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Magnetic clouds are large (<0.25 AU) interplanetary regions with topologies consistent with those 
of magnetic loops. They are of interest because they may be an interplanetary signature of coronal 
mass ejections. Clouds have been identified in solar wind data by their magnetic properties and by the 
presence of bidirectional particle fluxes. Two possible closed magnetic topologies have been 
considered for clouds: (1) an elongated bottle with field lines rooted at both ends in the Sun and (2) a 
detached magnetic bubble or plasmoid consisting of closed field lines. The inferred topologies are also 
consistent with open field lines that converge beyond I AU. We have used solar energetic particles 
(SEPs) as probes of the cloud topologies. The rapid access of SEPs to the interiors of many clouds 
indicates that the cloud field lines extend back to the Sun and hence are not plasmoids. The small 
modulation of galactic cosmic rays associated with clouds also suggests that the magnetic fields of 
clouds are not closed. 

1. INTRODUCTION 

The topology of magnetic field lines carried into the 
interplanetary medium by coronal eruptive events has been 
investigated for several decades. Both Piddington [ 1958] and 
Gold [1959] suggested that magnetic loops would retain their 
connection to the Sun and form topologically closed bottles. 
The observation with the Skylab coronagraph of large loop- 
like coronal mass ejections (CMEs) that appeared to remain 
connected to the Sun [Gosling et al., 1974] lent further 
credence to the basic picture of a magnetic bottle. 

The first attempt to use solar energetic particles (SEPs) to 
probe the topology of interplanetary fields was made by Rao 
eta!. [1967]. As part of a survey of energetic storm particle 
events observed with detectors on the Pioneer 6 and 7 

spacecraft, they found four periods of bidirectional anisotro- 
pies of 10-MeV protons. All occurred during the maximum 
depressions of Forbush decreases, and in at least one case, 
on March 23, 1966, the maximum fluxes were parallel and 
antiparallel to the field lines. Rao eta!. [1967] argued that 
their observations were not consistent with a Gold bottle but 

were better explained by particles behind a blast wave in a 
field configuration open to the interplanetary medium. 

The next attempt to deduce magnetic field topologies from 
energetic particle measurements was apparently that of 
Palmer et al. [1978]. They surveyed ---1-MeV particle data 
from the Explorer and Vela satellites covering a 6-year 
interval and found 16 periods of bidirectional fluxes, includ- 
ing three of E > 40 keV electron events. Their event 
anisotropies generally occurred during the minima of For- 
bush decreases and for an average duration of 9 hours, 
implying a spatial scale of 0.13 AU. Contrary to Rao et al. 
[1967], Palmer et al. argued in favor of a Gold bottle as 

Copyright 1991 by the American Geophysical Union. 

Paper number 91JA00659. 
0148-0227/91/91J A-00659505.00 

opposed to a blast wave in an open field configuration for the 
magnetic topology. 

Kutchko eta!. [1982] analyzed a 1-MeV proton and alpha 
SEP event on October 12, 1977, that showed field-aligned 
bidirectional fluxes for about 5 hours. At the same time the 

relativistic electron fluxes were also "bidirectional" but with 

anisotropies peaked perpendicular to the magnetic field. 
These particles were associated with a solar flare which 
occurred earlier in the day and were therefore injected at the 
Sun. As candidate topologies for the interplanetary magnetic 
field, they compared the Gold bottle with a pinched-off 
bottle, or plasmoid, as shown in Figure 1. Their analysis of 
the plasma, field, and particle data from IMP 7 and 8 led 
them to conclude that the magnetic field was in a Gold bottle 
configuration. Sarris and Krimigis [1982] analyzed the pitch 
angle distributions of energetic electrons and protons from 
two solar flares observed on IMP 7. In each case the 

electrons and protons were inferred to bounce between 
magnetic mirrors. Their preferred magnetic topology was 
also a bottle, extending about 3.5 AU from the Sun. 

The Kutchko et al. [1982] observations were significant for 
inferring the presence of a magnetic loop at the Earth during 
a time of relatively undisturbed solar wind conditions. In 
contrast, the earlier events discussed by Rao et al. [1967] 
and Palmer et al. [1978] generally occurred in association 
with Forbush decreases, which clearly implied unusual 
conditions for the interplanetary field. The work of Kutchko 
et al. [1982] therefore suggested particle bidirectionality as a 
tool for probing the magnetic structure of the interplanetary 
medium at any time, rather than only during disturbed 
conditions. 

These early reports of bidirectional particle fluxes make 
clear that bidirectionality occurs rather infrequently in the 
> 1-MeV energy range. At much lower energies the ubiqui- 
tous electron and proton fluxes apparently provide a more 
sensitive tool for detecting bidirectionality. Bidirectional 
proton fluxes (BDPs) observed with the low-energy (E > 35 
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Fig. 1. Three possible topologies of magnetic clouds, as pro- 
jected into the ecliptic. The circle with the cross is the Earth; the 
Sun is at the bottom. The heavy solid lines indicate magnetic field 
lines extending from the Sun into interplanetary space, and the 
shaded regions show the areas accessible to SEPs. In all cases a 
bidirectional particle flux could be observed at the Earth. 

keY) proton detector on ISEE 3 were analyzed for individual 
events [Sanderson et al., 1983; Tranquille et al., 1987] and 
for all events found in a 45-month survey [Marsden et al., 
1987]. Similarly, analyses of individual events of bidirec- 
tional low-energy [E > 80 eV] electron fluxes (BDEs) [Bame 
et al., 1981; Zwickl et al., 1983; Pilipp et al., 1987] were 
followed by a survey of events in a 16-month period [Gosling 
et al., 1987]. The BDE and BDP events often did not 
coincide, and when they did, they often differed by hours in 
their start and stop times [Gosling et al., 1987]. 

A complementary approach to detecting magnetic loops in 
the solar wind was based on interplanetary magnetic field 
observations. Guided by the detailed observations from five 
spacecraft of a region interpreted as a magnetic loop [Bud- 
aga et al., 1981], Klein and Burlaga [1982] defined magnetic 
clouds as interplanetary regions with (1) radial dimensions of 
=0.25 AU, (2) enhanced magnetic fields of > 10% and (3) 
changes of magnetic field directions from large southern 
directions to large northern directions, or vice versa. Forty- 
five clouds were identified by Klein and Burlaga between 
1967 and 1978. This period was extended to 1982 by Zhang 
and Burlaga [1988], who found 19 more clouds. 

The durations of the BDE and BDP events correspond to 
spatial scale sizes of <0.05 to 0.5 AU, comparable with 
those of magnetic clouds. Nearly all the Zhang and Burlaga 
magnetic clouds can be associated with BDE events. How- 
ever, the number of BDE events exceeds the number of BDP 
events over comparable periods of time, and the number of 
BDP events exceeds the number of reported magnetic 
clouds, both by factors of =3 [Gosling, 1990]. The bidirec- 
tional particle technique is therefore regarded as a more 
sensitive method of identifying interplanetary CMEs, partic- 
ularly when the cloud consists of a peak field too weak 
(< 107) to match the definition of a magnetic cloud. 

The BDPs, BDEs, and magnetic clouds have all been 
interpreted as the interplanetary manifestations of CMEs 
[Marsden et al., 1987; Gosling et al., 1987; Klein and 
Burlaga, 1982; Gosling, 1990]. A good association between 
the magnetic clouds of Klein and Burlaga [1982] and disap- 
pearing filaments has been found [Wilson and Hildner, 1986; 
Marubashi, 1986], thus supporting this interpretation by 
linking a known solar signature of CMEs [Webb and Hund- 

hausen, 1987] with clouds. One expects the interaction 
between the CME and the ambient plasma to produce the 
most enhanced magnetic field intensities ahead of and within 
the driver gas for the fastest CMEs [Gosling, 1990]. Thus, if 
the CME interpretation is correct, the original cloud crite- 
rion of a >107 field should preferentially select the most 
energetic of all CMEs intersecting the Earth. The speeds of 
most CMEs are sufficiently below the Alfv6n speed [Hund- 
hausen et al., 1987] that shocks and field compressions will 
not be produced in interplanetary space. In these cases the 
BDPs and BDEs may be the only way to detect the charac- 
teristic magnetic topology of a CME. 

To explain the BDPs and BDEs, Marsden et al. [ 1987] and 
Gosling et al. [1987], respectively, considered the bottle and 
plasmoid topologies as the only candidate topologies, and 
both argued in favor of the plasmoid topology. Furthermore, 
in their discussion of field line draping around fast CMEs, 
Gosling and McComas [ 1987] explicitly assumed a plasmoid 
topology for the CME. On the other hand, recent modeling 
efforts [Burlaga, 1988; Marubashi, 1986] have assumed that 
clouds are cylindrical magnetic flux ropes, consistent with 
the bottle topology of Figure 1. Realistic magnetic geome- 
tries, such as flux ropes, obviously involve field lines in- 
clined to the ecliptic plane. However, the assumption of 
such geometries will not change the basic topologies shown 
in Figure 1. 

Open field topologies have not been considered as candi- 
dates for BDEs and BDPs. However, Barouch and Burlaga 
[ 1976] showed that simple azimuthal variations in solar wind 
speeds can produce an interplanetary field configuration in 
which field lines converge with radial distance to produce a 
magnetic mirror for particles. This topology, consisting of 
field lines open to a distance beyond the region of conver- 
gence, as shown in Figure 1, is an alternative to the bottle 
and plasmoid topologies. Although Marsden et al. [1987] 
briefly considered the possibility of local mirroring, where 
local means a size scale much less than 0.1 AU, the open 
field configuration has apparently not been considered as an 
explanation for particle bidirectionality since the work of 
Palmer e! al. [1978]. A special case of the open topology 
arises with a fast mode MHD shock, which results in a field 
convergence behind the shock front. This case was consid- 
ered as a candidate topology by Rao e! al. [1967]. 

BDEs are often found in association with other solar wind 

signatures of CMEs [Gosling et al., 1987]. Gosling [1990] 
argued that all bidirectional particle events are signatures of 
CMEs, but he did not consider the possibility that some 
events may be associated with the open field topology and 
hence are not signatures of CMEs. In our view, the deter- 
mination of the topologies of the magnetic fields associated 
with BDPs and BDEs remains an important problem for 
detecting CMEs as well as for understanding the develop- 
ment of solar magnetic fields. 

In this work we use a simple technique to determine 
whether the plasmoid structure shown in Figure 1 is charac- 
teristic of BDP events. If SEPs are injected into interplane- 
tary space from the Sun while a plasmoid is present in space, 
those particles should be excluded from the region of the 
plasmoid, as shown in Figure 1. The subsequent passage of 
such a region past the Earth should therefore be accompa- 
nied by a substantial reduction in SEP fluxes. The absence of 
such reductions implies that we can then rule out the 
plasmoid topology of Figure 1. Similarly, the observation of 
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TABLE 1. Bidirectional Proton Events and Associated SEP Events 

BDP Event Interval SEP Event 

Onset, 
Time, hours, UT Magnetic 

Date hours UT Flux (Date) Flare Source Class* 

1979 April 3 00-07 e,p 4 (3) M4/IB 0418 UT 2a 
S23 W05 

1979 April 4 16-24 e,p 4 (3) same as above 2b 
1980 Feb. 15 23-23 (16) e,p 22 (15) C5/- 2116 UT la, ZB 

SI0 W71 

1980 April I 03-23 e 23 (30) C6/- 2242 UT 2a 
NI0 WI5 

1980 May 8 12-20 (9) e 14 (7) M4/- 1320 UT lb 
S22 W 12 

1980 Aug. 19 19-01 (21) e,p 4 (18) no flare la 
type II 0130 UT 

1980 Oct. 15 06-21 e,p 7 (15) M2/3N 0524 UT 2a 
N21 E55 

1980 Dec. 20 20-23 e 17 (20) C4/1B 1706 UT 3 
S20 W47 

1981 March 7 18-22 e,p <14 (7) M2/-N 0630 UT 2a 
S22 W79 

1981 April 8 21-09 (9) e,p 18 (8) M5/1B 1638 UT 3 
NI0 W06 

1981 July 18 00-06 (19) e 18 (17) unknown I a 
1981 Nov. 20 20-23 e 16 (20) C8/-B 1530 UT 3 

S20 W53 

1981 Nov. 21 08-08 (22) e 4 (22) MI/IB 0323 UT 2b 
S20 W74 

1982 Jan. 31 17-23 e,p I (31) XI/2B 2344 UT la 
S14 El3 

1982 Feb. 9 12-24 e,p 13 (8) XI/IB 1223 UT lb 
S15 W88 

1982 Feb. 12 00-06 (13) e,p 22 (12) M3/-B 2158 UT la, ZB 
S12 W22 

*ZB: magnetic clouds of Zhang and Burlaga [1988]. la: events with rotational magnetic signatures 
characteristic of magnetic clouds and associated with interplanetary shocks. lb: same as la, but 
without shocks. 2a: events without rotational magnetic signature characteristic of magnetic clouds and 
associated with interplanetary shocks. 2b: same as 2a, but without shocks. 3: events without clear 
isolated magnetic structure identified. 

promptly arriving SEPs at the Earth while the Earth is 
embedded within a BDP region is inconsistent with the 
plasmoid topology. A preliminary version of this work was 
published by Kahler and Reames [1990]. 

2. DATA ANALYSIS 

We examined energetic particle data from the Goddard 
Space Flight Center (GSFC) experiment Iron Rosenvinge et 
al., 1978] on the ISEE 3 spacecraft at the times of all the 
BDP events in the list of Marsden et al. [ 1987]. We selected 
those periods during which the 0.2- to 2.0-MeV electron 
and/or the 22- to 27-MeV proton fluxes were enhanced above 
background due to the occurrence of a prompt SEP event. 
The GSFC particle data were not available from August 14, 
1979, to January 25, 1980. The 36 BDP events with associ- 
ated prompt SEP events were divided into three classes 
defined as follows: (1) the occurrence of the SEP event 
appeared to precede the solar origin of the BDP region (7 
events); (2) the SEP event appeared to arise in the same solar 
event that resulted in the BDP region (13 events); and (3) the 
SEP event appeared to follow the origin of the BDP region 
(16 events). in each case we assumed that the BDP region 
resulted from an eruptive solar event about 2-4 days before 
the BDP region was observed at the Earth. Most SEP events 

included 0.2- to 2.0-MeV electrons, the onsets of which were 
used to constrain the associated flare timings to within 15 
min. 

Let us consider what the SEP signatures at 1 AU might be 
for the three classes. If open field lines are populated with 
SEP particles before the formation of a plasmoid, we might 
expect only minor differences between the SEP populations 
inside and outside the plasmoid. Hence the class 1 events are 
not particularly useful in detecting plasmoids. Most of the 
events of class 2 follow the interplanetary shocks associated 
with SEP flares. They may or may not be populated with 
SEP particles at the time of the plasmoid formation, depend- 
ing on the location of the particle acceleration region. Class 
2 events may serve to identify a plasmoid, but this is not 
clear. In class 3 events, SEPs are released at the Sun after 
the plasmoid has already formed. In that case the SEPs 
should be excluded from the plasmoid, as shown in Figure 1, 
resulting in a substantial drop of SEP fluxes when the 
plasmoid reaches 1 AU. These 16 SEP events should there- 
fore provide the best test cases for the presence of interplan- 
etary plasmoids. 

The 16 BDP and SEP events of class 3 are listed in Table 

1. In the first two columns we give the dates of the starts of 
the BDP events followed by the start and stop times as given 
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by Marsden et al. [1987]. For the accompanying SEP event 
we indicate whether enhanced fluxes of 0.2- to 2-MeV 

electrons (e) or 22- to 27-MeV protons (p) were observed. 
The hour and date of the particle event onset is followed by 
the solar flare associated with the SEP event. The flare X ray 
and Ha peak brightness and Ha maximum time are given in 
the first line of each entry, and the solar coordinates of the 
flare in the second line. In the last column we also note the 

classifications of events by Marsden et al. [1987] and Zhang 
and Burlaga [1988]. 

We examined the >I-MeV and 22- to 27-MeV proton 
fluxes and 0.2- to 2-MeV electron fluxes at the times of all 

BDP events. In none of the events of any class did we see a 
substantial decline and subsequent increase of SEP fluxes 
matching the start and end of the associated BDP event. 
Since many of the BDP events closely followed shocks, 
there was sometimes a sharp decline in SEP fluxes near the 
event onset, but the SEP fluxes did not increase again at the 
end of the BDP event. We attribute the SEP flux modulation 

in these events to the effects of the shocks. 

We present three examples of our class 3 events. In the 
first, shown in Figure 2, a 3N flare at N21 E55 on October 15, 
1980, was associated with a SEP event which began during 
the BDP event. The fluxes increased to a broad maximum at 

the end of the BDP event, showing little change at that time. 
In the second example, shown in Figure 3, the SEP event 
was associated with a 2B flare at S14 El3 on January 30, 
1982. In this case the SEP fluxes showed no modulation at 

either the beginning or the end of the BDP event. We show 
at the top of Figure 3 the magnetic field magnitude and 0, the 
inclination of the field vector out of the ecliptic. Although the 
gradual rotation of the field from south of the ecliptic at 1300 
UT on January 31 to north at 2200 UT is a characteristic 
signature of magnetic clouds, this period was not selected as 
a cloud by Zhang and Burlaga [1988], probably because of 
its relatively short duration (-• 10 hours). 

In the third example, shown in Figure 4, two solar electron 
events occurred during the February 12, 1982, BDP event, 
which was also listed as a magnetic cloud by Zhang and 
Burlaga [1988]. The cloud followed a geomagnetic sudden 
commencement (sc), shown in the top panel. The low-energy 

proton (35-56 keV) fluxes of this event were analyzed by 
Sanderson et al. [1990b]. They found a sharp decrease in 
these fluxes at about 2300 UT on February 11 in association 
with a magnetic discontinuity marking the onset of the B DP 
event. This is an example of a substantial modulation of 
low-energy interplanetary particle fluxes by magnetic struc- 
tures. However, these fluxes, which probably originated in 
the preceding interplanetary shock, cannot be attributed to a 
solar event and do not carry the information about the 
magnetic topology which we can derive from SEPs. Another 
event of Table 1 is shown in our earlier paper [Kahler and 
Reames, 1990]. In that event, on April 3, 1979, a SEP onset 
occurred near the middle of a BDP event. 

3. Discussion 

Both Marsden et al. [1987] and Gosling et al. [1987] have 
argued that the magnetic fields in bidirectional particle 
events must be closed, and both favored the plasmoid 
topology. If we accept the idea of a closed field topology, our 
results argue strongly against the plasmoid topology. We find 
no cases that suggest that particles are excluded from a 
region of interplanetary space. 

If we assume an interplanetary field of 107, the gyroradii 
of the 0.2- to 2.0-MeV electrons and the 22- to 27-MeV 

protons are 5 orders of magnitude and 3 orders of magnitude, 
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Fig. 3. The BDP event of January 31, 1982. The top panel shows 
the B field intensity and the inclination of the field vector to the 
ecliptic plane. The SEP event began before the BDP event. SEP 
fluxes showed no modulation at the time of the BDP. 
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Fig. 4. The BDP and magnetic cloud event of February 12, 
1982. Two solar electron events occurred during the BDP event. The 
top panel shows the B field intensity and the inclination of the field 
vector to the ecliptic plane. The time of an sc is indicated in the top 
panel. 

respectively, smaller than the characteristic sizes of the 
inferred plasmoids. Thus even with substantial cross-field 
diffusion, a plasmoid should reveal itself with a strong 
decrease in SEP fluxes. 

It is undoubtedly unrealistic to suppose that a large region 
of space is completely magnetically isolated from its sur- 
roundings, since this would require a very highly ordered 
geometry in the magnetic reconnection site near the Sun. It 
is more likely that a tightly wound helix forms with the ends 
of the helix connected back to the Sun, as shown in Figures 
16 and 17 of Gosling [1990]. Even in this case, only a small 
number of field lines provide access for the SEPs to the large 
volume of the magnetic helix. This suggests that we may see 
a small population of SEPs in the helix, but the SEP event 
onsets and maxima should be substantially delayed when 
they occur in the helix, and the helix fluxes should be 
reduced from those outside the helix, contrary to what is 
observed. 

The three kinds of magnetic topology that could explain 
the bidirectional particle events are shown schematically in 
Figure 1. The open configuration, in which bidirectional 
fluxes result from reflection or injection behind a shock [Rao 
et al., 1967] or from a compressed region of interplanetary 
field [Barouch and Burlaga, 1976], has not been considered 
in recent studies. Our SEP observations are consistent with 

such a topology, which, of course, does not require a CME 
for its formation. 

We can use the results of recent comparisons of magnetic 
clouds and Forbush decreases [Badruddin et al., 1986; 
Zhang and Burlaga, 1988; Sanderson et al., 1990a] to 
complement our use of SEPs as probes of the magnetic 
topology. The goal of these studies was to determine 
whether the postshock turbulent region or the magnetic 
cloud is responsible for the Forbush decreases observed in 
the neutron monitor counts. We can treat the cosmic rays as 
a population of particles from a source in an antisolar 
direction and, again assuming limited cross-field diffusion, 
ask whether those particles will have access to the topolog- 
ical regions shown in Figure 1. 

If either the bottle or the plasmoid topology of Figure 1 
characterizes the cloud, we should expect a depression of 
the cosmic ray fluxes in the cloud, since the closed field lines 
originate in the Sun and are not directly accessible to the 
outer solar system source of the cosmic rays. In contrast to 
the case with SEPs, the cosmic rays would have 2-3 days 
during which they could diffuse into the bottle or plasmoid 
before it iõ observed at Earth. The cosmic ray rigidities are 
an order of magnitude larger than those of the 22- to 27-MeV 
protons of our study, but the cosmic ray gyroradii are still 2 
orders of magnitude less than the inferred magnetic cloud 
radii. 

The general result [Sanderson et al., 1990a] is that the first 
step of the decrease is associated with the postshock turbu- 
lent region and the second step with the passage of the cloud. 
The maximum decrease occurs shortly after (--•4 hours) the 
arrival of the cloud and may be due to the tangential 
discontinuity between the cloud and the preceding turbulent 
region. The small decreases (<5%) and the gradual in- 
creases, rather than decreases, in galactic cosmic ray fluxes 
as the Earth moves further into the cloud appear to be 
inconsistent with the closed topologies of the plasmoid and 
the bottle. In addition, Badruddin et al. [1986] found cases 
with no appreciable decrease in cosmic ray intensity with 
shock-associated clouds. This was also generally the case for 
clouds associated with cold magnetic enhancements, rather 
than with shocks. 

We suggest that while the bidirectional particle fluxes 
observed by Marsden et al. [1987] and Gosling et al. [1987] 
are an effective tool for examining the geometrical properties 
of the magnetic field, such as the field direction or diver- 
gence, those fluxes cannot determine the field topology, i.e., 
the large-scale connections of the field lines. The fact that 
clouds, BDPs, and BDEs are nearly transparent to SEPs and 
cosmic rays suggests that we are not dealing with closed field 
structures. If we believe that the CME magnetic field topol- 
ogy must be closed, then BDPs and BDEs are not exclu- 
sively signatures of CMEs. On the other hand, if CMEs are 
characterized by open field topologies, a serious revision of 
our view of magnetic fields in CMEs may be necessary. 
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