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Field and flow perturbations in the October 18-19, 1995,
magnetic cloud
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Abstract. We examine magnetic field and plasma perturbations in the October
18-19, 1995, magnetic cloud. Besides the front boundary, the 3-s-averaged magnetic
field measurements made by the Magnetic Field Investigation on the Global
Geospace Mission spacecraft Wind reveal a further 15 clear magnetic field directional
discontinuities (DDs) with field rotations >15°, each lasting for ~1 min. A number
of these DDs are clustered near the trailing edge of the cloud. Using 3-s resolution
proton data from the Three-Dimensional Plasma and Energetic Particle Experiment
on Wind, we find that these DDs are accompanied by perturbations in the flow. We
find that except for the front boundary, which is a clear tangential discontinuity,
all the others are rotational. Across the DDs the bulk flow speed is sometimes
enhanced and sometimes depressed. Changes in proton temperature across the DDs
suggest a more elaborate structure, for example, a reconnection layer. In a search
for large-scale regularities, we apply minimum variance analysis to determine the
normals to contiguous 1-hour-long stretches of the cloud data and find that there
are large-scale structures ordering the field and the flow for the first 21 hour of
cloud data. Thus we identify three coherent segments of several hours’ duration
each with a well-defined normal, but the normals to the individual segments are
very different from each other. In particular, one segment in the cloud B, < 0 phase
is almost orthogonal to another segment in the B, > 0 phase. The normals to the
DDs within a given segment are closely aligned with the normal to that segment.
For the last 6 hours of cloud data, no coherent structure was found since no reliable
normals could be determined. Studying flow anisotropies of electrons in the energy
range 0.1 - 100 keV and changes in intensity in the >1 keV electrons, Larson et al.
[1997] inferred several instances of disconnection of cloud field lines from the Sun,
which were attributed to reconnection between adjacent bundles of cloud field lines.
Our results are supportive of this interpretation. Furthermore, our results suggest
the presence of detailed substructure in, and/or large distortions of, the magnetic
cloud which reached 1 AU on October 18-19, 1995.
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connection to the Sun was severed. Larson et al. [1997]
argue in favor of reconnection of bundles of adjacent
field lines as the cause of these disconnections, and they
conjecture that they took place many hours before the
dropouts were observed at Wind. On occasion, bidirec-
tional streaming of heat flux electrons was replaced by
unidirectional flows. They thus ascribed various topolo-
gies to the field lines making up the bent flux rope
model of these ejecta originally proposed by Burlaga
et al. [1990]: some lines are connected at both ends to
the Sun, some are connected at one end, and some are
disconnected.

The field line topology of this magnetic cloud is suf-
ficiently important to warrant an independent investi-
gation. This is the purpose of this paper. We examine
primarily magnetic field data and take as our starting
point the observation of a number of discontinuities in
the cloud’s magnetic field. The discontinuities are de-
fined by (1) their brief duration and (2) the large field
rotation, where the latter is defined somewhat intu-
itively by comparing it with the rotation expected in
a smoothly spiraling field over a comparable time span.
We find that except for the front cloud boundary, the
other discontinuities are rotational, a conclusion which
supports the reconnection interpretation gained from
the electron observations.

The interplanetary profile of the October 1995 mag-
netic cloud has further intriguing and puzzling features,
to which attention has been drawn by, for example,
Burlaga et al. [1996] and Lepping et al. [1997]. Chief
among these are (1) the “boxcar” B profile and (2) the
flat V profile. As pointed out by Burlaga et al. [1996]
and Lepping et al. [1997], the rear fields are enhanced
because of compression by the faster corotating stream
overtaking the cloud. The strong fields near the lead-
ing edge result from a peculiarly sharp onset and are
a feature rarely encountered in magnetic cloud profiles.
In previous work, Farrugia et al. [1992, 1993] and Os-
herovich et al. [1993] explained asymmetric B profiles
with the peak field shifted toward the front side as a
result of self-similar expansion. However, the V profile
of the October cloud is flat, giving no indication of ex-
pansion. Indeed, Burlaga et al. [1996] point to the need
of studying this profile further.

In the second part of the paper, we make a prelim-
inary attempt at discussing the large-scale structure
of this cloud. Since there is no evidence of expan-
sion, we assume a static configuration and use minimum
variance analysis to follow the variation of the mini-
mum variance direction as Wind progresses through the
cloud. A simple procedure then suggests that there are
multiple structures within the cloud. The diverse orien-
tations in space of the individual structures, as obtained
from minimum variance, are not readily incorporated
into a single coherent structure, unless they result from
large-scale distortions. One interpretation is that these
substructures arise because of the sporadic reconnection
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taking place within the cloud. Another, perhaps com-
plementary, interpretation is that they reflect a gross
distortion of the flux rope, in part because the cloud is
running into much denser material ahead of it and in
part because it is being overtaken by a faster stream at
its rear. We feel that the analysis outlined here might
be useful to the further investigation of the topology of
this, and possibly other, magnetic clouds observed by
Wind. A proper appreciation of the topology at 1 AU
can help in current discussions on the solar origin of this
important class of transients.

2. Wind Observations
2.1.

The Wind spacecraft, launched on November 1, 1994,
is one of two NASA spacecraft (the other being the Po-
lar spacecraft) in the Global Geospace Science Initia-
tive, forming part of the International Solar Terrestrial
Physics Program (ISTP). The ISTP, which includes
many other spacecraft and ground-based facilities, has
as focus the investigation of solar and interplanetary
phenomena and their effects on the Earth’s magneto-
sphere. Among the scientific objectives of the Wind
mission are to (1) provide interplanetary plasma and
energetic particle and magnetic field measurements in
support of magnetospheric studies and (2) investigate
basic plasma processes in the solar wind close to Earth
[see Acuna et al., 1995]. In this paper we shall use
data from three instruments on Wind: the Magnetic
Field Investigation (MFI [Lepping et al., 1995]); the So-
lar Wind Experiment (SWE [Ogilvie et al., 1995]); and
the Three-Dimensional Plasma and Energetic Particle
Investigation [Lin et al., 1995]. The reader is referred
to these various works for a description of the respective
instruments.

Figure 1 shows magnetic field data at 3-s resolution
from the MFI. The time interval shown is from 1800
UT, October 18 to 2400 UT, October 19, 1995. Wind
was at (175, -4, -13) Rg, and at (176, -2, 13) Rg (GSE
coordinates) at 1800 UT, October 18, and 2300 UT, Oc-
tober 19, 1995, respectively. The z axis in Figure 1 is
labeled in hours after 0000 UT, October 18. The various
panels show from top to bottom the total field (nanotes-
las), and the B,, By, and B, components of the field
in GSE coordinates (nanoteslas). The dotted-dashed
vertical guidelines in Figure 1 at 19.1 UT, October 18
and ~2300 UT, October 19 show the cloud boundaries
in accordance with the identifications of Lepping et al.
[1997]. Magnetic clouds are defined by (1) enhanced
magnetic field strengths relative to ambient values; (2)
a large rotation of the magnetic field vector; and (3)
low proton temperatures [Burlaga et al., 1981]. As can
be seen in Figures 1 and 2 (below), this definition is
satisfied. The determination of cloud boundaries is in
general uncertain [see Burlaga, 1995]. In this case, the
front boundary is unproblematic because at 19.1 UT,
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Figure 1. Wind magnetic field data at 3-s resolution for the period 1800 UT, October 18 to
2400 UT, October 19, 1995. The data are plotted in a GSE coordinate system. The magnetic
cloud interval is between the dotted-dashed lines. The field directional discontinuities studied in

the paper are numbered.

October 18 there is a rapid drop in proton tempera-
ture simultaneous with the start of a large rotation of
the magnetic field vector. The time at which the rear
boundary passes Wind is somewhat uncertain.

The magnetic cloud field executes a large rotation,
turning from a due south to a northwest orientation.
This large rotation is, however, not smooth as there are
manifest fluctuations in all field components. Since the
total field is smooth, the field perturbations are orthog-
onal to the local direction of the field. Among these
fluctuations one can make out a number of large dis-
continuous changes. A smooth field turning ~180° in

WIND/SWE/3D PLASMA

~29 hours would rotate 0.1° in ~1 min. In Figure 1,
we have shown by dotted vertical guidelines the times
when the field rotates by an angle larger than 15° in ~1
min. These are the directional discontinuities (DD) we
shall investigate below. There are in all 16 directional
discontinuities of this type, as numbered in Figure 1.
Figure 2 shows proton parameters for the same inter-
val as in Figure 1. From top to bottom, the panels show
the density (cm~2), bulk flow speed (km s~!), tempera-
ture (K), and the GSE V;, V,,, and V,, components of the
flow. The density is from the SWE instrument and has a
time resolution of ~1.5 min, while the temperature and
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Figure 2. Plasma (proton) observations for the same period as in Figure 1. The vertical lines
are drawn at the times of the directional discontinuities shown in Figure 1. '
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velocity components are from the Three-Dimensional
Plasma and Energetic Particle Experiment, and are at
3-s temporal resolution. Ahead of the cloud, the den-
sity is high (~60 cm™3). As argued by Burlaga et al.
[1998] in connection with another magnetic cloud (that
on January 1997), this might be due to the ejecta having
been formed within the streamer belt, where densities
are typically high. At the front boundary of the mag-
netic cloud, the density drops from ~60 to ~4 cm™3, a
decrease by a factor of 15.. It remains steady around 4
cm™2 until hour 31, after which it rises, at first grad-
ually (until hour 36) and then more steeply until hour
45, reaching a peak of 60 cm™3 at the rear of the cloud,
followed by a decrease to 20 cm ™3 around hour 47. The
temperature drops at the front boundary by a factor of
~2.5 to a value of 4 x 10* K, and begins a quasi-linear
rise to 6 x 10* K up to hour 22.5, where a sudden rise
to 10° K takes place. From hour 22.5 to hour 36 the
temperature profile then decreases linearly to around 4
x 10* K. Subsequently, it rises to 6 x 10* K at the cloud
boundary. Qualitatively, the V,, component is positive
till around hour 36; remains around 0 km s~! until hour
41; and then goes negative for the rest of interval in Fig-
ure 2. On the other hand, the V, component starts out
with a small negative value till about hour 22.5, and
then remains positive for the remainder of the interval.
The major flow component, V,, can be approximated
by -425 km s~ for the whole cloud.

In Figure 2, we have drawn in the times of the DDs
identified in Figure 1. It can be seen that the large field
rotations are often accompanied by impulsive changes
in the plasma parameters. However, there are also some
cases where impulsive changes in the plasma parameters
do not coincide with the DDs we selected for analysis.
The DD marked A is a shock-like feature advancing in
the cloud from the rear and has been discussed by Lep-
ping et al. [1997]. Among the points made by Lepping
et al. in favour of this interpretation are (1) that it is
a thin transition; (2) that consistent estimates of the
normal direction to this front are reached by various
methods; (3) satisfaction of the MHD jump conditions
(except for the temperature); and (4) the observed sense
of change of field and plasma parameters, which is con-
sistent with a fast forward shock.

Table 1. Field Discontinuities
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2.2. Analysis Method

Many people have examined DDs in the solar Wind
[see, e.g., Burlaga, 1969]. Our analysis is on the DDs
in which the field vector rotates by >15°. Table 1 lists
the angle through which the field rotates at the DDs
and the average duration. We apply the minimum vari-
ance analysis technique of Sonnerup and Cahill [1967)
and keep only those DDs for which the ratio of inter-
mediate to minimum eigenvalues (\2/)3) > 2.0, as this
guarantees a reliable normal [see Lepping and Behan-
non, 1980]. We apply Neugebauer et al.’s [1984] criteria
for classifying the DDs, which are as follows:

For a rotational discontinuity (RD)

Bn/|B| 204  [B|]/|B] <0.2
For a tangential discontinuity (TD)

B./IB| <04  [B]/|B|=0.2 (1)
where |B| is the larger of the field magnitudes on ei-
ther side of the discontinuity; B, is the absolute value
of the component of B normal to the plane determined
by minimum variance; and [|B|] = |B2| — |By] is the
difference in absolute values of the fields across the DD.
Neugebauer et al. [1984] distinguish two other cate-
gories, which they term “either” and “neither,” but we
shall not have occasion to use them here.

We also apply tests based on the plasma data [Neuge-
bauer et al., 1984; Parks, 1991]. Hudson [1970] shows
that in MHD theory rotational discontinuities satisfy
the following relationship:

[V] = £V (pA/10)[B/p]. (2)
A is the pressure anisotropy of the plasma, defined as

(P — P1)po
B2 ’

where P and P, are, respectively, the thermal plasma
pressures parallel and perpendicular to the magnetic
field; po is the permeability of free space; and [..] de-
notes the difference between the quantities before and
after the discontinuity. For a DD propagating amtisun-
ward, the plus sign in (2) is used when the average

A=1-

Number of DDs? Angle Rotated®

Average Duration®

11 15 < ¢ <20
2 20< <30
2 30< ¢ <40
1 ¢ > 40

15 s
19 s
45 s
3 min

aField directional discontinuities (DDs) in 3-s-resolution of magnetic field data from Wind.

bThe ¢ is the angle that the field rotates.

¢Average duration for all the discontinuities in this angular range.
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interplanetary magnetic field points towards, and the
minus sign when it points away from, the Sun. In the
absence of more exact knowledge, we assume the plasma
to be isotropic. In the normal solar wind, parameter A
is estimated as ~0.9 [Burlaga, 1971]. In coronal mass
ejections (of which magnetic clouds form a subset) ob-
served by ISEE 3, T is generally greater than T’ , with
a typical ratio T} /T ~ 2 [Gosling et al. 1987]. Using
T =1/3(2TL + T)), we obtain A =1 - 0.758, where §
is the average proton beta. For the October 1995 mag-
netic cloud, 8 < 0.05 [Lepping et al., 1997] which gives
A ~ 0.96. Thus the assumption of isotropy seems to be
well fulfilled in our case.

Let 6 be defined as the angle between [V] and [B/p].
For an RD, 6 should ideally be 0 or 180°, while it can
take any value for a TD. A further important parame-
ter is the angle a,.introduced by Belcher and Solodnya
[1975] and defined by the following relation:

_ VBNV _ VulVa = Vil

tan(a) = IB/pll  |Bz2/p2 — Bi/pi]

Ideally (i.e., not taking account of observational and
other errors), for an RD, the angle a should be close
to 45°. For a TD the angle a can take on any value
between 0° and 90°.

Besides these field and flow relations, we consider
jump conditions on the density and the temperature.
For a TD and assuming isotropy, there can be arbi-
trary jumps in these parameters constrained only by
the requirement of total pressure balance. For an RD
and assuming isotropy, there are no jumps in either the
density or the temperature [Parks, 1991].

2.3.

Before presenting our general results, we discuss three
examples of discontinuities inside the magnetic cloud.
Figure 3 shows plasma and field data in GSE coordi-
nates for discontinuity D8 (Figure 1). A time interval
of 3 min is shown, centered on hour 38.005. The panels
‘show from top to bottom the density, bulk flow speed,
temperature and the three, paired components of the
velocity and magnetic fields. The horizontal lines in-
dicate intervals before and after each discontinuity, in
which we average values to form jumps in physical quan-
tities across the DD. Across the discontinuity, the mag-
netic field rotates by 15°. Minimum variance analysis
on this discontinuity yields a intermediate-to-minimum
eigenvalue ratio (Az/A3) = 71.1. (Table 2), indicating
a reliably determined normal to the maximum variance
plane. The field component normal to the discontinu-
ity is 21 nT. B, /|B| for this discontinuity is 0.99, and
[IB|]/|B| = 0.01. Therefore (1) is satisfied and the dis-
continuity is rotational. This conclusion is corroborated
by a calculation of angles 6 (the angle between [V] and
[B/p]) and « (equation (3)), which are ~9° and 33°, re-
spectively, i.e., close to the expected values for an RD.

Specific Examples
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Figure 3. Wind magnetic field and plasma data at 3-
s resolution for the discontinuity around 38.005 hours
(~14.005 UT, October 19, 1995). The solid lines are the
average values before and after the discontinuity. There
is a flow speed enhancement and a proton temperature
rise at the discontinuity, but the density stays constant.

We note that while across the discontinuity the den-
sity at this (low) resolution does not change, there is a
~20% temperature rise and a clear flow enhancement of
about 35 km s~!. The rise in temperature is suggestive
of more structure than just an RD, for example, a re-
connection layer. However, an analysis of this is beyond
the scope of this paper. » ’

The second example occurred near the cloud rear at

* ~42.58 hours (discontinuity D10 in Figure 1). Figure

4 shows 2.4 min of data in the same format as Figure
3. Minimum variance analysis gives an intermediate-to-
minimum eigenvalue ratio of 5.5 (Table 2) and a nor-
mal field component B, of 28.4 nT. The field-based test
(equation (1)) is satisfied for an RD. The angles § and «
are ~ 3° and 37°, respectively, confirming the RD iden-
tification inferred from the minimum variance analysis.’
As in the previous example, there is again a temper-
ature rise but no bulk speed or density change across
this discontinuity.

The third example refers to a discontinuity centered
at 30.97 hours (D6 in Figure 1). Figure 5a shows 1.2
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Table 2. Discontinuity Field Test ’
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DDs?® Time® B,° |BJ¢ B 2 Class®
D1 18.97 - 19.02 -0.76 19.9 13.3 16.3 TD
D2 22.96 - 22.97 -19.6 20.0 0.43 10.1 RD
D3 23.22 - 23.223 -19.2 20.2 0.22 9.34 RD
D4 23.96 - 24.967 -18.3 19.0 0.17 30.4 RD
D5 28.33 - 28.375 -18.4 19.0 0.30 8.11 RD
D6 30.96 - 30.973 18.0 18.9 0.51 64.3 RD
D7 32.627 - 32.628 -18.5 18.9 0.32 7.01 RD
D8 37.995 - 38.015 -21.4 21.6 0.09 71.1 RD
D9 40.328 - 40.333 -19.7 21.2 0.28 5.13 RD
D10 42.57 - 42.59 28.4 30.0 0.45 5.45 RD
D11 45.567 - 45.585 16.3 21.3 0.15 3.10 RD
D12 46.455 - 46.458 22.5 24.0 0.51 7.42 RD
D13 46.464 - 46.466 23.0 24.4 0.32 7.17 RD
D14 46.474 - 46.475 24.0 24.4 0.16 13.0 RD
D15 46.881 - 46.882 24.4 24.8 0.14 88.4 RD
D16 46.896 - 46.897 24.3 24.7 0.14 13.7 RD

aIndex number of discontinuities studied in this paper as identified in Figure 1.
bTime interval of discontinuity in sequential hours from 0000 UT October 18.

¢Average By, for the interval.

dLarger of the field magnitudes on either side of the discontinuity.

eDifference in the total field across a discontinuity.
fRatio of intermediate to minimum eigenvalues.

g(Classification of discontinuity: RD is rotational, and TD is tangential.

min of data in the same format as Figure 3. Minimum
variance analysis (Table 2) yields (A\2/)3) = 64.3, with
B,, = 18.0 nT. The quantity B, /|B| for this DD is 0.95
and [|B]]/|B| is found to be 0.03. For this case, the
minimum variance normal is (-0.38 , 0.64 , 0.67), i.e., it
lies mostly in the (y-z) plane. We present the results of
the field and flow tests in a different but equivalent way
in Figure 5b, because this representation will be very
familiar from studies of the terrestrial dayside magne-
topause [Sonnerup et al., 1981]. We take a reference
value by fixing the average values before the DD and
subtract these from the corresponding field and flow
components as we progress through the discontinuity.
We then compare observed velocity vector differences
with the theoretical ones as predicted by (2). For per-
fect agreement, the experimental differences normalized
to the theoretical differences thus obtained would lie
along the horizontal line. As can be see, the compar-
ison is satisfactory: in magnitude, all the ratios agree
with theoretical expectations to better than 50%, some-
times much better; in direction, the vectors all lie within
a 20° angle of the horizontal line. This is a level of
agreement at least comparable with results from mag-
netopause studies [Phan et al., 1996].

Figure 5a shows a depression in the bulk flow of
~60 km s~1. Bulk flow speed decreases in RDs have
been discussed by Scudder [1984], who pointed out that
plasma flow enhancements (“jetting”) are not a neces-
sary condition for an RD since (2) is a vector equation.

Figure 5a shows that across the DD the proton tem-
perature increases ~12%, and inside the discontinuity

there is a systematic temperature decrease towards the
“center” of the discontinuity. Furthermore, the field
hodogram in the maximum variance plane departs from
ideal behavior in that it is not clearly a circular arc.
Again, we suggest that this is evidence of further struc-
ture, in this case, an expansion fan.

2.4. Summary of Results

The entries in Table 2 summarize the results of tests
based on (1). The columns of Table 2 show from left
to right, identification number of the DDs, starting
with the front boundary (D1); B,, the component of
the magnetic field normal to the discontinuity; |B|, the
maximum of the field strengths on the two sides of the
DD; [|B]], the difference of the field strengths across the
discontinuity; the ratio of the intermediate to minimum
eigenvalues; and, finally, the classification we arrive at.

In agreement with Lepping et al. [1997], we found the
front boundary to be a clear TD. As for the other DDs,
all normals are very well determined and the field com-
ponent along the normal is large. With typical values
of B,/B = 0.9 and [|B|]/B = 0.02, tests based on (1)
are easily satisfied, and we conclude that all other DDs
are RD’s.

The results based on (2) and (3) were generally in-
conclusive. Some results agreed with the field analysis,
whereas others did not.

Examining the changes in the density and proton
temperatures across the DDs, we find in general jumps
in the temperature but none in the density. We recall
that the density is at lower resolution than the temper-
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Figure 4. Wind magnetic field and plasma data at
3-s resolution for the discontinuity centered at 42.58
hours (18.58 UT, October 19, 1995). The solid lines are
the average values before and after each discontinuity.
Across the discontinuity there is no flow enhancement,
the density is constant, but the temperature increases.

ature. In view of the fact that temperature isotropy
is well satisfied, the changes in the temperature is an
indication of more elaborate structure than just an RD.

3. Large-Scale Perturbations

We now look for large scale disturbances, inquiring
about the coherence of the magnetic cloud observed by
Wind in October 1995. To this end, we form normals to
contiguous hour segments of data. As soon as a given
normal deviates from the preceding by a prescribed “tol-
erance” angle, we say that the coherency is no longer
present. We then repeat the procedure and look for
further, coherent structures. We set the tolerance an-
gle at the reasonable, but quite arbitrary, value of 22°.
Table 3 summarizes the results of this exercise. The
columns from left to right indicate the universal time
of the hour stretches, the angle between successive nor-
mals, the normal vector to a given hour segment in GSE
coordinates, the ratio Ay /A3 (a measure of how reliable
the normal is (see above)), and a parameter ¢ giving the
angle between the normal to a given hour data stretch
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Figure 5a. Wind magnetic field and plasma data at 3-
s resolution for the discontinuity centered at 30.97 UT,
hours (6.97 UT, October 19, 1995). In this case, the flow
speed decreases, the proton temperature is depressed,
and the density stays constant.
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Figure 5b. Comparison of experimental results with
theoretical expectations for the discontinuity shown in
Figure 5a. For further details, see text.
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Table 3. Minimum Variance Analysis on Successive 1-Hour Segment Intervals

Hour Intervals® ® Normal Vector® %z—d )°
, Segment 1
19.1- 20 (0.01,-0.13, 0.99) 23.2 21
20-21 114 (0.14, 0.02, 0.99) 6.8 21.4
21-22 10.2 (0.06, -0.14, 0.99) 403 23.2
22-23 21.3 (-0.28, 0.001, 0.96) 3.0 10.6
23-24 6.7 (-0.16, 0.038, 0.91) 11.7 7.5
24-25 21.3 (-0.36, 0.34, 0.87) 69.5 14.6
25-26 8.9 (-0.21, 0.37, 0.90) 46.2 12.2
26-27 5.4 (-0.29, 0.32, 0.90) 37.3 10.8
27-28 8.6 (-0.38, 0.42, 0.83) 118. 19.4
28-29 6.3 (-0.42, 0.32, 0.85) 10.2 16.8
Segment 2
29-30 (-0.41, 0.65, 0.64) 52.9 5.95
30-31 8.8 (-0.29, 0.62, 0.73) 21.7 5.04
31-32 4.4 (-0.22, 0.61, 0.76) 5.3 8.47
32-33 11.4 (-0.37, 0.66, 0.64) 3.9 3.70
33-34 12.1 (-0.27, 0.81, 0.53) 4.2 11.2
Segment 3
35-36 (-0.20, 0.98, -0.03) 6.5 13.5
36-37 41 (-0.25, 0.97, -0.02) 40.0 13.2
37-38 7.2 (-0.21, 0.97, -0.14) 16.4 7.68
38-39 7.3 (-0.29, 0.93, -0.23) 10.4 0.89
39-40 17.7 (-0.48, 0.77, -0.41) 7.6 17.4
40-41 18.2 (-0.22, 0.78, -0.59) 3.2 22.0

aHour intervals.

bThe § is the angle between the normals to successive intervals.

¢Normal vector for each interval.

dThe A2/As is the ratio of intermediate to minimum eigenvalues obtained from minimurn variance analysis.

®The 1 is the angle between the average segment normal and the normals of each hour interval comprising the segment.

and the average normal to the coherent structure to even narrower, just ~11°. After a break from hour 34

which the hour-long data stretch belongs.

With the above procedure, we find three coherent
structures and a 6-hour-long stretch of data at the trail-
ing edge of the cloud where no coherency was discernible
because the normals to hour segments there could not
be reliably determined. The first coherent structure
stretches from cloud onset at 19.1 hours to hour 29.
The normals are well determined, and the largest an-
gle between contiguous normals does not exceed 21.3°.

The totality of these normals lies inside a cone of half
angle ~23°. The second coherent structure is between
hours 29 and 34 (Table 3). Similar comments apply
as for segment one except that the cone of normals is

to 35 (1000-1100 UT, October 19), where the normal
deviates considerably from both preceding and follow-
ing hour segments, a further coherent structure is found
between hours 35 and 41, inclusive.

The average normals to each of the three coherent
segments labeled nj, ng, and ng are listed in Table 4.
The last column in this Table gives the angle v;; be-
tween the normals to segment ¢ and segment j (4, j =
1, 2, 3). These angles are 12 = 35°, 723 = 58°, and
Y13 = 91°. For comparison purposes, the field data for
each of these segments are shown plotted in miffimum
variance coordinates in Figure 6. The format for each
is as follows: from top to bottom, the total field, the

Table 4. Coherent Structures in October 18-20 Cloud

Time, UT?* Normal® Designation 0
19.1 - 29 (-0.19, 0.16, 0.92) n Y12 = 35°
29 - 34 (-0.31, 0.67, 0.66) na o3 = 58°
34 - 41 (-0.28, 0.90, -0.24) ns Y13 = 91°

@Time intervals for the three coherent structures.
®Normal vector is the average normal for each segment.
dThe 7 is the angle between the normals to the segments.
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Figure 6. Magnetic field in principal axes coordinates
for each of the three several-hour-long segments dis-
cussed in the text.

field components in the maximum variance plane, and,
finally, the field component in the minimum variance
direction. Clearly, despite the three very different nor-
mals, the data plotted in the respective principal axes
coordinates are in all three cases very satisfactory. The
orientation of these normals in a GSE coordinate sys-
tem is shown in Figure 7. If we were to carry out a
minimum variance analysis on the data for the entire
~29 hours of the cloud interval in Figure 1, we would
get a normal of (0.96, 0.29, 0.00) with Az/As = 5.6,
i.e., very different from the the normals to each of the
three coherent segments. In summary, we may say that
there is clear substructure in, and/or distortion of, in
the October 1995 cloud.

Finally, we inquire about the relationship between
the DDs (what we may call the fine structure) and the
coherent segments (what we may, in turn, call the large
scale structure). Forming the angle between the DD
normals and the average normal to the segment where
a given DD occurs, we find that all DD normals are
closely aligned with the segment normal, the largest
deviation being ~20° and occurring in segment 1.
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4. Discussion and Conclusions

We have studied high-resolution magnetic field and
plasma data for the October 18-19, 1995, magnetic
cloud. We took as a starting point the observation that
the rotation of the field was not smooth, and identified
a number of directional discontinuities, restricting our-
selves to a subset of these where the rotation was larger
than 15° in ~1 min. Using traditional methods to ex-
amine their nature, we found that those within the mag-
netic cloud were all rotational discontinuities, whereas
the front boundary, despite a ~100° field rotation, is a
clear tangential discontinuity. These conclusions were
based mainly on the magnetic field data, particularly
the large nonzero field component normal to the discon-
tinuities. This result was supported in some, but not
all, cases by further tests using combined magnetic field
and plasma data. There were in general temperature
jumps across the DDs indicative of further structure.

We also looked at large-scale perturbations. We sug-
gested a way of searching for coherent substructures,
based on minimum variance analysis. We found evi-
dence for both structure and lack of it. The evidence for
structure consisted of three several-hour-long segments
of data where (1) each segment has a well-defined nor-
mal; and (2) the normals to the segments are oriented
differently with respect to each other. Furthermore, we
obtain a substantially different normal if we carry out
a minimum variance analysis on the totality of cloud
data. We found no evidence of structure in the last 6
hours of cloud passage, and for 1 hour (1000-1100 UT,

Z

Figure 7. Orientation of the normals for the three
coherent segments in a GSE coordinate system.
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October 19) between segments 2 and 3. The normals to
the RDs within a given segment are closely aligned to
the normal to that segment.

Our finding of rotational discontinuities within the
cloud allows for the possibility of reconnection, perhaps
between the adjacent bundles of field lines within the
cloud. This latter scenario was investigated by Larson
et al. [1997]. Examining the same cloud with the use of
heat flux electrons (in the energy range ~ 0.1 — 1 keV))
and energetic (1-100 keV) electrons, Larson et al. con-
cluded that there were three types of field line topologies
present inside the cloud: some field lines were connected
at both ends to the Sun, some were connected only at
one end, and some others were completely disconnected
from the Sun [see Larson et al., 1997, Figure 3]. Larson
et al. attributed the disconnections to reconnection of
cloud magnetic field lines with themselves. Though not
the detail, our results complement the general conclu-
sions of Larson et al.’s work. For example, at the rear
of the cloud, these authors find repeated disconnections
(see their Figure 1), and we, in turn, fail to find evi-
dence of structure there, as defined above, but we find
instead many RDs. A similar correspondence occurs
at 0700 and 1000 UT, October 19 (hours 31 and 34,
respectively). Prior to 0700 UT, electron heat fluxes
of energies 118 and 290 eV, respectively, are bidirec-
tionally streaming along the magnetic field. At 0700
UT this is interrupted, and becomes unidirectional. At
1000 UT, there is a complete dropout in both energy
channels [see Larson et al., 1997, panels I and J]. In
our case, we find the presence of a RD (DD6) at ~0700
UT, and at 1000 UT we infer a clear break in a coherent
structure.

The substructures that we found appear to be mis-
aligned with respect to each other because the normals,
which we believe to be very well determined, point in
substantially different directions. In addition, these
normals are not along the minimum variance normal of
the whole configuration, which is mainly along the GSE
z direction. In line with minimum variance analyses of
cloud data in the past, we obtain a small normal com-
ponent for the whole configuration, whereas we obtain a
large normal component for each substructure. It could
be that the interaction with the ambient medium con-
tributed in part to what appear to us as substructures
by, for example, grossly distorting the flux tube. As
noted earlier, the cloud is running into dense material
ahead, and is being overtaken by faster material from
behind. However, the agreement we found between in-
terruptions in the flow properties of electrons, on the
one hand, and interruptions of structure, on the other,
suggests that the interaction with the medium alone is
not the full explanation.
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