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Abstract. Coronal Mass Ejections (CMESs) are plasma eruptions from the solar atmosphere involving
previously closed field regions which are expelled into the interplanetary medium. Such regions, and
the shocks which they may generate, have pronounced effects on cosmic ray densities both locally
and at some distance away. These energetic particle effects can often be used to identify CMEs in
the interplanetary medium, where they are usually called ‘ejecta’. When both the ejecta and shock
effects are present the resulting cosmic ray event is called a ‘classical, two-step’ Forbush decrease.
This paper will summarize the characteristics of CMEs, their effects on particles and the present
understanding of the mechanisms involved which cause the particle effects. The role of CMEs in
long term modulation will also be discussed.

1. Introduction

Decreases in the cosmic ray count rate which last typically for about a week,
were first observed by Forbush (1937) and Hess and Demmelmair (1937) using
ionisation chambers. It was the early 1950s work of Simpson using neutron mon-
itors (Simpson, 1954) which showed that the origin of these decreases was in the
interplanetary medium. There are two basic types. ‘Non-recurrent decreases’ are
caused by transient interplanetary events which are related to mass ejections from
the Sun. They have a sudden onset, reach maximum depression within about a day
and have a more gradual recovery. ‘Recurrent decreases’ (Lockwood, 1971) have
a more gradual onset, are more symmetric in profile, and are well associated with
corotating high speed solar wind streanesy( lucci et al., 1979a). Historically,
all short term decreases have been called ‘Forbush decreases’. However, some re-
searchers use the name more selectively to apply to only those with a sudden onset
and a gradual recovery, it i.e., the non-recurrent events associated with transient
solar wind disturbances. In this paper, the term Forbush decrease (Fd) will be used
in this way, and only this type of short-term cosmic ray decrease will be discussed.
Figure 1 shows an example of a ‘classical’ Forbush decrease. In this figure a
measure of the isotropic intensity (shown by the thick line) is obtained by aver-
aging the count rate measured by three neutron monitors (Deep River, Kerguelen
and Mt. Wellington) with similar responses and spaced approximately equally in
longitude. The rates from the individual monitors are shown (using thin lines)
in order to illustrate the variability which occurs between stations. The presence
of two steps is indicated. The first decrease occurs in the turbulent field region
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Figure 1.Percentage decrease for three neutron monitor stations spaced about equally in longitude
(Deep River, Mt.Wellington, Kerguelen). The heavy line indicates the average of the count rates
which is an approximate measure of the isotropic intensity. The two steps are indicated. Note the
greater variability between stations (it i.e. more anisotropy) for about a day after the second step.

that is generated behind the shock which this fast ejecta creates in the medium
ahead of it. A reduction in the cosmic ray density also occurs inside the ejecta
because of its closed field line geometry. This paper is about such two-step particle
decreases. The various features seen in Figure 1 are discussed in Section 3. Since it
is important to understand the characteristics of the coronal mass ejections (CMES)
which create the ejecta, in order to understand Fds, this paper presents some of the
basic characteristics of CMEs before discussing the particle observations and their
interpretation. Of particular importance is the topology of CMEs and in particular
whether their magnetic field lines are completely closed, it i.e. not connected to
the ambient interplanetary magnetic field. Also of importance is the variation of
the occurrence rate of CMEs during the solar activity cycle since this tells us what
we should expect for the occurrence rate of Fds. The CME rate is also important
if we want to understand the contribution of Fds to long term (11- and 22-year)
modulation.
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2. Coronal Mass Ejections, CMEs

2.1. AT THE SUN

CMEs are observed with ‘white-light’ coronagraphs and were first imaged in the
early 1970s (Tousey, 1973; Gosliagal,, 1974). Coronagraph images show Thomp-
son-scattered light from coronal electrons and provide information on the coronal
density and how it changes with time. A good summary of our knowledge of the
characteristics of CMEs has been presented by Hundhausen (1998) with particu-
lar emphasis on the Solar Maximum Mission (SMM) results. CME speeds occur
in the approximate range 20—2000 km! swith the average speed being about
400 km s'. The extremely fast events tend to occur near solar maximum. In
general, the faster CMEs are associated with flares and the flare-associated events
decelerate close to the Sun whereas other CMEs accelerate (Getstihgl976;
Sheeleyet al, 1999; and references therein). Angular sizes (latitudinal extents)
projected against the plane of the sky occur in the rarigel80 with the av-
erage size slightly less than SQ(In addition, there are events that are viewed
head-on which have apparent sizes of 3p0he average CME kinetic energy

is about 5<10°° ergs. Since 1996, our knowledge of CMEs has been greatly en-
hanced by observations from the LASCO coronagraphs on SOHO. However the
observed CME characteristics.§.speeds, sizes) are consistent with the previous
coronagraph observations (St. Gtral., 1997).

Although CMEs take a number of different forms, itis believed that the processes
which form loop-like ejections may be applicable more generally. CMEs tend to
occur near magnetic neutral lines and often are preceded by the swelling of a
coronal helmet streamer. The helmet streamer gets distorted and finally disrupted
by the expansion of the underlying closed field region. This closed field region
is an arcade of field lines which often contains a prominence. Thus prominence
eruption is a common, but not necessary, occurrence in conjuction with CME lift-
off. (When prominences are observed on the solar disk they are called filaments
and thus prominence eruption is the same thing as filament disappearance.) Flares
also often occur in association with CMEs but they are not necessary and are
certainly not the instigators of mass ejection (&g, Gosling, 1993) as has been
sometimes assumed. Flares are believed to be generated by the heating resulting
from reconnection of field lines blown open by the CME. Flares and prominence
eruptions are different phenomena but often occur simultaneously. When CMEs
occur outside active regions the prominence eruption is often associated with only a
‘flare-like brightening’. Note that somewhere between 30960% of CMEs have
no associated flares or prominences St. Cyr and Webb, 1991). However the associ-
ation rate with other on-disk phenomemag.dimmings, arcades, waves) is greatly
enhanced by the UV and saft-ray observations now available from SOHO and
Yohkoh respectively. Usually the flares associated with CMEs are of long duration
and also have associated meter wavelength type Il and, particularly, type IV radio
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Figure 2.The CME rate large, filled circleg compared with the interplanetary magnetic fiedoh@ll,
open squards(IMF). Carrington rotation averages are used. The IMF has been smoothed using a
running mean over 3 rotations. (The CME data were provided by O. C. St. Cyr.)

bursts (Robinsoet al,, 1986). It is not yet clear whether the shock-generated type
Il emissions are generated by shocks driven by CMEs or from shocks associated
with the flare process.

The CME rate (based on pre-SOHO observations) has been summarised by
Webb and Howard (1994). They found a rate of about 0.25 CMEs'datysolar
minimum rising to about 2.5—3 CMESs dayat solar maximum (see also Figure 2).
These rates are a lower limit because of sensitivity limitations but the overall vari-
ation of rate as a function of epoch in the solar cycle should be representative.
Howardet al. (1985) note that the exclusion of minor CMEs from the rates deter-
mined from Solwind observations would have decreased the amplitude but would
not have substantially affected the phase of the occurrence rate. It is too early to
get any long-term rates from LASCO but the St. @yal. (1997) study obtained a
CME rate of 0.7 CMEs day* during 3 months in early 1997 it i.e. about a factor
of 3 higher than the Webb and Howard solar minimum rate. This is because of the
increased sensitivity of LASCO compared to previous coronagraphs.

It is clear, based on their sizes, that CMEs are related to the large-scale compo-
nents of the solar magnetic field but their role in its long-term evolution is not yet
determined. Since the model of Wang and Sheeley (1995) successfully predicts the
strength of the radial component of the interplanetary magnetic field (IMF) from
photospheric field observations without the inclusion of CMEs, this suggests that
CMEs are not generally a significant component of the solar wind. This can also
be deduced from Figure 2 which shows that the CME rate (SMM data Carrington-
rotation averaged, O. C. St Cyr, private communication) does not track very well
the average interplanetary magnetic field strength time profile. Using one technique
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for identifying CMEs in the interplanetary medium, Goslieigal. (1992) estimate
that at solar maximum CMEs in the solar wind were preself% of the time.

2.2. IN THE INTERPLANETARY MEDIUM

Some researchers use the term CME for the ejected material identified in situ in
the interplanetary medium. Others (including myself) believe that CME should be
reserved for the phenomena observed by coronagraphs and that a different name
should be used for the material in the solar wind because a) of historical precedent
and b) it is not clear how best to identify the complete CME in the interplanetary
medium. It was known some years before CMEs were identified that interplanetary
shocks are driven by material ejected from the Sun. The so-called ‘driver gas’ had
been identified in the interplanetary mediumg, Hirshberget al, 1970) but it

was not known how to identify that material at the Sun. Various signatures are
known which identify driver gas, it i.e., the interplanetary counterparts of CMEs,
which henceforth will be called ‘ejecta’. The signatures of ejecta include depressed
plasma proton temperatures, bidirectional particle flows and strong magnetic fields
(see Richardson and Cane, 1993, for a comprehensive list of references). Not all are
present in every ejecta and the various signatures often do not overlap particularly
well. Figure 3 shows solar wind data for an ejecta in April 1979. The solid vertical
line indicates the time of shock passage and the dashed lines the boundaries of the
ejecta. (Note that there was a reverse shock®2:15 UT on April 25 which is

not indicated on Figure 3). The third panel shows the observed solar wind proton
temperature along with the expected temperature calculated from the observed
wind speed. The black region indicates the region of low temperature indicative
of ejecta material. This technique for identifying ejecta using the temperature and
speed (see Richardson and Cane, 1995) is more convenient than bidirectional solar
wind electron heat flux used by some researchers because it can be calculated
from readily available solar wind data. The horizontal lines in the density panel
indicate the durations of bidirectional solar wind electron heat flux (BDE) (Gosling

et al, 1987) and~1 MeV bidirectional ion flows (BIF) measured by ISEE-3 and
IMP 8 (Richardson and Reames, 1993). Note that they do not occur at the same
times. Since bidirectional flows usually indicate closed field lines, the cessation
of bidirectional electrons often seen inside ejecta has been interpreted by Gosling
et al. (1995) to indicate the presence of open field lines within ejecta which have
reconnected with the ambient IMF.

The ejecta shown in Figure 3 is reasonably typical although with an average
speed of about 600 knT§ it is faster than average. Since its speed is greater
than the upstream solar wind speed this ejecta creates a shock. The region of
compressed/heated plasma between the shock and the ejecta (the post-shock com-
pression region) lasts for about 9 hours. The ejecta extent has been determined
from the various signatures as indicated in the figure. Based on the duration and
the ejecta speed, the radial extent of the ejectadi AU.
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Figure 3.Solar wind data during a period when an ejecta was encountered. The top three panels show
the magnetic field and its component out of the ecliptic, the proton temperature, density and speed.
The dashed line in the temperature panel shows the expected temperature for normal solar wind
expansion. The blackened area is a low temperature region, indicative of an ejecta. The vertical,
dashed lines indicate the extent of the ejecta and the solid line indicates the passage of a shock which
the ejecta creates. Horizontal lines in the density panel indicate the durations of periods of particle
bi-directional (BD) flows, (see the text for more details) another indicator of ejecta material. Note
that the BD flows are intermittent and the different measures do not overlap. The bottom panel shows
the isotropic cosmic ray intensity as determined by using three well-spaced neutron maiaitiad (
line) and the anti-coincidence guard on IMP$lid line). A sudden decrease in cosmic ray count
rate on entry into the ejecta is particularly evident in the IMP 8 data.

Also shown in Figure 3 are measures of the isotropic cosmic ray intensity. The
solid line is data obtained from the anti-coincidence guard of the GSFC medium en-
ergy experiment on IMP 8. The dotted line shows the isotropic intensity determined
from three neutron monitors (as in Figure 1). The solar wind structures discussed
above caused a moderately-sized two step decrease. Note the clear particle depres-
sion during the passage of the ejecta. Since such a depression is nearly always
present, it is to be hoped that in the future a standard technique for identifying the
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presence of ejecta material will be to look at energetic particle data, especially from
neutron monitors.

Of particular interest to theoreticians (because such structures can be easily
modelled) are ejecta with the so-called magnetic cloud or magnetic flux rope geom-
etry. These ejecta have a magnetic enhancement which shows a clear rotation in
direction and are therefore easy to identify. The conclusion of Gosling (1990), that
only one third of ejecta have the magnetic cloud structure is often quoted. However
Caneet al. (1997) suggest that the ratio might be more like 50% and furthermore
that the cloud geometry may be a consequence of intercepting an ejecta near its
centre. Caneet al. (1997) presented an event seen by two spacecraft in which
there was a magnetic cloud at one location but absent at the other. It is important
therefore to note that studies limited to magnetic clouds may exclude about 50%
of all ejecta. The topology assumed for magnetic clouds is that of a flux rope with
both ends attached to the Sun. Leppétgal. (1990) and Bothmer and Schwenn
(1998) find that the axes of magnetic clouds typically lie east-west and close to the
ecliptic. It is unlikely that geometries in which the cloud is completely detached
from the Sun €.g, a spheromak, Vanda al,, 1993) can apply since rapid onsets
of solar energetic particle events are seen at spacecraft when inside ejecta, implying
field line connection to the Sure.g, Farrugiaet al. 1993). Note that the loop type
of geometry implied by Figure 8 of Burlaget al. (1990) in which the ‘legs’ of
the ejecta return to the Sun at widely spaced locations is probably misleading since
the two separated intersections of an ejecta suggested by the figure have never
been recorded. A more likely scenario is that presented in Figure 1 of Crooker
et al. (1998) in which the trailing leg folds into the back of the leading leg with
distortions along the Parker spiral. At the Sun the legs are separated only by a
current sheet and reform the streamer configuration. Although the details of these
ejecta remain to be worked out, it is expected that such organised field structures
may have implications for particle transport.

Our current picture of the large scale structure of the transient interplanetary
shocks created by CMEs differs little from that first proposed by Hundhausen
(1972; see Figure 4). (Hundhausen used the term ‘ejecta’ to identify the drivers
of interplanetary shocks at a time when CMEs were unknown). One feature of
importance is that asymmetries in longitude arise in the effects of interplanetary
shocks (modulation and particle acceleration) because ambient solar wind field
lines get draped around the ejecta as it propagates away from the Sun. This means
that when the shock is beyond the observer, an observer on the western side of an
ejecta is connected to the strongest part of its shock.

While the latitudinal extent of CMESs can be inferred from coronagraph observa-
tions, it is more difficult to infer the longitudinal extent of ejecta following shocks,
though this will certainly be less than that of the associated shock. From a study of
ejecta signatures following a group of very energetic shocks, Richardson and Cane
(1993) determined that the longitudinal extent of ejecta at 1 AU was at most 100
In another multi-spacecraft study Caetal. (1997) found that for less energetic
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events the size extent was probably less than lBOcontrast, some interpretations

of the Ulyssegesults have suggested that ejecta are very large. Part of the apparent
size discrepancy may result from the fact that at high latitudes ejecta ‘over expand’
(Goslinget al,, 1994).

3. Forbush Decreases

3.1. INTRODUCTION

The most comprehensive article about the characteristics of Forbush decreases re-
mains that of Lockwood (1971). Much of the description there is still appropriate
although the understanding of the cause was lacking. Readers interested in early
articles about Fds should refer to the Lockwood (1971) paper. Just a year or so
after this paper, Barnden applied the Hundhausen shock picture to classic, two-
step Forbush decreases in two papers presented at the International Cosmic Ray
Conference in Denver (Barnden, 1973a, b). Barnden reasoned that the first step oc-
curs at the shock and the second at the discontinuity marking entry into the ejecta.
More recently, a number of researcheesy( lucci et al. 1986; Nagashimat al.,

1990) have discussed Fds in terms of two components but it would appear that their
conception of the causative solar wind is not consistent with the correct structure.
For example, luccet al. (1986) appear to have associated the second step with the
magnetic field increase comprised of the post-shock compression region and the
ejecta. More importantly, no theoretical models have been proposed that consider
the fact that there are two different physical mechanisms which cause Fds, it i.e.,
the interplanetary shock, if one is generated, and the interplanetary counterpart of
the CME, the ejecta. Figure 4 illustrates the large scale structure of an ejecta and
associated shock and how the cosmic ray response is related to the path through
the ensemble. (No attempt has been made to show the magnetic field structure, it
e.g., aflux rope, inside the ejecta.)

If an observer is passed by a shock and its associated ejecta, two-steps are seen
as shown for path A. A less energetic ejecta which does not create a shock causes
only a short-duration one component/step decrease as the ejecta passes by. Such
events are often too small to produce a significant decrease in the records of a single
neutron monitor. Since shocks have a greater longitudinal extent than ejecta, it is
possible to intercept the shock but not the ejecta as shown by path B. In this case,
only the effect due to the shock is evident. Note that the ejecta pushes aside the
upstream solar wind, compressing and heating it and that the field lines get draped
around the ejecta. This leads to an asymmetrical structure which is responsible for
the long established asymmetry in the sizes and presence of Fds as a function of
longitude of the associated solar event (Haunaital., 1965).

Thus CME-related cosmic ray decreases are of three basic types; those caused
by a shock and ejecta, those caused by a shock only and those caused by an ejecta



CORONAL MASS EJECTIONS AND FORBUSH DECREASES 63

1T

S
3 .
o

[ 7
===

1
EJECTA »

2 SHOCK

IEJl
|
|
|
2

i
T T T

A

o
SUN

Figure 4.The large-scale structure of a fast ejecta and associated shock. The upstream solar wind
is draped around the ejecta and heated and compressed at the front of the ejecta. Two paths through
the ensemble are indicated with differing resultant cosmic ray profiles. The time of shock passage is
indicated by a vertical line marked S and the start and end times of ejecta passage are marked T1 and
T2. Only if the ejecta is intercepted is a two-step decrease be observed.

only. The majority &80%) of short-term decreases greater than 4% are of the two
step (shock plus ejecta) type (Casteal., 1996). Only very energetic CMESs create
shocks which are strong enough on their flanks to cause significant cosmic ray
decreases for observers who detect the shocks beyond the azimuthal extent of the
‘driver’ CMEs (it i.e. shock-only decreases). In such cases the shocks also generate
major solar energetic particle increases with profiles characteristic of events origi-
nating far from central meridian (Cam al., 1988). The energetic particles allow

one to be sure that the cosmic ray decrease was caused by a CME-driven shock
intercepted on its flank and not by a co-rotating stream.

These two types of decreases are rather similar in appearance which is not
unexpected since the local solar wind conditions are similar. However corotating
streams do not produce detectable particle enhancements a@oveleV amu?!
at 1 AU. In contrast, energetic CMEs are well-associated with solar energetic
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Figure 5. Particle data at four energies for four different types of solar wind fleee (text The
vertical lines indicate the times of shocks and the horizontal lines times of ejecta. The cosmic ray
decreases in the top left and right panels are representative of paths A and B, respectively, in Figure 4.

particle events (Kahleet al, 1987) and the start of the particle event usually
occurs within an hour or so of the associated flare. When high energy particles
(>~50 MeV) are present with a cosmic ray decrease one can be sure that a solar
flare will have accompanied the CME when it left the Sun. Conversely when such
particles are absent the CME is less energetic and the more likely solar signature
of CME departure is a disappearing filament with perhaps a weak flare. However
some of these small two-step decreases will have medlar association.

Figure 5 illustrates the relationships between cosmic ray decreases and lower
energy particle increases at four energieg (~25, >60 MeV, and>2 GeV) and
how they can be used to infer interplanetary and solar associations. The lower
energy data come from the GSFC experiment on IMP 8 and-th&eV data are
the average of the three neutron monitor stations referred to previously. The vertical
lines indicate times of sudden commencement geomagnetic storms, indicative of
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shock passage. The dashed lines are for weaker shocks. The two particle increases
at the top of the figure both extend to above 60 MeV and are associated with
flares. The January 1 1978 flare occurred at°E&&d not surprisingly, in view
of its central location, an ejecta was detected near Earth. In this example the ejecta
decrease is clearly visible in the 1 MeV data at the same time as the minimum
in the cosmic ray decrease on January 4. The April 9 1989 flare occurred at E28
although the particle profile, with most of the increase after shock passage, is more
characteristic of an event located further from central meridian. The double hump
in the >60 MeV profile is unusual and it is not clear whether this a second solar
event or not. No ejecta was detected at Earth and the cosmic ray decrease has a
rather smooth gradual profile. The short decrease after the second weak shock is
caused by an ejecta almost definitely related to a separate solar event.

In the absence of particles accelerated to above a few MeV, the two cosmic ray
decreases at the bottom of Figure 5 are also seen in-@eMeV data and are
about a factor of 2 larger than in the2 GeV data. The lower left panel illustrates
the particle response to a slow ejecta in March 1980. At 1 AU the ejecta speed
was near 400 km's. The associated shock did not generate a detectable particle
increase above 1 MeV nor a cosmic ray decrease. (Note that it is the low particle
intensity at this time that is primarily responsible for the absence of 1 and 25 MeV
data.) The cosmic ray decrease was produced only by the ejecta. Note that the
decrease recovered as soon as the ejecta had passed on March 21. The lower right
panel shows, for comparative purposes, a decrease caused by a co-rotating stream.
It looks quite similar to the Fd in the panel above but note that the particle increase,
caused by acceleration at the corotating reverse shock in the outer heliosphere, does
not extend above 20 MeV. Furthermore, the particles peak several days after shock
passage instead of within a few hours of shock passage.

3.2. GENERAL CHARACTERISTICS

The characteristics of the two parts composing Fds need to be considered separately
and such a comprehensive study has yet to be done. For a recent summary of Fds
in terms of the two steps see Wibbereaztzal. (1998). Below the characteristics of
entire decreases are summarised.

Magnitudes of Fds.The largest Fds have magnitudes in the range 10-25%
for neutron monitors. Note that because of anisotropies present in neutron monitor
data, the size reported for an Fd will vary from one station to another. Also the
sizes will be smaller if daily averages are used rather than hourly averages. For a
30-year period from 1964-1994 Caeteal. (1996) list 10 events-10% for neutron
monitors (it e.g. Mt. Wellington) with a cut-off rigidity of~2.0 GV. At the lower
rigidities accessible via spacecraft observations, Fds are larger. Lockstaid
(1986) and Canet al. (1993) found that the ratio of the magnitudes of decreases
as seen by IMP 8 (median rigidity ef2 GV) relative to Mt. Wellington/Mt. Wash-
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ington was typically about 2 for those events in which there were no accelerated
particles.

Rigidity dependenceThe rigidity (P) dependence of the amplitude of Fds is
approximately equal t&®~” wherey ranges from about 0.4-1.2. A number of
researchers have examined whether the rigidity dependence of Fds varies with the
Sun’s polarity and all groups have concluded that it does not (see, it e.g., Morishita
et al, 1990).

Precursory increaseMany Fds show a precursory increase. Such an increase
can result from reflection of particles from the shock or acceleration at the shock.
Few neutron monitor researchers seem to consider the latter as likely even for
very large energetic shocks despite the fact that at the energies accessible from
spacecraft there appears to be a continuum from low to high energies of the shock-
accelerated population. Two events in which this was the case are the August 4
1972 and October 20 1989 shocks. Precursory decreases are discussed in Sec-
tion 3.3.

Recovery characteristicdn isolated single Fds the recovery can be described as
exponential with an average recovery time~d@ days but ranging from3 to~10
days (Lockwoockt al., 1986). The recovery time is dependent on the longitude of
the solar source region (Barnden, 1973a; lwetcal., 1979b; Canest al, 1994).
Lockwoodet al. (1986) found that the recovery time was independent of rigidity
in the range~2 to ~5 GV and with no dependence on solar polarity or time in
the solar cycle. In contrast Mulder and Moraal (1986) found that the recoveries
were longer for thed <0 epoch in the 1960s compared with the-0 epoch in the
1970s. These authors did not fit recoveries to individual events but rather compared
recoveries when the event minima were normalised.

Anisotropies.Fds display anisotropies both in, and perpendicular to, the ecliptic
plane and these are related to the structure of the associated solar wind. Anisotropies
are most marked near shock passage and inside ejecta. There are also periods of
enhanced diurnal waves in the recovery phases of Fds. For a summary of early work
see Duggal and Pomerantz (1978). For a more detailed discussion and a summary
of recent work see Section 3.3.

Solar associationsLarge Fds are caused by fast CMEs and their associated
interplanetary shocks which can be associated with specific solar flares. Note again
that the flare does not produce the CME (see also Gosling, 1993) but nevertheless
is a useful diagnostic for determining the longitude on the Sun at which the CMEs
and interplanetary shocks causing Fds originate. In some less energetic CME/Fd
events itis also possible to deduce a ‘source longitude’ by noting the occurrence of
a disappearing filament without a flare. It is of historical interest that Gosling, in a
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private communication referred to by Duggal and Pomerantz (1978), suggested that
mass ejections without associated solar flares might cause some Fds. Previously
Duggal and Pomerantz (1977) had suggested that flares could not be the causes of
Fds based on a superposed epoch analysis between flares and cosmic ray variations.
Caneet al. (1996) have studied alt 4% Forbush decreases for a 30 year period
(1964-1994) and determined which are flare related based on the presence of
associated energetic particle events. Two-step Fds were divided into two classes
depending on whether they were associated with a significant flare or not. The
point is that the flare-associated events are in general caused by more energetic
CMEs. The division has no meaning in terms of the physics of the particle effects
although there is some suggestion (it e.g., Sheela}, 1999) that there are two
classes of CMEs. Caret al.(1996) determined that of 92 ‘classic, two step4%
decreases, slightly more than half (55%) can be associated with significant flare
events. These flares occur within°5df central meridian, consistent with the high
probability of detecting the radially propagating ejecta. That large Fds originate
near central meridian has been known for many years (Yoshida and Akasofu, 1965)
and Barnden (1973b) supplied the explanation in terms of the large scale structure
of solar ejecta in the interplanetary medium as discussed above. Nevertheless many
subsequent workers have attributed two-step decreases to flares occurring far from
central meridian. For example, luagt al. (1979b) used long-lasting type IV emis-
sion to make flare associations. This is a reasonable way to determine those flares
associated with a CME. However not all of the CMEs will intercept the Earth. The
distribution of two-step Fd source regions shown by l@tcil. (1986) extends over
the entire visible disk of the Sun. Given that quite a few CMEs have no associated
flare or filament disappearance one should expect that there will also be Fds with no
such associated solar event. Thus studies attributing interplanetary events to flare
activity alone (it e.g., luccet al, 1979b) or even including disappearing filaments
(Belov and Ivanov, 1997) are likely to have some incorrect associations. Including
energetic particle information on event times, location and energetics allows one to
be sure of events that can be associated with a specific flare.

Occurrence ratesk-ds are most common near solar maximum but occur through-
out the solar cycle. There are fewer than 10 Fds greater than 10% per cycle and
they occur around sunspot maximum but notably not in the year or so just after
solar maximum (Canet al,, 1996). To estimate whether the Fd rate is consistent
with the CME rate, as observed in coronagraph data, note that the CME rate at
solar minimum is approximately 0.7 per day (see Section 2.1). If we assume that
all CMEs are in the ecliptic (which is reasonable at minimum conditions), that
a typical CME is 40 in angular extent and that LASCO can detect CMEs over
a 240 range (it i.e., from the visible disk and 3@eyond each limb) we might
expect something like 0.1 ejecta per day at Earth or 36 per year. Belov (private
communication) reports over 100 ‘Forbush effects’ in the year 1995 but based
on the above estimate it is unlikely that the majority of these events are caused
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by CMEs. From an examination of the solar wind data it appears that many are
caused by small co-rotating high speed streams. One might question the ability of
the LASCO coronagraphs to detect all CMEs on the disk. However the study of
Richardsoret al. (1999) finds a good, almost 1:1 correspondence, between Earth-
directed CMEs seen by LASCO and cosmic ray depressions seen in the IMP 8
guard data. This suggests that there is not a major class of small CMEs, undetected
by LASCO which cause cosmic ray decreases. This also suggests that cosmic ray
decreases are a reliable signature of CMEs in the interplanetary medium.

3.3. ANISOTROPIES

It is remarkable that Barnden (1973b) interpreted the anisotropy information ob-
tained from neutron monitor data in terms of the particle flow patterns related
to the ejecta and its shock. Since that study relied on relating each Fd to a solar
flare it is likely that a number of the associations were incorrect and so the actual
patterns he identified, in terms of large-scale structure, need to be verified. For
the next 15 years or so the relationship between observed anisotropies and solar
wind structures was largely ignored. In fact, since there can be large anisotropies
inside ejecta this was the reason work in the late 1980’s and early 1990’s failed
to identify a clear decrease in ejecta that had a magnetic cloud signature. Many
of the studies used superposed epoch analyses and thus removed much of the
ejecta decrease. Following the first papers about magnetic clouds (it e.g., Zhang
and Burlaga, 1988) it was obvious that cosmic rays should show some signatures
of these closed structures with a regular magnetic field rotation. However when
Zhang and Burlaga (1988) looked at the count rate from a single neutron monitor
they concluded that the response of cosmic rays to clouds was essentially negligible
and that the only cause for Fds was the post-shock turbulence. Also Lockwood
et al. (1991) found that magnetic clouds did not have a significant effect on cosmic
rays. In contrast, Badruddiet al. (1986) and Sandersaat al. (1990) concluded
that magnetic clouds make an important contribution to Fds. Note that the events
studied by Lockwoodbt al. (1991) were relatively minor. The causes of the confu-
sion are that (a) the conclusions depend on the particular events studied and (b) it
is difficult to relate the cosmic ray variations to solar wind structures using only a
single neutron monitor. The unambiguous depressions caused by magnetic clouds
were first illustrated by Cane (1993) using the anti-coincidence guard on IMP 8
which provides a direct measure of the isotropic intensity.

Other workers (Nagashimet al,, 1990; lucciet al., 1989) started with periods
of large cosmic ray anisotropies and tried to relate them to interplanetary magnetic
field conditions. These researchers recognised the importance of the two com-
ponents to an Fd but unfortunately did not have good methods for isolating the
ejecta component. Their results are very interesting and these techniques should
eventually provide details about the internal structure of ejecta. For example, Na-
gashimaet al. (1990) isolated regions of low cosmic ray density in which the field
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Figure 6.Particle flow directions as determined by Dvornikov and Sdobnov.

has specific characteristics and in which the cosmic rays are supposedly trapped.
These regions had a median duration of about 8 hrs which is less than half the
duration of a typical ejecta. The peaks discussed by Nagadttiala(1990) may

be related to open field lines within ejecta. Note however, that @aak (1997)

find that extended regions of open field geometry are rare inside ejecta, at least on
the ~0.005 AU scale sizes probed by2 GV cosmic rays.

More recently Biebeket al. (1999) deduce for one event, based on anisotropy
data, that the ejecta passed south of the Earth. Hofer and Fliickiger (2000) have
studied a single large event (in March 1991) in detail. The cosmic ray anisotropy
vectors were found to exhibit a rotational behaviour at the onset of the ejecta de-
crease where the modulation was greatest. Hofer and Fllickiger (2000) suggest the
presence of a magnetic cloud-like structure. Unfortunately, solar wind data were
not available to confirm this because IMP 8, the only spacecraft making near-Earth
observations, was in the magnetosphere at the time.

Belov et al. (it e.g., 1995; 1997) have determined the isotropic density and
3D-anisotropies of cosmic rays for long periods of time (years) using the ‘global
survey method’ (Beloet al,, 1995). They have also illustrated the large variability
between Fds. In a number of cases the phase of the in-ecliptic anisotropy shows
an anti-sunward flow in the ejecta and then a clear swing back to the normal co-
rotation flow from approximately the east near the rear of the ejecta. It remains
to be determined how often these and other patterns occur. This will provide the
information necessary to determine how and where particles enter ejecta.

A separate line of research has been undertaken by Nagashima and colleagues
(it e.g., Nagashimat al,, 1992). They have studied anisotropies related to parti-
cle effects at shocks and in particular decreases and increases caused by density
gradient flows across the shock. The decreases which are sometimes visible prior
to shock arrival may have some application in Space Weather forecasting (it e.g.,
Belov et al, 1995; Bieber and Evenson, 1998; Biele¢ral, 1999). Note that the
largest geomagnetic storms are caused by CMEs and the surrounding solar wind
with which they interact. This is why Fds and major geomagnetic storms are well
associated as noted first by Forbush (1938).
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Most of the work described above has only considered the first-order anisotropy
of cosmic ray flows. Dvornikov and coworkers (it e.g., Dvornilaal., 1983) have
also calculated the second-order anisotropy. Figure 6 shows the particle density as a
function of GSE longitude and latitude for two periods during the ejecta responsible
for the July 1982 decrease illustrated in Figure 1. Strong second-order anisotropy
in the top panel corresponds to bidirectional flows parallel and anti-parallel to the
IMF (4). Such flows occur at times when particles at lower energies also show
bi-directional flows (Richardsoat al,, 2000). The bottom panel shows an interval
of unidirectional flow within the ejecta. It remains to be determined what features
of individual ejecta lead to particularly well-ordered flows.

3.4. FOS IN THE HELIOSPHERE

There have been a number of studies comparing Fds seen near Earth with ‘Forbush-
like’ decreases at greater distances. However, the results of such work must be
considered with great caution for the following reasons. First, even at 1 AU the
situation can be very complicated with multiple transient events occurring closely
spaced in time. Second, decreases related to corotating streams are, without addi-
tional information, sometimes difficult to differentiate from transient events. Third,
disturbances may merge as they move out through the heliosphere so that the
merged region in the outer heliosphere bears little resemblance to its constituent
parts near the Sun. Fourth, events on the backside of the Sun relative to Earth can
be the cause of depressions seen at distant spacecraft. Vé¢bhéi986) discuss
about 20 events seen at 1 AU and 2—30 AU. Even the three ‘events’ they illustrate
have problems in that at 1 AU one is a corotating decrease and the others are
multiple events. Similarly the work of Van Allen (1993) has been criticised Cliver
and Cane, 1996) because he attributes events seen at huge longitudinal separations
as having the same single solar origin. In fact, it is the rather limited longitudinal
extent of Forbush decreases that makes multi-spacecraft observations so rare.

Probably the best data sets from which to infer how Fds evolve with time and
radial distance are those from the anti-coincidence guards of the University of
Kiel experiments on thélelios 1and 2 spacecraft when combined with similar
data from IMP 8 and neutron monitor data. Cateal. (1994) investigated de-
crease sizes as a function of longitude and radius by comparing data from the
spacecraft anti-coincidence guards which dete60 MeV particles. This study
considered 8 large events responsible for Fds seen in neutron monitor data in the
period 1976—1979. The response at 3 locations clearly confirmed that decreases are
caused by a shock effect and also an ejecta effect for spacecraft close to the radial
from the source location. The easternmost observer sees the earliest recovery since
corotation means that connection to the shock becomes poorer with time.

There were two events in which IMP 8 ahtklios 2were radially aligned and
the ejecta decrease was seen to become smaller at the more distant spacecraft. This
suggests that the decrease is caused by the initial exclusion of particles from the
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ejecta which then fill it in as a function of time. In a subsequent paper Eaale
(1997) examined smaller decreases as seen by the Helios spacecraft and provided
evidence that probably all ejecta cause a particle decrease.

The 250-2000 MeV proton chanel on the Kiel experiment on Ulysses has de-
tected particle decreases in three high latitude ejecta (Botbtred, 1997). The
sizes of the decreases were surprisingly large leading Wibbetealz (1998) to
suggest that the over expansion in these high latitude ejecta might result in efficient
adiabatic cooling. Unfortunately this experiment does not have sufficiently high
counting rates to study events in detail and few events have been detected.

3.5. CMES/FDS AND LONG TERM MODULATION

It has been suggested (Burlagiaal., 1993) that long-term modulation precedes in

a series of steps caused primarily by global merged interaction regions (GMIRS).
GMIRs are phenomenologically described as shell-like structures with intense mag-
netic fields, convected outward with the solar wind. Their origin is thought to be
related to the merging of systems of transient flows (generated by CMESs) with other
streams and interaction regions beyond 10 AU. Clatal. (1993) have argued that

the cosmic ray steps are not well-correlated with large, energetic CMEs (as indi-
cated by fast shocks and high intensities of energetic particles) (see alset@hne
1999a) and suggested that maybe it is the more common, less energetic, CMEs
that are responsible. Recently Casteal. (1999b) have proposed an alternative
explanation which is that the ‘steps’ (or ‘medium-term events’) in the long-term
cosmic ray modulation profile are caused by episodes of enhanced magnetic flux
emission from the Sun. One argument against the GMIR model is the fact that the
steps are seen at 1 AU before merging can have taken place further out. Note also
that CMEs are not a significant component of the IMF and the large increase in
the IMF in 1982 (for example), and associated cosmic ray modulation event, was
not matched by an increase in the CME rate (see Section 2.1).6lahg1997)

(see also Richardsaet al. (1999) have found that there is a good correspondence
between ejecta (interplanetary CMES) and patrticle decreases such that the majority
of CMEs, even small ones, produce a signal in the 1 AU cosmic ray record. These
too are absent at the onset of medium-term modulation events making doubtful the
Cliver et al. (1993) suggestion that the more common, less energetic, CMEs are
responsible.

4. Modelling

Until recently no models have ever included more than a single mechanism. As
pointed out by Wibberenet al. (1998) (see also Caret al,, 1994) it is extremely
important to separate out the different components of a Forbush decrease because,
as discussed above, two separate physical effects are responsible for them. Thus
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much existing theoretical work on Forbush decreases needs to be revised such
that only the appropriate part of the observed decrease is compared with models
involving one mechanism.

An excellent summary of the earlier theoretical investigations is provided by
Chih and Lee (1986). Furthermore this paper provides an analytical solution to the
simple diffusion-convection equation. A similar equation was obtained by le Roux
and Potgieter (1991). The basic idea of a ‘propagating diffusive barrier’ has been
explored most recently by Wibbereez al. (1997) and Wibberenet al. (1998).

In this work the barrier is assumed responsible for the ‘shock effect’ and has been
applied to data where the ‘ejecta effect’ has been removed.

In terms of simple models valid for conditions near 1 AU, short term cosmic ray
decreases are driven by variations in the interplanetary plasma and magnetic field
parameters, leading to changes in the particle diffusion and convection properties.
In the case of the shock effect the maximum depression can be approximately
related to the modulation parameter obtained in the force-field solution (Gleeson
and Axford, 1968),

® = /(V/3K) dr, (1)

whereV is the solar wind speed ard the radial diffusion coefficient. Then,
AU

0

= _3CA®, (2)

C is the Compton—Getting facton ® represents the difference between the undis-
turbed and the disturbed conditions, and the integral in Equation (1) is taken over
the region in space in which the solar wind parameters deviate from the ambient
conditions. For derivation of this approximate solution under various circumstances
see Richardsoet al. (1996) and Wibberenet al. (1998). For a large drop in the

ratio V/K at a shock front and a box-like depression over a spatial region
Wibberenzet al. (1998) obtains the size of the depressiomds/ U, = CV'L/K’
(whereV’ and K’ are the speed and diffusion coefficient behind the shock). For a
typical set of parameters he obtains a value of the order of 8% at neutron monitor
energies. It is important to note that the exact value of the depression as well as the
temporal shape of the onset of the decrease behind the shock depend on the way in
which the disturbance varies with the distance behind the shock.

Caneet al. (1995) have discussed the ‘ejecta effect’ in terms of a simple model
in which patrticles gain entry to the ejecta via perpendicular diffusion. The ejecta
effect and the model were investigated more fully by Vanhoefer (1996). In the
model the size of the depression is a function of the magnetic cloud parameters,
with the result

AU K\r
—=F—), 3
Uy <Va2> 3
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where AU/ Uy is the maximum depression,the distance of the observer from
the Sunga andV the radius and speed of the cloud, akid is the perpendicular
diffusion coefficient. The functio’ decreases monotonically. Under the simplify-
ing assumptiork; « 1/B, the depressiom\U /Uy decreases monotonically with

the productBa?V . This explains why the size of the depression gets smaller when
B, a or V are reduced. One expects that the size of the depression will get below
detection threshold for larger distangefom the Sun.

5. Summary

CMEs cause depressions in the cosmic ray intensity both locally when an observer
is inside the interplanetary structure (ejecta) and remotely if the ejecta is energetic
enough to create an interplanetary shock to which the observer is magnetically
connected. After the shock and ejecta have passed the intensity gradually recovers
as patrticles diffuse in around the shock. Although the local decrease inside an ejecta
can be of the order of 20% in neutron monitor data it does not appear, based on
a number of arguments, that CMEs play a major role in long-term modulation.
Nevertheless the study of these decreases is important in order to understand which
physical processes are most important for particle transport.

In terms of understanding the internal magnetic topology of CMEs in the inter-
planetary medium, cosmic ray anisotropies should provide valuable information
which cannot be obtained by any other type of in situ measurement. Detailed
analysis of anisotropy data is only just beginning in earnest. One of the reasons
why progress has been slow, despite the availability of methods of analysing the
cosmic ray data, has been the inability, until recently, to clearly distinguish the two
components of Forbush decreases and their relationship with solar wind structures.

Acknowledgements

The hospitality of the International Space Science Institute, ISSI, Bern, is grate-
fully acknowledged. | thank G. Wibberenz for many useful discussions and 1.
G. Richardson for a careful reading of the manuscript. Support was provided by
NASA Grant NGC 5-180 through a contract with Universities Space Research
Association.

References

Badruddin, Yadev, R. S., and Yadev, N. R.: 1986, ‘Influence of Magnetic Clouds on Cosmic Ray
Variations’,Solar Phys105 413-428.

Barnden, L. R.: 1973a, ‘Forbush Decreases 1966—-1972; Their Solar and Interplanetary Associations
and Their Anisotropies’Proc. 13th Int. Cosmic Ray Cor#, 1271-1276.



74 HILARY V. CANE

Barnden, L. R.: 1973b, ‘The Large-Scale Magnetic Field Configuration Associated With Forbush
Decreases’Proc. 13th Int. Cosmic Ray Corff, 1277-1282.

Belov, A. V. and Ivanov, K. G.: 1997, ‘Forbush-Effects in 1977—-19P0c. 25th Int. Cosmic Ray
Conf., Durbanl, 421-424.

Belov, A. V., Dorman, L. I., Eroshenko, E. A., lucci, N., Villoresi, G., and Yanke, V. G.: 1995,
‘Anisotropy of Cosmic Rays and Forbush Decreases in 199d¢. 24th Int. Cosmic Ray Conf.,
Rome4, 912-915.

Belov, A. V., Eroshenko, E. A., and Yanke, V. G.:1997, ‘Modulation Effects in 1991-1994 Years’,
Correlated Phenomena at the Sun, in the Heliosphere, and in Geospace, EZBA 8B3-468.

Bieber, J. W. and Evenson, P. A.: 1998, ‘CME Geometry: Relation to Cosmic Ray Anisotropy’,
Geophys. Res. Left5, 2955—-2958.

Bieber, J. W., Cane, H., Evenson, P., Pyle, R., and Richardson, I.: 1999, in S. R. Habbal, R. Esser,
J. V. Hollweg, and P. A. Isenberg (eds.), ‘Energetic Particle Flows Near CME Shocks and Ejecta’,
Solar Wind NineAlIP 471, pp. 137-140.

Bothmer, V., Heber, H., Kunow, H., Muller-Mellin, R., Wibberenz, G., Gosling, J. T., Balogh, A.,
Raviart, A., and Paizis, C.: 1997, ‘The Effects of Coronal Mass Ejections on Galactic Cosmic
Rays in the High Latitude Heliosphere: Observations from Ulysses’ First ORsit. 25th Int.
Cosmic Ray Conf., Durbah 333—-336.

Bothmer, V. and Schwenn, R.: 1998, ‘The Structure and Origin of Magnetic Clouds in the Solar
Wind’, Ann. Geophysl6, 1-24.

Burlaga, L. F., McDonald, F. B., and Ness, N. F.: 1993, ‘Cosmic Ray Modulation and the Distant
Helio-spheric Magnetic Field: Voyager 1 & 2 Observations from 1986 to 198@®eophys. Res.

98 1-11.

Burlaga, L. F., Lepping, R., and Jones, J.: 1990, in C. T. Russell, E. R. Priest, and L. C. Lee (eds.),
‘Global Configuration of a Magnetic CloudRhysics of Flux Ropes, Geophys. Monogr. S8r.
American Geophys. Union, Washington D.C., pp. 373-377.

Cane, H. V.: 1993, ‘Cosmic Ray Decreases and Magnetic Clodd&eophys. Re88, 3509—-3512.

Cane, H. V., Reames, D. V., and von Rosenvinge, T. T.: 1988, ‘The Role of Interplanetary Shocks in
the Longitude Distribution of Solar Energetic Particles'Geophys. Re83, 9555—9567.

Cane, H. V., Richardson, I. G., and von Rosenvinge, T. T.: 1993, ‘Cosmic Ray Decreases and Particle
Acceleration in 1978-1982 and Associated Solar Wind Structute§eophys. Re88, 13 295
—-13302.

Cane, H. V., Richardson, I. G., von Rosenvinge, T. T., and Wibberenz, G.: 1994, ‘Cosmic Ray
Decreases and Shock Structure: A Multispacecraft Studyeophys. Re89, 21 42921 441.

Cane, H. V., Richardson, I. G., and Wibberenz, G.: 1995, ‘The Response of Energetic Particles to the
Presence of Ejecta MateriaProc. 24th Int. Cosmic Ray Conf., Ro#e377—-380.

Cane, H. V., Richardson, I. G., and von Rosenvinge, T. T.: 1996, ‘Cosmic Ray Decreases: 1964—
1994, J. Geophys. Red401, 21561-21572.

Cane, H. V., Richardson, I|. G., and Wibberenz, G.: 1997, ‘Helios 1 and 2 Observations of Particle
Decreases, Ejecta, and Magnetic CloudsGeophys. Re402, 7075—-7086.

Cane, H. V,, Richardson, I. G., and Wibberenz, G.: 1999a, in S. R. Habbal, R. Esser, J. V. Hollweg,
and P. A. Isenberg (eds.), ‘Solar Magnetic Field Variations and Cosmic Ray Modulialal,

Wind Nine AIP 471, pp. 99-102.

Cane, H. V., Richardson, I. G., Wibberenz, G., and von Rosenvinge, T. T.: 1999b, ‘Cosmic Ray
Modulation and the Solar Magnetic Fiel@eophys. Res. Le®6, 565—568.

Chih, P. C. and Lee, M. A.: 1986, ‘A Perturbation Approach to Cosmic Ray Transients in
Interplanetary SpaceJ. Geophys. Re81, 2903—2913.

Cliver, E. W. and Cane, H. V.: 1996, ‘The Angular Extents of Solar/Interplanetary Disturbances and
Modulation of Galactic Cosmic Rays], Geophys. Re401, 15533—-15 546.

Cliver, E. W., Droge, W., and Miller-Mellin, R.: 1993, ‘Superevents and Cosmic Ray Modulation’,
1974-1985'J. Geophys. Re88, 15231-15 240.



CORONAL MASS EJECTIONS AND FORBUSH DECREASES 75

Crooker, N. U., McAllister, A. H., Fitzenreiter, R. J., Linker, J. A., Larson, D. E., Lepping, R. P.,
Szabo, A., Steinberg, J. T., Lazarus, A. J., Mikic, Z., and Lin, R. P.: 1998, ‘Sector Boundary
Transformation by an Open Magnetic Cloud’,Geophys. Re403 26 85926 868.

Duggal, S. P. and Pomerantz, M. A.: 1977, ‘The Origin of Transient Cosmic Ray Intensity
Variations’,J. Geophys. Re82, 2170-2174.

Duggal, S. P. and Pomerantz, M. A.: 1978, ‘Symmetrical Equator-Pole Anisotropy During an
Unusual Cosmic Ray StormGeophys. Res. Lef, 625-627.

Dvornikov, V. M., Sdobnov, V. E., and Sergeev, A. V.: 1983, ‘Analysis of Cosmic Ray Pitch-Angle
Anisotropy During the Forbush-Effect in June 1972 by the Method of Spectrographic Global
Survey’,Proc. 18th Int. Cosmic Ray Corg, 249—-252.

Farrugia, C. J., Richardson, |. G., Burlaga, L. F., Lepping, R. P., and Osherovich, V. A.: 1993, ‘Simul-
taneous Observations of Solar MeV Particles in a Magnetic Cloud and in the Earths’ Northern
Tail Lobe: Implications for the Global Field Line Topology of Magnetic Clouds and for the Entry
of Solar Particles Into the Magnetospher During Cloud Passdg&eophys. Re98, 15497 —
15507.

Forbush, S. E.: 1937, ‘On the Effects in the Cosmic-Ray Intensity Observed During the Recent
Magnetic Storm’Phys. Re\s1, 1108-1109.

Forbush, S. E.: 1938, ‘On the World-Wide Changes in Cosmic-Ray IntenBity’s. Revb4, 975.

Gleeson, L. J. and Axford, W. I.: 1968, ‘Solar Modulation of Galactic Cosmic Raysttophys.J.

154, 1011-1026.

Gosling, J. T.: 1990, in C. T. Russell, E. R. Priest, and L. C. Lee (eds.), ‘Coronal Mass Ejections and
Magnetic Flux Ropes in Interplanetary Spadehysics of Flux Ropesseophys. Monogr. Ser.

58, American Geophys. Union, Washington D.C., pp. 343—364.

Gosling, J. T.: 1993, ‘The Solar Flare Myth,Geophys. Re98, 18 937—-18 949.

Gosling, J. T., Hildner, E., MacQueen, R. M., Munro, R. H., Poland, A., and Ross, C. L.: 1974, ‘Mass
Ejections From the Sun: A View frorSkylab; J. Geophys. Reg9, 4581-4587.

Gosling, J. T., Hildner, E., MacQueen, R. M., Munro, R. H., Poland, A., and Ross, C. L.: 1976, ‘The
Speeds of Coronal Mass Ejection Eveng&n)]. Phys48, 389—-397.

Gosling, J. T., Baker, D. N., Bame, S. J., Feldman, W. C., and Zwickl, R. D.: 1987, ‘Bidirectional
Solar Wind Heat Flux Eventsd. Geophys. Re82, 8519-8535.

Gosling, J. T., McComas, D. J., Phillips, J. L., and Bame, S. J.: 1992, ‘Counterstreaming Solar Wind
Halo Electron Events: Solar Cycle Variationd!,Geophys. Re87, 6531—-6535.

Gosling, J. T., McComas, D. J., Phillips, J. L., Weiss, L. A., Pizzo, V. J., Goldstein, B. E., and Forsyth,
R.J.: 1994, ‘A New Class of Forward-reverse Shock Pairs in the Solar Wasdiphys. Res. Lett.

21, 2271-2274.

Gosling, J. T., Birn, J., and Hesse, M.: 1995, ‘Three-Dimensional Magnetic Reconnection and the
Magnetic Topology of Coronal Mass Ejection Eventgophys. Res. Le22, 869—-872.

Haurwitz, M. W., Yoshida, S., and Akasofu, S. I.: 1965, ‘Interplanetary Magnetic Field Asymmetries
and Their Effects on Polar Cap Absorption Events and Forbush Decreasesophys. Re30,
2977-2988.

Hess, V. F. and Demmelmair, A.: 1937, ‘World-wide Effect in Cosmic Ray Intensity, as Observed
During a Recent Geomagnetic StoriNature140, 316—-317.

Hirshberg, J., Alksne, A., Colburn, D. S., Bame, S. J., and Hundhausen, A. J.: 1970, ‘Observations
of a Solar Flare Induced Interplanetary Shock and He-Enriched Driver Gasgophys. R75,

1-15.

Hofer, M. and Fluckiger, E. O.: 2000, ‘Cosmic Ray Spectral Variations and Anisotropy Near Earth
During the 24 March 1991 Forbush DecreaseGeophys. Resn press.

Howard, R. A., Sheeley, Jr., N. R., Koomen, M. J., and Michels, D. J.: 1985, ‘Coronal Mass Ejections:
1979-1981'J. Geophys. Re80, 8173-8191.

Hundhausen, A. J.: 1972, ‘Interplanetary Shock Waves and the Structure of Solar Wind Distur-
bances’ Solar Wind C. P. Sonetet al. (eds.),NASA Spec. Publ. S308 393-417.



76 HILARY V. CANE

Hundhausen, A. J.: 1998, in K. T. Stroagal. (eds.), ‘Coronal Mass Ejectionsrhe Many Faces of
the Sun, A Summary of the Results From NASA'’s Solar Maximum MiSgidnger-Verlag, New
York, pp. 143—200.

lucci, N., Parisi, M., Storini, M., and Villoresi, G.: 1979a, ‘Forbush Decreases: Origin and
Development in the Interplanetary Spadéyovo Ciment@C, 1-52.

lucci, N., Parisi, M., Storini, M., and Villoresi, G.: 1979b, ‘High Speed Solar Wind Streams and
Galactic Cosmic Ray ModulationNuovo Ciment@C, 421—-438.

lucci, N., Pinter, S., Parisi, M., Storini, M., and Villoresi, G.: 1986, ‘The Longitudinal Asymmetry
of the Interplanetary Perturbation Producing Forbush Decreddesto Ciment®C, 39-50.

lucci, N., Parisi, M., Signorini, C., Storini, M., and Villoresi, G.: 1989, ‘Short-Term Cosmic-Ray
Increases and Magnetic Cloud-Like Structures During Forbush Decreasgsin. Astrophys.
Suppl.81, 367-391.

Kahler, S. W,, Cliver, E. W., Cane, H. V., McGuire, R. E., Reames, D. V., Sheeley, N. R., Jr., and
Howard, R. A.: 1987, ‘Solar Energetic Proton Events and Coronal Mass Ejections Near Solar
Minimum’, Proc. 20th Int. Cosmic Ray Conf., Mosc@w121—-123.

Lepping, R. P., Jones, J. A., and Burlaga, L. F.: 1990, ‘Magnetic Field Structure of Interplanetary
Clouds at 1 AU’ J. Geophys. Re85, 11957—-11 965.

le Roux, J. A. and Potgieter, M. S.:1991, ‘The Simulation of Forbush Decreases With Time-
Dependent Cosmic-Ray Modulation Models of Varying Complexifystron. Astrophys243
531-545.

Lockwood, J. A.: 1971, ‘Forbush Decreases in the Cosmic Radiapaice Sci. Rev$2, 658—715.

Lockwood, J. A., Webber, W. R., and Jokipii, J. R.: 1986, 'Characteristic Recovery Times of Forbush-
Type Decreases in the Cosmic Radiation, |. Observations at Earth at Different Enelgies’,
Geophys. Ref1, 2851-2857.

Lockwood, J. A., Webber, W. R., Debrunner, H.: 1991, ‘Forbush Decreases and Interplanetary
Magnetic Field Disturbances: Association With Magnetic Clouds'Geophys. R96, 11 587
—11604.

Morishita, |., Nagashima, K., Sakakibara, S., Munakata, K.: 1990, ‘Long Term Changes of the
Rigidity Spectrum of Forbush DecreaseBtoc. 21st Int. Cosmic Ray Conf., Adelaifig217
—220.

Mulder, M. S. and Moraal, H.: 1986, ‘The Effect of Gradient and Curvature Drift on Cosmic-Ray
Forbush DecreasedAstrophys. J303L75—L78.

Nagashima, K., Sakakibara, S., Fujimoto, K., Tatsuoka, R., and Morishita, I.: 1990, ‘Localized
Pits and Peaks in Forbush Decrease, Associated with Stratified Structure of Disturbed and
Undisturbed Magnetic FieldsNuov. Cimentd.3C, 551-587.

Nagashima, K., Fujimoto, K., Sakakibara, S., Morishita, I., and Tatsuoka, R.: 1992, ‘Local-Time-
Dependent Pre-IMF-Shock Decrease and Post-Shock Increase of Cosmic Rays, Produced Re-
spectively by Their IMF-Collimated Outward and Inward Flows Across the Shock Responsible
for Forbush DecreaseRlanetary Space S¢i40, 1109-1137.

Richardson, I. G. and Cane, H. V.: 1993, ‘Signatures of Shock Drivers in the Solar Wind and Their
Dependence on the Solar Source LocatidnGeophys. Re88, 15295-15 304.

Richardson, I. G. and Reames, D. V.: 1993, 'Bidirectiondl MeV amu? lon Intervals in 1973
—1991 Observed by the Goddard Space Flight Center Instruments on IMP 8 and ISEE 3/ICE’,
Astrophys. J. Supp85, 411-432.

Richardson, I. G. and Cane, H. V.: 1995, ‘Regions of Abnormally Low Proton Temperature in the
Solar Wind (1965-1991) and Their Association With Ejecfa’Geophys. Red.00, 23397 —
23412.

Richardson, I. G., Wibberenz, G., and Cane, H. V.: 1996, ‘The Relationship Between Recurring
Cosmic Ray Depressions and Corotating Solar Wind Stream$ aU: IMP 8 and Helios 1 and
2 Anti-Coincidence Guard Rate Observatiors’Geophys. Red01, 13483—-13 496.



CORONAL MASS EJECTIONS AND FORBUSH DECREASES 77

Richardson, I. G., Cane, H. V., and St. Cyr, O. C.: 1999, in S. R. Habbal, R. Esser, J. V. Hollweg, and
P. A. Isenberg (eds.), ‘Relationships Between Coronal and Interplanetary Structures as Inferred
From Energetic Particle ObservationSolar Wind NineAIP 471, pp. 677—-680.

Richardson, I. G., Dvornikov, Sdobnov, V. E., and Cane, H. V.: 2000, ‘Bidirectional Particle Flows
at Cosmic Ray, and Lower~(l MeV) Energies, and Their Association With Interplanetary
CMEs/Ejecta’ J. Geophys. Resdn press.

Robinson, R. D., Sheeley, Jr., N. R., Howard, R. A., Koomen, M. J., and Michels, D. J.: 1986,
‘Properties of Metre-Wavelength Solar Radio Bursts Associated with Coronal Mass Ejections’,
Solar Physl05 149-171.

Sanderson, T. R., Beeck, J., Marsden, R. G., Tranquille, C., Wenzel, K.-P., McKibben, R. B., and
Smith, E. J.: 1990, ‘A Study of the Relation Between Magnetic Clouds and Forbush Decreases’,
Proc. 21st Int. Cosmic Ray Conf., Adelaile251—254.

Sheeley, N. R., Jr, Walters, J. H., Wang, Y.-M., and Howard, R. A.: 1999, ‘Continuous Tracking of
Coronal Outflows: Two Kinds of CMESsJ. Geophys. Red04, 24 739-24 767.

Simpson, J. A.: 1954, ‘Cosmic-Radiation Intensity-Time Variations and Their Origin. Ill The Origin
of 27-Day Variations'Phys. Rev94, 426—440.

St. Cyr, O. C. and Webb, D. F.: 1991, ‘Activity Associated with Coronal Mass Ejections at Solar
Minimum: SMM Observations From 1984-198&plar Phys136, 379—-394.

St. Cyr, O. Cetal: 1997,"White-Light Coronal Mass Ejections: A New Perspective From LASCO’,
‘Correlated Phenomena at the Sun, in the Heliosphere, and in Geospace’, EA5SF03—

110.

Tousey, R.: 1973, in M. J. Rycroft and S. K. Kuncorn (eds.), ‘The Solar Cor@peice ResXlll ,
Akademie-Verlag, Berlin, p. 713.

Van Allen, J. A.: 1993, ‘Recovery of Interplanetary Cosmic Ray Intensity Following the Great
Forbush Decrease of Mid-1991Geophys. Res. LeR0, 2797 —-2800.

Vandas, M., Fischer, S. F., Pelant, P., and Geranios, A.: 1993, ‘Spheroidal Models of Magnetic Clouds
and Their Comparison Eith Spacecraft Measuremedit$seophys. Re88, 11467—-11 475.

Vanhoefer, O.: 1996, Master’s Thesis, University of Kiel.

Wang, Y. C. and Sheeley, N. R., Jr.: 1995, ‘Solar ImplicationdUbfssesinterplanetary Field
Measurements’Astrophys. J447, L143—-L146.

Webber, W. R., Lockwood, J. A., and Jokipii, J. R.: 1986, ‘Characteristics of Large Forbush-Type
Decreases in the Cosmic Radiation 2. Observations at Different Heliocentric Radial Distances’,
J. Geophys. Re81, 4103-4110.

Webb, D. F. and Howard, R. A.: 1994, ‘The Solar Cycle Variations of the Occurrence Rate of Coronal
Mass Ejections and the Solar Wind Mass Fluk’Geophys. Re99, 4201-4220.

Wibberenz, G., Cane, H. V., and Richardson, |. G.: 1997, ‘Two-Step Forbush Decreases in the Inner
Solar System’Proc. 25th Int. Cosmic Ray Conf., Durban397—-400.

Wibberenz, G., le Roux, J. A., Potgieter, M. S., and Bieber, J. W.: 1998, ‘Transient Effects and
Disturbed Conditions'Space Sci. Re83, 309—348.

Yoshida, S. and Akasofu, S. I.: 1965, ‘A Study of the Propagation of Solar Particles in Interplanetary
Space. The Center-Limb Effect of the Magnitude of Cosmic Ray Storms and of Geomagnetic
Storms’,Planetary Space Scl3, 435-448.

Zhang, G. and Burlaga, L. F.: 1988, ‘Magnetic Clouds, Geomagnetic Disturbances, and Cosmic Ray
Decreases). Geophys. Re83, 2511-2518.

Address for OffprintsHilary V. Cane, School of Physics, University of Tasmania, GPO Box 252-21,
Hobart, Tasmania 7001, Australia; hilary.cane@utas.edu.au



