decrease (Fd)
in the intensity of galactic cosmic rays observed in the heliosphere
and which has the well known asymmetrical pattern of a sudden
decrease in a few hours and an almost exponential recovery of
a few days.

Since it had been established that Fd’s were not due to geo-
magnetic influences, but rather to solar activity, early theoretical
work suggested various mechanisms to explain these phenomena
and had established in the process all the important mechanisms
of cosmic-ray modulation. Morrison (1956), for example, was the
first to suggest that Fd’s could be caused by turbulent magnetic
clouds ejected from solar active regions. Singer (1958) and Laster
et al. (1962) proposed cosmic rays temporarily trapped in an
expanding turbulent magnetic cloud being adiabatically cooled.
Parker (1963) showed that the ambient interplanetary magnetic
field (IMF) would be compressed and distorted by a shock wave,
forming a shell of intense magnetic fields which could act as a
shield against incoming cosmic rays. In this blast wave model he
also considered the additional effects of diffusion and large scale
gradient drift. All these and other mechanisms were later com-
bined by Parker (1965) in the well known fundamental transport
equation (TPQ) of cosmic rays in the heliosphere. Since then the
emphasis has been on the understanding of the 11-year solar
modulation through the steady state solutions of this equation.
Since the 1970’s the continual satellite coverage of the solar wind
properties and cosmic ray intensities at various positions in or
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near the equatorial plane has, however, led to a renewed interest
in finding the dominating mechanism of Fd’s amongst the existing
ones. This is especially due to the revival of the original idea of
Lockwood (1960) that the 11-year modulation cycle could be the
result of the accumulation of many Fd’s caused by propagating
interplanetary disturbances. Up to now no consensus has been
reached on the main mechanism that causes Fd’s. Although the
idea of Fd’s caused by enhanced scattering in disordered magnetic
fields in the vicinity of shocks [actually a revival of the Morrison
(1956) argument] has been more popular in recent models (e.g.,
Nishida 1983; Lockwood et al. 1986; Chih & Lee 1986), the
experimental evidence is not conclusive. On the one hand, there
are those who favour enhanced scattering (e.g., Zhang & Burlaga
1986; Badruddin & Yadav 1986), while others (e.g., Sarris
et al. 1988) argue for drift caused by gradients in the relative large-
scale ordered magnetic fields of propagating solar wind distur-
bances as the driving mechanism of Fd’s.

Apart from the uncertainties about what the main mechanism
of Fd’s is, the presence of spacecraft at large radial distances in
the heliosphere raised the question whether Fd’s could be detected
at these distances and, if so, what the radial dependence of the
magnitude (maximum %-decrease) and the recovery time of Fd’s
would be. This also is a complex problem considering the few
satellites present in the heliosphere and the difficulty of a correct
interpretation of the available experimental data. However, Van
Allen (1979) was the first to notice that the recovery time of a
Fd seemed to be much longer at larger radial distances (~ 16 AU)
in the heliosphere than at Earth. Two different viewpoints have
since been advanced as a possible explanation for this observation.
On the one hand, Burlaga et al. (1985) claim that it is a matter
of many Fd’s following each other in close succession, and which,
when forming so-called merged interactive regions (MIR’s), may
cause long recovery times at larger radial distances rather than
a single Fd which recovers slowly behind a heliospheric shock.
In other words, the disturbance which originally caused a Fd at
Earth has evolved and coalesced with other disturbances at larger
distances in such a way as to form a new dynamical system in
which the original disturbance loses its identity. According to
them, it may therefore not be possible to follow an isolated dis-
turbance outwards to large radial distances and to comment on
the recovery time and the magnitude of the decrease it causes in
the intensity of galactic cosmic rays.

Lockwood & Webber (1987), on the other hand, claim that
they traced a large isolated transient disturbance radially out-
wards from 1 AU to ~35AU during 1986. Since there were no
other significant disturbances which passed Earth 6 months prior
to the one studied they argued that merging effects could not
have been of any importance. They gave for E > 60 MeV protons
a detailed radial dependence for the magnitude of the isolated
Fd and its recovery time near the equatorial plane showing that
the recovery time which averaged ~5d at 1 AU was 20 times
longer at 30 AU, while the magnitude of the decrease at 30 AU
was only a factor 2 smaller than at Earth. These results compare
favourably with those of Webber et al. (1986) for 20 large Fd’s
with magnitude > 109 observed between 1-30 AU from 1978-
1984 when the Sun was more active and merging effects probably
more important. It may be, as was suggested by them, that the
longer recovery times of Fd’s at larger radial distances are a
geometrical effect related to the larger volume in space occupied
by the preceding disturbance at these radial distances and that
merging effects play only a secondary role. From these opposing

arguments it is evident that discrepancies, and even controversies,
exist about the causes and the detection of Fd’s and that further
investigations are essential. The stimulation from interplanetary
observations has led more recently to a greater emphasis on time-
dependent numerical solutions of the TPQ and to the consequent
development of sophisticated time-dependent numerical models
which could be used to study the Fd both as an isolated event
(which will be studied in this paper) as well as the effect of the
accumulation of Fd’s on the long-term modulation of cosmic rays
(which will be addressed elsewhere).

Next, a brief review is given of some important papers which
appeared on the subject of the simulation of an isolated Fd.
Nishida (1982), for example, solved the one-dimensional (1D),
time-dependent, diffusion-convection equation numerically in
spherical coordinates neglecting adiabatic cooling. In his model
the Fd was caused by a region of enhanced scattering and con-
vection behind an interplanetary propagating shock wave. The
enhanced scattering (decreased diffusion path length) was found
more effective than the enhanced convection in causing the Fd.
The magnitude of the Fd was found to be determined by the
value of the diffusion coefficient just in front of the propagating
disturbance. An increase in the positive radial dependence of the
diffusion coefficient resulted in an increase in the rate at which
the magnitude of the Fd decreased with the outward propagating
disturbed region, and a consequent increase in the recovery rate
of the Fd at 1 AU. Recently, Perko (1987), using a complete 1D
time-dependent model but with a radially independent diffusion
coefficient, briefly discussed the recovery rate of a Fd at Earth.
He pointed out that a weakening of the propagating disturbance
was not necessary for an immediate recovery to follow the de-
creased intensity as for a typical Fd at Earth. This was contrary
to the findings of both Chih & Lee (1986) and Lockwood et al.
(1986) who used a weakening disturbance in their models to
simulate a realistic Fd at Earth. In a totally different approach
Thomas & Gall (1984) used Monte Carlo techniques to study
Fd’s. In their model the solar-flare induced travelling shock wave
disturbance was represented by a region of enhanced magnetic
field strength with a longitudinal as well as a radial extent. This
allowed them to make statements about the dependence of the
magnitude and the recovery time of a Fd upon the diffusion mean
free path as well the geometry of the shock wave at 1AU for
relativistic cosmic-ray protons. They found that the magnitude
of the Fd diminished with an increase in the diffusion mean free
path as well as a decrease in the longitudinal dimension of the
shock wave. The recovery time of the simulated Fd was not
strongly dependent on the mean free path, but depended largely
on the geometry of the shock wave, because the recovery time
became significantly longer when the longitudinal dimension of
the disturbance was increased. They also concluded that the
prolonged containment of cosmic-ray particles in the region be-
tween the flare shock wave and the Sun, leading to additional
adiabatic cooling, is the principal mechanism in causing Fd’s.

With the rapid improvement of computer power the em-
ployment of relative advanced numerical methods became a real-
ity. Kadokura & Nishida (1986) solved the two dimensional (2D),
time-dependent TPQ, with drift included, numerically using a flat
heliospheric neutral sheet. Their model of radially propagating
interplanetary disturbances were associated with enhanced con-
vection, enhanced scattering (enhanced variability in the IMF
behind the shock front) as well as the enhancement of the mag-
nitude of the IMF (the result of a kink in the field at the shock
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front). The dominating mechanism causing the Fd was found to
be the increase in the IMF during the passage of the disturbance.
The inclusion of drift allowed them to make predictions about
the effect of the IMF’s polarity change on the magnitude and the
recovery time of Fd’s, but only near Earth. According to their
model the magnitude of the Fd was smaller and the recovery time
clearly longer when the northern-hemispheric IMF points to-
wards the Sun (4 < 0) than when the northern-hemispheric IMF
points away from the Sun (4 > 0). The latter is in disagreement
with observations where no (Lockwood et al. 1986) or only a
barely statistically significant effect (Mulder & Moraal, 1986) on
the recovery time was detected after the polarity of the IMF
reversed. Lockwood et al. (1986), also using a 2D time-dependent
numerical model with drift and a flat neutral sheet, commented
briefly on the effect of the polarity change of the IMF on the
recovery of a Fd at 1 AU and reported only a minor change in
the recovery time when the polarity of the IMF was reversed in
apparent agreement with observations. In their model, however,
the propagating disturbance decayed as e "7, with r in AU, so
that the reason for this minor change was that the recovery of
the Fd depended primarily on the decay of the disturbance and
only secondary on the transport parameters of the disturbance.
The implication of such a strong decay of the disturbance with
radial distance is that the magnitude of Fd’s will have a strong
radial dependence contrary to the weak radial dependence ob-
served by Webber et al. (1986). This aspect will be discussed in
more detail later.

On the analytical side, Chih & Lee (1986) solved the time-
dependent, diffusion-convection equation under the assumption
of small temporal variations in the modulation parameters and
the cosmic ray intensity, and neglecting particle energy changes
as well as drift transport. They considered the temporal variation
of only the diffusion coefficient when the interplanetary distur-
bance passed the observer. Despite the relative simplicity of the
model their work on the magnitude and recovery of Fd’s has
been extremely valuable in providing a first order test for the
more complex numerical models and giving insights not so easily
obtained with numerical work.

From this review it is evident that no definite conclusion can
be drawn about the dominant mechanism in interplanetary dis-
turbances which cause Fd’s. No attempt has yet been made to
simulate Fd’s numerically at larger distances in the equatorial
plane, partly because of scant experimental data and partly be-
cause numerical studies with time-dependent models are ex-
tremely time-consuming on a computer at present. Also, the
characteristics of the Fd as a function of the neutral sheet waviness
has not been addressed in model studies (or data analyses) before.
In an attempt to address some of these issues, especially the latter,
we developed our own 2D time-dependent modulation model
based on the numerical solution of the TPQ with the effects of
a simulated wavy neutral sheet incorporated. (Preliminary results
were reported by Le Roux & Potgieter 1989, 1990a.) The details
of this model will be presented in Sect. 2. In Sect. 3 we shall discuss
the simulation of the Fd in the simplified 1D (spherically-sym-
metric) version of the model and use the opportunity to compare
our results with the analytical model of Chih & Lee (1986) to
establish the reliability and consistency of our model. In Sect. 4
the results of the 2D non-drift model concerning the magnitude
and the recovery time of the Fd, especially as a function of radial
distance, are presented and compared with the results of the 1D
model. Comparison of the predictions of both the 1D and 2D
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non-drift models with observations are also made. In Sect. 5 the
effects of drift and a wavy neutral sheet on the magnitude and
the recovery times of Fd’s are compared with those of the 2D
non-drift model. Calculations illustrating the dependence on the
polarity-reversal of the IMF and the neutral sheet tilt angle, «,
are presented for the first time. Special attention will be given to
the effect of the polarity change of the IMF on the recovery time
of a simulated Fd at Earth and to comparison with observations.
A summary and conclusions are given in Sect. 6.

2. The general model

The TPQ for the modulation of cosmic rays in the heliosphere
(Parker 1965) is now widely accepted and used. This equation,
in a heliocentric spherical coordinate system (r,6, ¢), assuming
azimuthal symmetry is:

= fo = Zé’i
|: rsjne%(sneKe’) V]g_{
[ 2
2030 (sm OKGG)] o
*3_57(2 )6161{P' @

We solved this equation for the omnidirectional distribution func-
tion f{(r, 6, P,t) with respect to radial distance r, polar angle 6,
rigidity P and time t, where the differential intensity is j; oc P*f;
V represents the radially directed solar wind velocity. To allow
for the generally accepted increase in V with latitude we used the
form ¥V =400(1 + cos?0) kms~ ! when 45° <0 <90°, and
V = 600kms~! when 0° <0 < 45° (Zhao & Hundhausen 1983).
The coefficients K,, = K, cos?y + K, sin%y and K,z = K, are
the diagonal elements of the diffusion tensor where K and K
respectively represent the diffusion coefficients parallel and per-
pendicular to the mean IMF and  the angle between the radial
and mean IMF directions. The coefficients K,, and K,, are the
off-diagonal elements of the diffusion tensor and can be expressed
as K,, = —K,, = —Ksiny, where K describes the effects of
particle gradient and curvature drift in the large-scale IMF. We
accepted the standard Archimedian (or Parker) spiral pattern for
the IMF given by

B= % [e, — tanye,].

Here, B, is the magnetic field strength at Earth (taken as 5nT)
and, tan = Q(r — ry)sin 6/V; with Q the angular velocity of the
Sun about its rotation axis and r, = 0.1 AU. For the diffusion
coefficients parallel and perpendicular to the background IMF
we assumed respectively

K = KofK,(P)Bo/(3B), (2a)
and

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991A%26A...243..531L

L.

FTOOIAGA 777437 "

534

with K(P) = P, if P > Py; K,(P) = Py, if P < Py, and K, a con-
stant, which will be specified later, in units of 610*°cm?s™;
B = v/c, with v the particle velocity and ¢ the velocity of light;

P, =04GV and B = |B|. For the drift coefficient we used
Ky = (Kr)oBP/(3B), )

with (K1), a dimensionless constant equal to one for full drift
and less than one for reduced drift effects. These choices for the
elements of the diffusion tensor are simple to handle and seem
reasonable considering the little known about their spatial and
rigidity dependence.

In our model the outer boundary of the heliosphere is situated
at 50 AU where a local interstellar proton spectrum was assumed
as

. T0.7
jr= 6-7[m], 4

with T the kinetic energy of the cosmic-ray protons. At 0.1 AU
we assumed the inner boundary condition as df/dr = 0, and at
the heliospheric pole (0 = 0°) we assumed symmetry of the IMF
so that df/00 = 0.

In modelling the neutral sheet in the equatorial plane, it was
decided to use the method of Potgieter (1984) — see also Potgieter
& Moraal (1985). Although a warped neutral sheet is not phys-
ically present in this model it simulates the effects of such a sheet
on the intensity of cosmic rays and gives the same general effects
as a three dimensional model with a warped neutral sheet (for
details, see Burger & Potgieter, 1989). This leads to a large re-
duction in the computer time needed to complete a simulation.
The usefulness of the method was also greatly extended when the
results generated with the method was quantified in terms of the
tilt angle, o, of the wavy neutral sheet by Burger & Potgieter
(1989) — the tilt angle is defined as the excursion of the wavy
neutral sheet from the rotational equator of the Sun at a particular
time. This enabled us to study the characteristics of the Fd at
different levels of neutral sheet waviness leading to new results
as will be illustrated in the next section. The method is limited
only in the sense that it averages over 27 days and can therefore
not simulate periodicities of 27 days and shorter.

Equation (1) was solved numerically with the alternating di-
rection implicit (ADI) method (Fisk 1976), but extended to include
time-dependence. The steady-state solution of the TPQ served
as the initial condition for the time-dependent numerical code.
The number of grid points employed in (r, 8, P) were (800, 19,22)
respectively. We used a non-linear grid in polar angle 6 (from
0 = 0°-90°) with the smallest distance between grid points close
to the neutral sheet since we were mainly concerned with studying
Fd’s in the equatorial regions. A non-linear grid was also em-
ployed with respect to rigidity P with the largest steps at the
higher rigidities where little modulation was assumed. Calcula-
tions were performed, from 10GV (9.1 GeV) down to 1.7GV
(1 GeV), using very small time-steps, 4t = 6.5h, in order to ensure
a good time-resolution for the calculated intensities of the Fd.

In view of the success of the enhanced scattering approach
(incorporated as a decrease in the mean free path or diffusion
coefficient) for simulating Fd’s in both ID and 2D time-depen-
dent models (e.g., Nishida 1982; Chih & Lee 1986) it was decided,
for this paper, to analyse the effect of this mechanism in more
detail with our model. We therefore assumed a radially propa-
gating disturbance in which the diffusion coefficients K, K, and
the drift coefficient K [Eqgs. (2a), (2b) and (3)] were decreased

simultaneously. The drift coefficient was decreased in the dis-
turbed region because drift should become less effective with
enhanced scattering. Since most transient solar activity is thought
to be near and around the equatorial plane our disturbance was
released from the Sun’s equator at 6 = 90° to travel radially
outwards along the equatorial plane at 400km s~ ! reaching the
modulation boundary at 50 AU after about 215 days. The dis-
turbance was given a radial extent L(in AU) and an amplitude
D(0) which also determined the latitudinal extent of the distur-
bance above and below the equatorial plane. Inside the outward
propagating disturbed region the elements of the diffusion tensor
were assumed to vary sinusoidially as

K’H,J_,T = K”,_L.T[l bl D(O)Sin2<n—£j>:|, (5)

with 0 < ry < L. Here, r, is the radial distance in the disturbance,
and D(0) = D[l — e"*~ )] for 0, < 6 < 90° and D(f) = 0 for
0 < 0,,; D,, is the maximum amplitude of the disturbance, 0,, is
the polar angle at which the disturbance commences and k is a
constant. The expression for D(6) therefore ensured that D, was
assigned to the equatorial plane and that D(0) decreased gradually
with decreasing polar angle until it became zero at 6 = 0,; D,
was set at 0.9 implying a maximum decrease of a factor of 10 in
the diffusion and drift coefficients in the equatorial plane during
the passage of the disturbance. We employed a disturbance with
L =1AU and a latitudinal extent of 15° above and below the
equatorial plane, ie., 6,, = 75°. Although the dimensions of such
a travelling disturbance are unknown we consider this a reason-
able choice (see also Burlaga et al. 1985).

3. The simulation of Fd’s with a spherically-symmetric model

Spherical symmetry is automatically achieved in our model when
drift (K ;) and crossfield diffusion (K ) are neglected. This gives
the opportunity to compare our results on the magnitude of an
isolated radially propagating Fd and its recovery time as a func-
tion of radial distance with the 1D analytical results of Chih &
Lee (1986). Their results provide a valuable test to evaluate our
model as well as a fundamental understanding of which param-
eters determine the magnitude and recovery time of a Fd. They
assumed that a F'd was caused by the passage of a region in which
the diffusion coefficient was depressed due to an interplanetary
travelling shock. From their work it first follows that in the present
version of our numerical 1D model the magnitude of the Fd at
a particular position in the heliosphere should be determined in

general by
4K
14 ——")L

)
j T /max Krr ’

where 4K,, is the depression in K,, in the disturbed region so
that (4K,,/K,,) is the magnitude of the disturbance. The local
value of K,,, i.e., the value at an observation point, plays therefore
a crucial role in determining the magnitude of the Fd which a
disturbance can cause. If K,, increases with radial distance, and
with the other parameters fixed, (4j;/j7)max Will decrease accord-
ingly; with K,, independent of radial distance the magnitude of
the Fd will be the same throughout the heliosphere. Second, when
r < Vi, with ¢ the total travelling time and V, the propagating
speed of the disturbances, Eq. (6) describes the intensity recovery
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phase of the Fd as seen by the observer from the moment the
disturbed region passes by. The practical application of this is
that the recovery time of a Fd can be calculated by using Eq. (6).

As a first example, let the magnitude of the disturbance de-
crease exponentially with increasing radial distance like e~"/5,
with S the scale length of the decay. With the rest of the parameters
independent of r, Eq. (6) becomes

(ﬁ> =ke S, withk= VL
JT /max rr

For this situation, (Ajr/j1)max the magnitude of the Fd, will also
decrease exponentially with increasing radial distance. To address
the recovery time, t,, of the Fd which is defined as the time it
will take the Fd to recovery to £ of its maximum decrease, one
can argue as follows: the recovery time at r, is equal to the time
the disturbance has travelled to produce a Fd, at r,, which has
a magnitude of § of its magnitude at r,, ie., when (Ajy/
jT)max(rZ) = %(AjT/jT)max(rl)' Therefore,

Ai
(#)max (rZ)

implying that under this condition, S ~ (r, — r,), so that the re-
covery time is

= constant.

— e_('z_’l)/s =

~et, )

W =

_r2—r1~§
t = Sy (8)

s

This result shows that a disturbance propagating with a fixed
speed and fixed scale length of decay will cause a Fd with a
recovery time independent of radial distance. As a second ex-
ample, let K,, = k,r, with k, a constant and the rest of the mod-
ulation parameters in (6) independent of r. This gives

V<& L

djr k . K.,

=) =% withk=——T/—
JT /max r kl

Then,

Ajr>
: (r2)
( JT ) max : ry 1

= constant.

b )
4j r, 3
<_T> (ry)
JT /max
so that r, = 3r; and the recovery time is
2r
=—. 10
t, 7 (10

This means that the recovery time increases linearly with radial
distance although the disturbance’s amplitude and radial extent
do not change with r. It illustrates that the effectiveness of the
disturbance in forming a barrier against the enhanced diffusion
of radially inward diffusing particles decreases at larger radial
distances. Thirdly, if all the parameters in Eq. (6) are kept un-
changed with radial distance, (4j1/jr)max = constant, and the pre-
diction is that no recovery whatsoever will take place anywhere
behind the disturbance. These three examples illustrate two in-
teresting fundamental aspects of short-term modulation effects
like Fd’s in 1D time-dependent models: (1) That the magnitude
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of the decrease is determined by the local modulation conditions
(e.g., V, K,,) and characteristics of the disturbance (e.g., L and
4K,,/K,,). (2) The recovery, on the other hand, being less abrupt
than the decrease is determined not by local parameters, but by
the modulation conditions which the propagating disturbance
encounters between the observer and the modulation boundary,
and by the evolution of the disturbance’s characteristics during
the propagating process.

These three examples provide a general test for the correctness
of our model. It is, however, not expected that there should be
anything more than a qualitative agreement between the predic-
tions of the analytical 1D model of Chih & Lee (1986) and our
numerical 1D model taking into account that in their model
energy changes of cosmic rays were neglected, while in the nu-
merical model adiabatic cooling was included. The results of this
comparison will be shown in Fig. 1 to 4. In these and all the
other figures in this paper the magnitude of the Fd were calcu-
lated by considering the undisturbed (or pre-Fd) intensity level,
Jjo» 1.€., before the passage of the disturbance and the minimum
intensity level, j,, caused by the propagating disturbance, so that
(4j1/iT)max = (jo — j1)/jo> and the recovery time as defined earlier.
For all the figures in this section a value of 7.7 was used for K,
in Eq. (2a).

In Fig. 1a and b respectively the magnitude and the recovery
time of the Fd as a function of radial distance in the equatorial
plane are shown as calculated for 1 GeV protons. As in the first
example we let the magnitude of the disturbance, (4K,,/K,,),
weaken with radial distance as e "/S, with S = 10AU, and the
rest of the parameters in Eq. (6) independent of r. In Fig. la the
magnitude of the Fd calculated with the 1D numerical model
decreases exponentially with r [see Eq. (7)] and agrees qualita-
tively with the linear analysis. Quantitatively, the radial depen-
dence of the magnitude of the Fd is considerably larger than
predicted by the linear analysis. In Fig. 1b the linear analysis
predicts a radially independent recovery time [see Eq. (8)] while
the numerical 1D model gives a recovery time that increases

/\o\ T L B AL |

N . 1 GeV protons

L_E ) ---- 1D analytical

— 1D numerical

) L -~

E 1.0:

-+ | —

“— L

@) -

o -

© L

i)

fyand

c L

o

O

EO']. P S P .
0 5 10 15 20

Radial distance (AU)

Fig. 1a. The magnitude of the Fd as a function of radial distance. The
1D numerical simulation is compared with 1D analytical results of Chih
& Lee (1986). Magnitude is given by (jo — j1)/jo, With j, the undisturbed
intensity level before passage of disturbance and j; the minimum intensity
level caused by the propagating disturbance. Amplitude of propagating
disturbance decays in both models like e "1, with r radial distance in
AU, and rest of parameters in Eq. (6) independent of r
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Fig. 1b. The recovery time, t,, of the Fd shown in Fig. 1a as a function
of radial distance; t, is calculated as the time for Fd to recover to a 1/3
of its maximum decrease. The 1D analytical result must be multiplied
by 2 to get actual values

sharply with radial distance in the inner heliosphere, but levels
off at larger radial distances at much smaller values than given
by the linear analysis calculations. The reason for this, and the
quantitative differences in Fig. 1a, will be discussed in detail when
Fig. 4 is shown. ,

In Fig. 2a and b, K,, was given a linear radial dependence
while the rest of the parameters in Eq. (6) were kept unchanged
as in the second example. The magnitude of the Fd, in Fig. 2a,
as calculated with our model has a similar radial dependence as
the 1/r dependence of the linear analysis prediction — see Eq. (9).
In Fig. 2b the analytical prediction of a linear radial dependence
for the recovery time of the Fd [see Eq. (10)] is also obtained
with our model, in fact, the recovery times actually agree re-
markably well.

In Fig. 3a the magnitude of the Fd as a function of radial
distance with the 1D model is compared with that of the linear
analysis with all the parameters in Eq. (6) radially independent
as in the third example. Our model calculations show virtually
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Fig. 2a. The magnitude of the Fd for the 1D numerical model compared
with the analytical model as a function of radial distance. In this case
K,, oc r with rest of parameters in Eq. (6) independent of r for both models.
The magnitude of the Fd decreases as kr !, with k a constant, as predicted
by linear analysis
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tensity level at 20 AU
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no radial dependence in quantitative agreement with the linear
analysis. This, of course, shows that the Fd will essentially have
the same magnitude throughout the heliosphere. In Fig. 3b we
show the intensity as a function of time (i.., the Fd intensity-
time profiles) at three positions in the heliosphere. There is no
recovery in the decreased intensity whatsoever at all radial dis-
tances in accordance with the prediction of the third example.
This points to the fact that so long as the disturbance remains
at the same level of efficiency (in keeping out inward diffusing
particles) as a function of radial distance, the intensity will not
recover behind the disturbance. Qualitatively, therefore, our
model is in agreement with the predictions of Eq. (6), except for
Fig. 1b.

In Fig. 4 we show the magnitude of the Fd as a function of
the amplitude of the disturbance which was varied between 0.23
and 0.9. According to the linear theory the magnitude of the Fd
is proportional to the amplitude of the disturbance so that on a
logarithmic scale the gradient is 1. For the numerical model the
gradient approaches this value only at small amplitudes. Our
somewhat more comprehensive model therefore agrees with the
linear analysis at small amplitudes which is one of the assumptions
upon which the linear analysis was based. At larger amplitudes
the gradient becomes increasingly > 1 for the numerical model
meaning that the magnitude of the Fd becomes more sensitive
to changes in the amplitude of the disturbance. This explains the
fact that our model gives a much larger radial dependence for
the magnitude of the Fd shown in Fig. 1a than predicted by the
linear analysis. In that case the amplitude of the disturbance in
the inner heliosphere was still large and this is where in Fig. 4 it
is proved that the magnitude of the Fd to be the most responsive
to changes in the amplitude of the disturbance. This in turn also
explains the qualitative difference between our model and the
predictions of the linear analysis regarding the recovery times in
Fig. 1b. As the disturbance travels radially outwards, its ability
of being an effective barrier against radially inward diffusing
particles deteriorates faster in our model and so the recovery
times, especially in the inner heliosphere, are much shorter than
given by the linear theory. Our model therefore approximates the
predictions of the linear theory under the same conditions!

In Fig. 5 we display the intensity-time profiles of a Fd for
1 GeV protons at two different positions in the equatorial plane;
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Fig. 4. The magnitude of the Fd shown for both 1D numerical and
analytical models with amplitude of disturbance varied from 0.23-0.9
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Fig. 5b. Same as Fig. 5a for the 1D numerical model in Fig. 2

in Fig. 5a when the amplitude of the propagating disturbance
decays with increasing radial distance as in Fig. 1a and b and in
Fig. 5b when the radial diffusion coefficient K,, increases with
radial distance as in Fig. 2a and b. In both figures the intensity-
time profiles with their small precursors, sharp decreases and
exponential recoveries over a few days show strong agreement
with the features of observed Fd’s. This implies that in order to
simulate a Fd realistically in a 1D model it is important that
either the disturbance should decay with radial distance (example
1) or that K,, should increase with radial distance (example 2).
This is in agreement with the results of Nishida (1982) and Chih
& Lee (1986). If neither of the two happens no recovery will occur,
as in Fig. 3a and b, so that a realistic intensity-time profile of a
Fd can only be simulated when the propagating disturbance
somehow becomes less effective in blocking out radially inward
diffusing particles with increasing radial distance. Crossfield dif-
fusion of particles around the disturbance does not play any role
in the spherically-symmetric modulation process, of course. It
must be pointed out that for both Fig. 5a and b there were a
decrease in the magnitude and an increase in the recovery time
of the Fd with increasing radial distance in qualitative agreement
with the observations of Lockwood & Webber (1987) and Webber
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et al. (1986) and is quite amazing for such a simple model. The
radial dependence of the magnitude compared with these obser-
vations, however, was too strong because the 1D model predicted
a Fd that tended to become extremely small at larger radial
distances (Figs. 1a and 2a) while a weak radial dependence for
the magnitude was observed by Webber et al. (1986) and Lock-
wood & Webber (1987). Then, the consequence of simulating a
realistic Fd at Earth with a 1D model is that it seems unable to
explain this weak radial dependence of the magnitude of the Fd.
If it is ensured that the magnitude of the Fd has a small radial
dependence (as in Fig. 3a) the characteristic exponential recovery
associated with Fd’s does not materialise. We therefore disagree
with Perko (1987) that a realistic Fd can be simulated in a 1D
model with a disturbance which does not decay with radial dis-
tance while encountering a radially independent mean free path.
It is also interesting to notice in both Fig. 5a and b how the time
for the Fd to reach its minimum intensity is predicted to increase
with radial distance, qualitatively in agreement with the obser-
vations of Webber et al. (1986).

4. The simulation of Fd’s with an axially-symmetric
non-drift model

Before introducing the additional complication of drift in the
large scale IMF in our model it is useful to look at the role of
diffusion perpendicular (K ) to the IMF as well the latitudinal
extent of the disturbance in determining the recovery and decrease
caused by a travelling disturbance. In this version the only sim-
plification therefore is that the drift associated coefficients K,q
and K, are neglected in the computer code.

In the next two figures a direct comparison is made between
the spherically-symmetric and the current model with respect to
the magnitude and the recovery time of the Fd for 1 GeV protons
in the equatorial plane. These calculations are also compared
with the experimental data of Webber et al. (1986) as a function
of radial distance in the equatorial plane. To do the comparison
between the two models it was ensured that the radial diffusion
and the solar wind velocity were the same in the equatorial plane
for both models. For the 2D model the latitudinal extent of the
disturbance was fixed at 15° above and below the equatorial plane
and K; = 0.05K . A value of 3.4 was specified for K, in Eq. (2a)
which corresponded to solar minimum conditions. The distur-
bance was allowed to propagate without any radial evolution or
merging with other disturbances. In Fig. 6a the magnitude of the
Fd as a function of radial distance for both the 1D model and
2D non-drift model is shown. The model calculations and the
experimental data were normalised at 1 AU. Here, one can see
that the magnitude of the Fd calculated with the 2D model shows
a steep decrease at smaller radial distances, but is nearly inde-
pendent of radial distance further out. This steep decrease is
primarily the consequence of assuming K oc K, oc 1/B and can
therefore be restrained, if required, by using a different spatial
dependence for K and for K, [Eq. (2a) and (2b)]. The magnitude
of the Fd with the 2D model is significantly smaller compared
with that of the 1D model, especially at smaller radial distances,
and can be understood “semi-quantitatively” by using a simple
linear combination of K| and K, based on the ratio of the
components of the differential diffusion stream in the TPQ: The
magnitude of the Fd in the 1D model is, according to Eq. (6),
proportional to (1/K,,) at any specified radial position [with all
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Fig. 6a. Magnitude of the Fd relative to its value at 1 AU for the 1D
numerical model and the 2D non-drift model. The + symbols portray
data from Webber et al. (1986)
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Fig. 6b. The recovery times for the 1D and 2D non-drift models shown
in Fig. 6a. Data are from Webber et al. (1986). Values for the 1D model
must be multiplied by 5.6 to get actual values

the other parameters in (6) fixed], but with the 2D model
(AjT/jT)max oC 1/I<rr - K_L/rKll . (11)

Since this model produces a latitudinal gradient (following from
the spatial dependence of the diffusion coefficients which ensures
that they are larger at higher latitudes), particles at higher lati-
tudes diffuse inwards to the Sun but also downwards to lower
latitudes because of crossfield diffusion. The travelling distur-
bance, acting as a semi-penetrable barrier to inward diffusing
particles, now also has to deal with the extra contributions from
higher latitudes and is therefore less successful in sweeping away
the incoming particles causing smaller decreases compared with
those of the 1D model as shown in Fig. 6a. According to the data
in this figure the magnitude of the Fd has a moderate radial
dependence in the equatorial plane and in that aspect agrees well
with the 2D model except for very small radial distances. The
1D model is obviously less successful. In Fig. 6b the recovery
times of the Fd for the two models are shown as a function of
radial distance in the equatorial plane. The 2D result shows an
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almost linear increase with radial distance and is significantly less
than for the 1D model. With the additional complexities of lat-
itudinally dependent modulation, in terms of diffusion and solar
wind velocity, a simple expression like Eq. (11) can, unfortunately,
not be used, not even qualitatively, to predict these tendencies in
the recovery times correctly. However, the principle stated in the
previous section that the recovery time is determined by what
modulation conditions the propagating disturbance encounters
between the observer and the modulation boundary, and not by
the local values of the parameters, can still be applied to explain
this significant reduction in the recovery times. For instance, in
the 1D version the only way the intensity can recover behind the
disturbance is through the radially inward diffusion of cosmic
rays through the moving disturbance, provided that the effec-
tiveness of the disturbance in forming a barrier against cosmic
rays grows less while propagating radially outwards as illustrated
in Figs. 1a and 2a. In the axially-symmetric model diffusion per-
pendicular to the IMF occurs and plays an important role. We
specified the latitudinal extent of the disturbance at 15° above
and below the equatorial plane which allowed particles to diffuse
freely around the disturbance to fill up the cavity left behind by
the disturbance. In other words, the recovery time of a Fd, at a
particular position, according to the 2D model depends not only
on the decrease in the effectiveness of the disturbance to sweep
away incoming particles with radial distance, but is also strongly
influenced by the latitudinal extent of the disturbance combined
with the effect of K. (This will be illustrated in detail in Figs. 8
and 9.) The full impact of latitudinal diffusion is, of course, de-
termined by the latitudinal dependence of the diffusion coefficients
used. This latitudinal dependence (e.g., K,, oc r* at 6 = 0°, but
only oc %% at 6 = 90°) ensures that the latitudinal gradient is
large enough to make diffusion in the latitudinal direction quite
effective. How large this off-equatorial contributions in reality
are is unknown due to the lack of observations at higher latitudes.
The increase in the recovery time with radial distance is, however,
not only determined by the specified spatial dependence of the
diffusion coefficients, but also by the developing geometry of the
propagating disturbance as were established with several test
runs. Although the disturbance has a fixed radial and latitudinal
extent at all radial distances, it acquires an area which increases
proportional to r in our spherical coordinate system and so be-
comes a more effective barrier against incoming particles at larger
radical distances. This view was in fact also proposed by Webber
et al. (1986) as an explanation for the increase in the recovery
times observed for the Fd as a function of radial distance shown
in Fig. 6b. In that figure the recovery times with the 2D model
are compatible with the data, but in contrast to the much too
long recovery times of the 1D model. The reasonable compati-
bility of 2D results with the data concerning both the magnitude
and the recovery time of the Fd in the equatorial plane emphasises
the important role of perpendicular diffusion and the latitudinal
extent of the propagating disturbance if realistic simulations of
Fd’s are to be done. The fact that this compatibility with the data
(observed during periods of increased solar activity from 1978-
1984) has been achieved with an isolated propagating disturbance
might imply that such disturbances, causing Fd’s, could also be
present during these more active periods or that an isolated prop-
agating disturbance could produce for the magnitude and the
recovery time a radial dependence for Fd’s similar to those ob-
served between 1978-1984 when merging effects were supposedly
more important.
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In Fig. 7a and b respectively we show the corresponding
intensity-time profiles at Earth of Fd’s simulated with the 1D and
the 2D models of Fig. 6. These profiles are normalised to the
undisturbed pre-Fd intensity levels. Shown in Fig. 7a is the fact
that the combination of a disturbance without radial evolution
and a K,, in the equatorial plane with a weak radial dependence
(K,, oc ¥°-%) produces, in the case of the 1D model, an unrealistic
Fd because of its very slow recovery of 111 days while the 2D
model, on the other hand, gives a very realistic time-profile for
the Fd and also features quite prominently at larger radial dis-
tances as shown in Fig. 6. In Fig. 7c we also show the intensity-
time profile of the Fd with the 2D model at 20 AU, normalised
to the intensity-time profile in Fig. 7b. From 1 AU to 20 AU the
magnitude of the Fd decreases from 9% to 4%, while the recovery
time increases from 4 days to 33 days in accordance with what
was shown in Fig. 6. A surprising aspect of the Fd at 20 AU is
the extraordinary large precursor compared with what was found
at 1 AU. It is, of course, to be expected that the model which is
based on simplified modulation conditions (e.g., neglecting azi-
muthal effects) will produce larger precursors than what follows
from observations. Nevertheless, this prediction seems in quali-
tative agreement with observations reported by McDonald et al.
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Fig. 7a. The Fd shown at Earth on an intensity-time scale for the 1D
model in Fig. 6
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(1981). This feature will be discussed further when the results of
a drift model are shown.

In the absence of any analytical 2D work we will illustrate
with the next four figures what the effects of K, and the latitudinal
extent of the disturbance are on the recovery times and magnitude
of Fd’s. The results of these Figures are comparable to those of
Thomas & Gall (1984) who followed a totally different approach
by applying Monte Carlo techniques. In Fig. 8a and b the mag-
nitude and recovery time of the Fd as a function of radial distance
in the equatorial plane for 1 GeV protons are shown respectively.
The calculations were done with K, = 0.025K; 0.05K, and
0.1K and illustrate that the magnitude of the Fd becomes smaller
at almost all radial distances when K is increased, and is qual-
itatively in accordance with Eq. (11). The increase in K, results
in an increase in the radial dependence and magnitude of K,, so
that stronger radial diffusion as well as perpendicular diffusion
occur. The propagating disturbance is consequently less effective
in barring incoming particles and the magnitude of the Fd is
reduced. In Fig. 8b one can see that recovery time is also reduced
at all radial distances in the equatorial plane when K | is increased.
This increase in K | allows particles to diffuse more freely around
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Fig. 8a. The magnitude of the Fd, as a function of radial distance, cal-
culated with the 2D non-drift model for: (i) K, = 0.025K, (i) K, =
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the disturbance and causes therefore an increase in the tempo
with which the cavity, left behind by the propagating disturbance,
will be filled. The increased radial dependence of K,, when K|
is increased now causes the effectiveness of the disturbance in
forming a barrier against incoming cosmic rays to increase at a
slower rate while propagating radially outwards and thereby also
contributes to the reduced recovery times.

Figure 9a and b show respectively what happens to the mag-
nitude and the recovery time of a Fd in the equatorial plane when
the latitudinal extent of the disturbance in increased from 6° to
15°, and then for illustrative purposes to the extreme of 90°, above
and below the equatorial plane. According to Fig. 9a the lati-
tudinal expansion of the disturbance results in an increase in the
magnitude of the Fd at all radial distances as well as an increase
in the radial dependence of the magnitude in the equatorial plane,
especially at smaller radial distances. This reflects the fact that a
larger latitudinal extent for the disturbance enhances the ability
of the propagating disturbance to act as an effective barrier
against incoming particles. In Fig. 9b a larger latitudinal extent
for the disturbance results in a significant increase in the recovery
time of the Fd at all radial distances. At higher latitudes more
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Fig. 9a. The magnitude of the Fd calculated with the 2D non-drift model
for different values of the latitudinal extent of the disturbance above and
below the equatorial plane: (i) 90°, (ii) 15° and (iii) 6°

SR

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991A%26A...243..531L

L.

FTOOIAGA 777437 "

o)
o

1 GeV protons

N

@]
T

o

(i)

W
o
T

N
o
T

(i)

Recovery time (days)
o

5...;110-..

25

OO

550 30

Radial distance (AU)
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particles are barred from diffusing around the larger disturbance
and so the recovery rate of the decreased intensity behind the
disturbance is retarded to become unrealistically large when 90°
is used. An interesting aspect to note from Fig. 9a and b is how
the increase in the latitudinal extent of the disturbance leads to
results which become quantitatively similar to that of the 1D
model shown in Fig. 6a and b. These geometrical effects can be
attributed to the fact that the 2D disturbance, when enlarged to
be present at all latitudes (latitudinal extent of 90°), actually
becomes a barrier which surrounds the Sun at all latitudes pro-
ducing effects similar to that of the 1D model.

5. The simulation of Fd’s with an axially-symmetric drift model

In this section we study the decrease and recovery of Fd’s with
a 2D model which includes gradient and curvature drift as well
as a simulated wavy neutral sheet. This leads, of course, to a
scenario for heliospheric modulation that is considerably more
complex and little success is achieved with any attempt to describe
the characteristics of the Fd by a simple linear combination of
diffusion coefficients as in Eq. (11), for instance. In order to gain
some understanding of the effects of drift and the neutral sheet
we compare results when A4 > 0 (northern-hemispheric IMF
points away from the Sun) with when A < 0 (northern-hemi-
spheric IMF points towards the Sun) and for increased waviness
of the neutral sheet. This enables us to present novel results which
predict how the recovery times will be effected by different tilt
values of the neutral sheet and by the polarity reversal of the
IMF. These predictions can then be used to evaluate the role of
drift on Fd’s in the heliosphere.

In Fig. 10 we show simulated intensity-time profiles for Fd’s
done for 1 GeV protons at Earth respectively for the epochs with
A > 0and A4 < 0, and also when drift effects were neglected. The
drift cases were done with a neutral sheet tilt angle, « = 10°, which
represents solar minimum conditions, and (K;), = 1 in Eq. (3).
The rest of the modulation parameters were kept as specified for
the 2D non-drift model in the previous section. It is shown in
this figure that the characteristics of a typical Fd at 1 AU, namely
a small precursor (but only for 4 < 0), a fast decrease and more
gradual almost exponential recovery of a few days are present.
The recovery times show a marked change when the polarity of
the IMF is reversed — it changes from ~3.8d when 4 >0 to
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Fig. 10. Intensity-time profiles with the recovery times of the Fd at Earth
for the 2D drift model (4 > 0 and 4 < 0), and the 2D non-drift model.
A neutral sheet tilt angle of 10° was used for the drift model. (The small
wiggles are artificial and result from the used grid.)

~10.6d when 4 < 0. The non-drift result lies in between with a
recovery time of ~4.6d. These tendencies agree with the results
of Kadokura & Nishida (1986). A very interesting prediction of
our model is that precursors should occur more frequently during
A < 0 epochs because of the peculiar drift velocity field in con-
junction with diffusion during those periods.

The results shown in Fig. 10 can easily be explained by con-
sidering the direction of particle drift in the heliosphere. During
an A > 0 epoch positive particles drift from high heliospheric
latitudes down towards the equatorial plane and outwards along
the neutral sheet. Drift and diffusion are then complementing
each other at higher latitudes, while in the equatorial regions
drift and the radially inward directed diffusion are in opposition.
Under these circumstances the cavity left behind by the propa-
gating disturbance in the equatorial regions will be filled at a
more rapid rate when 4 > 0 than with drift neglected. Neutral
sheet drift and radial diffusion are complementing each other in
the equatorial regions, when A < 0, but the particles also drift
away from the equatorial plane so that the filling in of the cavity
by particles scattering through the disturbance and latitudinally
around is less effective than when they drift downwards from the
polar regions. The recovery rate with 4 <0 is consequently
slower than in the non-drift case, and even more so when A > 0.
The response of the magnitude of the Fd to the polarity change
of the IMF is however small, illustrating that drift has an almost
negligible effect on the magnitude of Fd’s at Earth. At larger
radial distances, however, the effect of drift on the magnitude and
the recovery time of the Fd actually increases and will be discussed
in more detail when Fig. 12 is shown. Despite the complexity of
a drift description of modulation it was found that the importance
of drift as judged by the magnitude of the polarity-reversal effect
can qualitatively be explained by considering the radial depen-
dence of K in the equatorial plane [Ky oc ; Eq. (3)], which is
according to our assumption the result of the radial dependence
of the Parker spiral field. Since K; is smaller at small radial
distances it produces less pronounced drift effects at Earth com-
pared with larger radial distances so that the polarity reversal of
the IMF should be less able to effect the magnitude of the Fd at
Earth.
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Observationally, Lockwood et al. (1986) found an average
recovery time of about 5 days for Fd’s at 1 AU which compares
remarkably well with the model’s predictions for the non-drift
and A > 0 drift case. For 4 < 0 the predicted recovery time of
10.6 days is much longer than observed, of course. In fact, this
large effect of the polarity reversal of the IMF has not been
observed, although some, but barely statistically significant drift
effects were reported by Mulder & Moraal (1986). One should
keep in mind, however, that the results shown in Fig. 10 were
obtained with & = 10°, i.e., for minimum solar activity. Since many
of the Fd’s in the above-mentioned data analyses were actually
observed during times of increased solar activity, the question
arises what effect an increasing « would have on the recovery
times before and after the reversal of the polarity of the IMF.
This is demonstrated in Fig. 11 where the recovery times of Fd’s
at Earth for 1 GeV protons are plotted as a function of increas-
ing diffusion for the two polarity epochs for the IMF, for periods
of low and high solar activity, ie., tilt values of 10° and 50°
respectively, and compared with the recovery times for the non-
drift case. From this figure it follows that: (1) The recovery time
is more sensitive to changes in the waviness of the neutral sheet
when A < 0. This makes sense because when A > 0 the emphasis
is more on a recovery with particles coming from higher latitudes
where the neutral sheet is relatively unimportant whereas when
A < 0 particles primarily encounter the disturbance head on, and
the effect of the changing waviness of the neutral sheet becomes
important. (2) The effect of the polarity change is smaller with
large tilt values — the recovery times are generally smaller for large
tilt values when 4 < 0, but somewhat larger when 4 > 0. (3) The
effect of a polarity reversal on the recovery time is also dependent
on the amount of diffusion since the recovery times seem to
converge with the non-drift case with increasing diffusion, illus-
trating how drift loses ground against the stronger diffusion. With
little diffusion, changes in the waviness of the neutral sheet ac-
tually become ineffective when A < 0, suggesting that drift is so
dominant that not even a factor of 5 change in the waviness of
the neutral sheet can influence the recovery rate. These results
indicate that drift effects on the recovery times of Fd’s are at its
largest when the tilt angle of the neutral sheet is small, and that
the drift effect must preferably not entirely be judged by a data
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Fig. 11. Recovery times of Fd’s at Earth as a function of increasing
diffusion for the drift model with A > 0, 4 < 0, & = 10° and 50°, and no
drift respectively. K, in units of 6102°cm?s~! - see Eq. (2a)

analysis of Fd’s over all degrees of waviness as had been done
(Lockwood et al. 1986; Mulder & Moraal 1986; Morishita et al.
1990).

Although the maximum polarity-reversal effect of the IMF
on the recovery time at Earth shown in Fig. 11 is reduced sig-
nificantly from ~ 6.5 day difference, with small tilt values, to ~4
day difference, with large tilt values, when the polarity of the
IMF is changed, the difference of 4 days is still large compared
with the almost negligible observed effect. We subsequently con-
sidered three other variations of our model. First, the suggestion
of Jokipii & Ko6ta (1989) that the solar polar field has a transverse
component which becomes important at larger radial distances
and deviates from the generally accepted Parker spiral field in
those regions which should lead to decreased drift effects, espe-
cially when A > 0. Using this approach we altered the field mag-
nitude substantially in the polar regions — by a factor 40 at 6 = 0°,
when r = 40 AU, but only a factor 1.2 in the equatorial plane at
0 = 90°. The effect on the recovery times at Earth is shown in
Table 1 compared with that for the standard spiral field approach.
Evidently, the polarity-reversal effect on the recovery times re-
mains as strong as before, although the recovery times differ from
the standard spiral field values. The reason is that the new solar
polar field deviates very little from the Parker spiral field in the
inner heliosphere, implying that the reduction should be larger
at larger radial distances. Secondly, following Lockwood et al.
(1986), we used a propagating disturbance which decayed ex-
ponentially like ¢ ~"/7. Tt follows from Table 1 that this approach
significantly increased the recovery rate when 4 < 0, and thereby
reduced the polarity-reversal effect remarkably. The reason is that
a decaying barrier is less effective stopping particles drifting in-
ward along the neutral sheet. Although more successful in ex-
plaining the observed small polarity-reversal effect on the
recovery times the decay of disturbances means that Fd’s will
tend to die out at larger radial distances which seems contrary
to the results of Lockwood & Webber (1987). Furthermore, ac-
cording to Burlaga et al. (1985) disturbances seem to merge pro-
ducing large MIR’s which should have a profound effect on the
modulation. Experimental results therefore support, in general,
stronger effects with increasing radial distance rather than de-
caying effects. The third explored option is the argument that
drift was generally too strong and had to be scaled down as
originally proposed by Potgieter et al. (1989). In conjunction,
Webber at al. (1990) found that it was necessary to reduce drift
by a factor of 2 at lower energies, E = 120-227 MeV, in their
steady state drift model in order to achieve a good correlation
between their predictions and data when 4 < 0 (1980-1987) and
o 2 35°. Furthermore, Le Roux & Potgieter (1990a) — see also
Potgieter & Le Roux (1990) — showed that a time-dependent drift

Table 1. Effect of four different approaches on the recovery times
of Fd’s. Normalised values are given in parentheses

Approach Recovery time (days) at Earth
A>0 A<0

Parker spiral field (standard) 3.8 (1.0) 10.6 (2.8)

Solar polar field deviation 49 (1.0) 13.3 (2.7)

Equatorial disturbance decay 3.5(1.0) 6.0 (1.7)

Drift reduced by a factor of 3 4.3 (1.0) 6.5 (1.5)
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model with real neutral sheet values incorporated was generally
successful in explaining the observed intensity-tilt relationship for
E > 60 MeV protons from 1976—1987 only when a < (35 + 5)°.
The intensity-tilt correlation with the data also showed a too
large drift effect when the polarity of the IMF was switched.
Decreased drift is also supported by the observation that the IMF
had increased from ~5nTin 1976 to ~9nT in 1982 (Winterhalter
et al. 1990). Since it is generally assumed that Ko 1/B this ob-
servation implies that drift would decrease by a factor of almost
2 with increasing solar activity. A too large drift effect with an
IMF polarity reversal was also found by Potgieter & Burger
(1990) when they studied the He/(e™ + e7) ratio with a steady
state drift model for particles with a rigidity of 800 MV. An overall
reduction of drift by at least a factor of 2 was needed to predict
a ratio compatible with observations. From these references and
present results follow that from both a theoretical and obser-
vational viewpoint there is ample evidence in favour of decreased
drift. To study the effect of such a reduction we scaled drift down
by a factor of 3 [(K), = 0.33 in Eq. (3)]. The result is presented
in Table 1 and shows that the recovery time at Earth increased
by 2.2 days when the polarity of the IMF was changed. Although
this change at Earth is more reasonable the situation at larger
radial distances in the equatorial plane is different. For example,
in Fig. 12a the magnitude of the Fd as a function of radial distance
in the equatorial plane, for both polarities of the IMF and with
drift scaled down by a factor of 3, is compared with that of the
2D non-drift model and illustrates that although the magnitude
of the Fd is quite similar in the inner heliosphere, the difference
for the two polarity epochs increases with radial distance. A
similar pattern is noticeable in the recovery times shown in Fig.
12b - for the drift model they deviate increasingly from each other
and from the non-drift model with increasing radial distances.
(As mentioned before, this increase in the polarity-reversal effect
on both the magnitude and the recovery time of the Fd at larger
radial distances can be related to the radial dependence of K; in
the equatorial plane.) This, incidentally, provides another way of
evaluating the role of drift with regard to Fd’s. If drift is important,
observations should reveal an increase in the effect of the polarity
change of the IMF on the magnitude, but especially the recovery
times, of Fd’s with increasing radial distance.

— .
1 GeV protons E

T 2 3 4 5 6 7 8 9 10
Radial distance (AU)

Fig. 12a. The magnitude of Fd’s simulated with the 2D drift model when
drift is reduced by a factor of 3. The 2D non-drift result is shown for
comparison. Values are normalised to those of the non-drift model at
1 AU
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Fig. 12b. Same as in Fig. 12a, with the recovery times of the simulated
Fd’s

Decreased drift effects nonetheless give a radial dependence
for these quantities which is much closer to that of the non-drift
model than what would have been the case for full drift. Since
we have shown in Fig. 6a and b that the 2D non-drift model
gives reasonable compatibility with data, the option of decreased
drift has an advantage over the previously discussed option of a
decaying travelling disturbance. The reason is that decreased drift
not only has the potential of resolving the problem of the too
large polarity-reversal effect of the IMF on the recovery time at
Earth, but also give a reasonable radial dependence for both the
magnitude and the recovery time which is not possible with a
decaying propagating disturbance.

6. Summary and conclusions

We developed an axially-symmetric time-dependent drift model
with a simulated wavy neutral sheet with which Fd’s were mod-
elled by assuming that they were caused by propagating regions
of enhanced scattering and diminished drift. We subsequently
studied the magnitude of the Fd and its recovery time as a function
of radial distance in the equatorial plane. The model was first
simplified into a 1D model to be tested against the results of the
linear analysis of Chih & Lee (1986). From the linear analysis it
firstly followed that in our numerical 1D model version the mag-
nitude of a Fd at a particular position in the heliosphere should
be determined by Eq. (6). Second, the magnitude of the decrease
was determined by the local modulation conditions, i.e., the solar
wind velocity and the radial diffusion coefficient, and character-
istics of the disturbance, i.e., the radial extent and the amplitude.
This is to be contrasted with the recovery, which, in being less
abrupt then the decrease, was determined by the modulation
conditions which the propagating disturbance encountered and
the evolution of the disturbance during propagation between the
observer and the modulation boundary. Overall, the 1D numer-
ical model behaved qualitatively in accordance with the results
of the linear analysis. Quantitative differences were found to be
the result of the assumptions upon which the linear analysis rested
like small perturbations and the neglect of energy changes. To
simulate a realistic Fd at Earth with the 1D model it was necessary
to use a disturbance that became less effective in sweeping away
inward diffusing particles at larger radial distances as it travelled
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radially outwards either by: (1) the decay of the amplitude or the
radial dimension of the disturbance; (2) or an increase in the
radial dependence of K,,. In both cases we found a decrease in
the magnitude of the Fd and an increase in the recovery time
with increasing radial distance which corresponded qualitatively
with observations (Webber et al. 1986; Lockwood & Webber
1987). The radial dependence of the magnitude, however, was too
strong with the result that the 1D model predicted that the Fd
could only barely reach large radial distances in the heliosphere
and, if so, in a much reduced state contrary to observations.

Applications of the 2D non-drift model showed that the mag-
nitude of Fd adhered qualitatively to the local value of a linear
combination of radial and latitudinal diffusion given by Eq. (11).
The complexity of a 2D model of the heliosphere, however, did
not allow the application of this simple expression to describe
the recovery time. The radial dependence of both the magnitude
and the recovery time of the Fd showed a promising compatibility
with the data of Webber et al. (1986), thereby solving the problem
of the vanishing Fd at larger radial distances obtained with the
1D model. This improvement was a natural consequence of the
important role of crossfield diffusion and the 2D geometry of
the disturbance. The 2D model also predicted an increase in the
recovery times of Fd’s with radial distance in general agreement
with the observations of Webber et al. (1986). This increase in
the recovery time was not only determined by the specified spatial
dependence of the diffusion coefficients, but also by the developing
geometry of the propagating disturbance. Although the distur-
bance had a fixed radial and latitudinal extent at all radial dis-
tances, it acquired an area which increased linearly with increasing
radial distance in our spherical coordinate system and so became
a more effective barrier against incoming particles at larger radial
distances.

The 2D drift model was remarkably successful in giving a
realistic intensity-time profile for the Fd at Earth considering the
additional complexity brought about by incorporating drift in
the model. Little success, however, was achieved with any attempt
to describe the characteristics of the Fd with a simple linear
combination of diffusion and drift coefficients. The calculated
recovery times of Fd’s at Earth, however, were noticeably longer
during the 4 < 0 epoch (northern hemispheric IMF points to-
wards the Sun) compared with the 4 > 0 epoch (northern hemi-
spheric IMF points away from the Sun) for a small neutral sheet
tilt angle, « = 10°, which corresponds to solar minimum condi-
tions. This polarity-reversal effect of the IMF was found too large
compared with observations (e.g., Lockwood et al. 1986). The
drift model also predicted that precursors should appear more
frequently during periods when 4 < 0(e.g., after 1980). We utilised
the ability of our model to simulate the effect of the waviness of
the neutral sheet on cosmic rays for differing degrees of « to
illustrate the resulting change in the polarity-reversal effect as a
function of diffusion. We showed for the first time that the po-
larity-reversal effect was reduced significantly when the tilt angle
was increased corresponding to solar maximum conditions. The
model clearly predicts that if drift does indeed play a role in
modulation, the effect of the polarity reversal of the IMF on the
recovery time of Fd’s should be noticeable in the data, at least,
at or near solar minimum activity and that the effects may be
smoothed out if Fd’s were studied over an entire solar cycle.
Although large tilt values helped to decrease the polarity-reversal
effect of the IMF on the recovery time significantly, the effect
was still too large. In an attempt to solve the problem we also

considered three modifications to the drift model namely the effect
of a solar polar field deviating from a Parker spiral field, decaying
disturbances as a function of r, and reduced drift (factor of 3).
The best results compared with observations at Earth were
achieved with reduced drift. The polarity-reversal effect, however,
was stronger at large radial distances in the equatorial plane,
even for reduced drift. This incidentally provides another way in
which the role of drift can be tested if enough data on Fd’s
become available for two consecutive solar cycles. This apparent
necessity for reduced drift may be seen as another argument in
favour of the viewpoint that drift effects are generally predicted
too large by current models (Potgieter et al. 1989; Webber et al.
1990; Potgieter & Burger 1990; Le Roux & Potgieter 1990a,
1990b; Potgieter & Le Roux 1990). Yet, it must also be remem-
bered that this 2D model of the Fd is a highly idealised simulation
simply based on enhanced diffusion and reduced drift. Further-
more, longitudinal modulation which could contribute to a de-
crease in the polarity-reversal effect on both the recovery times
and the precursors of Fd’s at Earth had not been addressed. Such
effects, however, entail the development of a three dimensional
time-dependent code which requires a vast increase in computer
time not available to us at this stage. A detailed modelling of the
spatial and temporal variation in the solar wind velocity and the
IMF in the propagating disturbance have for the same reason
also not been attempted. It therefore may well be that a more
detailed simulation of the propagating disturbance causing Fd’s
in both a two- and three-dimensional model could render the
reduction of drift for a further improvement in the correlation
with data before and after the polarity reversal to be less im-
portant. An interesting effect like the influence of the acceleration
of cosmic rays at the disturbance on the Fd can also be studied
but is only of secondary importance at relative high particle
energies, such as 1 GeV, studied in this paper.
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