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Abstract. A solar ejection passed the Wind spacecraft between December 23
and 26, 1996. On closer examination, we find a sequence of ejecta material, as
identified by abnormally low proton temperatures, separated by plasmas with
typical solar wind temperatures at 1 AU. Large and abrupt changes in field
and plasma properties occurred near the separation boundaries of these regions.
At the one boundary we examine here, a series of directional discontinuities
was observed. We argue that Alfvénic fluctuations in the immediate vicinity of
these discontinuities distort minimum variance normals, introducing uncertainty
into the identification of the discontinuities as either rotational or tangential.
Carrying out a series of tests on plasma and field data including minimum variance,
velocity and magnetic field correlations, and jump conditions, we conclude that
the discontinuities are tangential. Furthermore, we find waves superposed on
these tangential discontinuities (TDs). The presence of discontinuities allows the
existence of both surface waves and ducted body waves. Both probably form
in the solar atmosphere where many transverse nonuniformities exist and where

theoretically they have been expected. We add to prior speculation that waves on
discontinuities may in fact be a common occurrence. In the solar wind, these waves
can attain large amplitudes and low frequencies. We argue that such waves can

generate dynamical changes at TDs through advection or forced reconnection. The
dynamics might so extensively alter the internal structure that the discontinuity

would no longer be identified as tangential. Such processes could help explain why
the occurrence frequency of TDs observed throughout the solar wind falls off with
increasing heliocentric distance. The presence of waves may also alter the nature of
the interactions of TDs with the Earth’s bow shock in so-called hot flow anomalies.

1. Introduction

Solar ejecta observed in the interplanetary medium
can be produced by flares and coronal mass ejections
(CMEs) [e.g., Gosling, 1990; Forbes, 2000], and they
form in close association with the heliospheric current
sheet or streamer belt [e.g., Mulligan et al., 1998].
A subset of ejecta contain magnetic clouds character-
ized by enhanced magnetic intensity, low proton tem-
peratures, and relatively smooth magnetic field rota-
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tion [e.g., Burlaga et al., 1981]. Magnetic clouds have
been successfully modeled as flux ropes [e.g., Marubashi,
1986; Burlaga, 1988; Burlaga et al., 1990; Gosling, 1990;
Lepping et al., 1990, Farrugia et al., 1993].
Examination of magnetic clouds seen by the Wind
spacecraft often shows that sharp gradients in physi-
cal parameters can exist both at the edges and within
the cloud. For example, Janoo et al. [1998] analyzed
a number of directional discontinuities (DDs) inside a
cloud observed by Wind on October 18-20, 1995, and
determined that they had minimum variance normals
nearly along the background magnetic field. They con-
cluded that these DDs were rotational discontinuities
(RDs), which are abrupt field rotations with nonzero
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normal magnetic field components. Plasma density and
magnetic field strength changed little across these RDs
although there were changes in temperature. On the
basis of these jump conditions, they concluded that the
RDs formed in an almost isotropic plasma. They did
not obtain measurements of the plasma anisotropy and
did not directly verify that the observed jump condi-
tions matched those expected of a RD. Within the same
cloud, a number of true disconnections of the field lines
from the Sun were observed by Larson et al. [1997)
based on complete flux dropouts of electrons across a
wide energy range measured by the three-dimensional
(3-D) plasma analyzer [Lin et al., 1995]. Janoo et al.
correlated some DDs with these disconnections.

In solar ejecta, RDs can evolve from reconnection.
Additionally, tangential discontinuities (TDs), which
have no normal magnetic fleld components, can exist,
separating flux tubes constituting the ejection, but the
latter possibility has received little attention (but see
Fainberg et al. [1996]). Considerable interest is di-
rected toward the identification of the DDs to advance
our knowledge of the internal structure of ejecta and
to obtain clues as to the origin and evolution of this
structure in the solar atmosphere and interplanetary
medium. Moreover, interactions of DDs with geospace
depend upon the exact nature of the DD.

The identification of DDs by minimum variance anal-
ysis can be impaired by the presence of surface waves.
This possibility has not, so far, been considered in as-
sociation with ejecta. Hollweg [1982] was the first to
consider the theoretical import of surface wave solu-
tions within the interplanetary medium. He computed
solutions for TDs where only changes of field direction
occurred. Solutions without density or parallel mag-
netic field fluctuations exist which would be expected to
survive Landau and transit time damping best. These
had circular polarization and a minimum variance di-
rection which was directed 90° away from the TD nor-
mal. As inferred from minimum variance analysis, a
TD with superposed surface waves could have a normal
magnetic field component which is significantly different
from zero. This could lead to the mistaken conclusion
that the discontinuity is rotational. These waves could
also give TDs an Alfvénic appearance based on mag-
netic field and velocity correlations [e.g., Neugebauer et
al., 1984; De Keyser et al., 1998].

Horbury et al. [2001] examined 33 DDs in mostly slow
solar wind correlating observations from three space-
craft. Minimum variance and the small jump of field
intensity at each spacecraft indicated that most were ro-
tational. However, the normal determined from the cor-
related measurements was mostly consistent with TDs
and was turned approximately 90° from the minimum
variance normal directions. They interpreted this result
to be an observation of fluctuations on the TDs and pos-
sibly of the incompressible surface waves predicted by
Hollweg. These fluctuations are not observed to be con-
fined to the vicinity of the TDs and so do not have the
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visual appearance of surface waves in field time series
plots. Instead, the magnetic field and velocity correla-
tions of the Alfvénic fluctuations extend through a large
region. As we argue below, if these are surface waves,
then their properties are presumably determined by a
number of TDs with typical cross-field spacing of ~ 10°
km. An additional possibility to be discussed in this pa-
per concerns the role of body waves which can be ducted
through flux tubes bounded by TDs or are affected by
smoother background gradients.

On December 24 and 25, 1996, the Wind and IMP
8 spacecraft observed the passage of a magnetic cloud.
Farrugia et al. [2000] gave an overview of the magnetic
cloud’s varied properties. The purpose of this paper is
to follow up on their observations of DDs and associ-
ated fluctuations. These DDs differ significantly from
those described by Horbury et al. [2001] because they
have significant jumps in plasma and field parameters
which provide strong constraints on RDs and because
the fluctuations are confined to the vicinity of the DDs.
In addition, the DDs discussed in this paper occur in a
solar ejection.

The outline of this paper is as follows: In section 2, we
analyze the properties of the DDs in the December 1996
cloud and examine their surroundings. After applying
a series of tests, we interpret the discontinuities to be
tangential surfaces supporting surface-like waves. In
section 3, we discuss what is currently known about
waves on TDs and how they can form and evolve in
the solar wind. We further explore the implications of
having discontinuities within ejecta and clouds and the
geoeffects which can result. In section 4, we summarize
our results and give our conclusions.

2. Observations and Analysis

An overview of the structure of the December ejecta
and cloud observed by Wind is provided by Figure 1.
The panels show from top to bottom the proton number
density N, bulk proton speed V,, proton temperature
(Tp, solid line) and the expected proton temperature
(Texp, dotted line) for normal solar wind expansion ob-
tained from the statistical studies of Lopez [1987], elec-
tron temperature (7¢), the ratio T, /T,, magnetic field
components (Bg, By, B,) in GSE coordinates, magnetic
intensity B, and the Alfvén speed c4 from December
23 to 26, 1996. The data are from the Solar Wind Ex-
periment (SWE) [Ogilvie et al., 1995], 3-D plasma [Lin
et al., 1995], and Magnetic Fields Investigation (MFI)
[Lepping et al., 1995] instruments on Wind. Wind was
positioned near (80, 19, -8)Rg (in GSE coordinates)
and (45, 37, -8) Rg at the start and end of the interval
shown, respectively.

In Figure 1, the magnetic cloud interval is delineated
by two vertical dashed lines and includes most of De-
cember 24 and a part of December 25. The quantity N,
varies over a wide range, and regions of highest density
between 15 and 26 cm™3 are bounded by sharp gradi-
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Figure 1. Magnetic field, proton, and electron mea-
surements from the Wind spacecraft for a 4-day period
showing the December ejecta [Farrugia et al., 2000].

ents. The value of V, declines from the front to the
back of the cloud, indicating that the cloud is expand-
ing in the radial direction. The value of T, averages
near 3 x 10K (~ 2.6 eV) and is less than the electron
temperature T, inside the cloud by factors of 2 to 10.
Between hours 16 and 60 (preceding, and throughout
the magnetic cloud interval), T}, is below the expected
temperature, consistent with the presence of ejecta ma-
terial, except in three incursions of warmer than average
plasma near hours 26, 41, and 50.

The magnetic intensity B reaches a maximum of
around 12 nT in the magnetic cloud interval and is
nearly twice the average seen outside the cloud. A
magnetic field depression located near hour 25 and just
ahead of the cloud is associated with a RD and slow
shock which is interpreted as a reconnection layer [Far-
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rugia et al., 2001]. Another magnetic decrease is posi-
tioned at the sunward end of the cloud near hour 60.
The magnetic field in GSE coordinates (B, By, and
B,) rotates in direction through the cloud. The value
of ¢4 varies from 30 to 130 km s~ throughout the ejecta
and cloud with several abrupt changes.

Figure 2 shows energetic particle data in three chan-
nels from the Goddard medium energy experiment on
IMP 8 [McGuire et al., 1986]. The count rate of the
most energetic (> 60 MeV) particles, dominated by
galactic cosmic rays, reaches an approximate and broad
relative minimum between the region bounded by ver-
tical lines at 19 hours and 40.5 hours. The line at 19
hours corresponds to the beginning of the ejecta based
on low T,. Hence the cosmic ray flux is depressed on
arrival of the ejecta, as is typical [Richardson, 1997, and
references therein]. The line at 40.5 hours is the sun-
ward boundary of a plasma density enhancement evi-
dent in Figure 1 and separates the density enhancement
from plasma with 7, > Teyx,. This boundary could be
topological, separating different regions of plasma and
fields. The cosmic ray count rate increases to a higher
level near 38 hours and may correspond to the energetic
particles diffusing into the cloud. A further increase of
flux is seen near 48 hours in association with another
density enhancement. The rate finally steeply drops at
60 hours near the sunward boundary of the cloud. The
middle energy particle data (24-29 MeV) show a flux
increase near 38 hours and a decease near 60 hours.
The ~ 1 MeV particles show an increase in flux not
at 38 hours but after 40.5 hours, suggesting that these
particles arrive later from the Sun than higher-energy
particles due to time of flight.

We now examine in detail fine-scale structure in the
form of DDs which is located on the sunward edge of
the density enhancement and between 40 and 41 hours
(1600 UT and 1700 UT, December 24). Figure 3 shows
the Ny, Ty, Tp1 /Ty, pairwise components of magnetic
field and proton bulk velocity in GSE coordinates, and
sum of proton plasma and magnetic field pressures P
for the interval 1615-1635 UT, December 24. Between
1619 UT and 1632 UT, there is a transition between
a region of denser and cooler plasma with smaller B
to a more rarefied and hotter plasma with larger B.
The nonuniformity is substantial: N changes by a fac-
tor of 5, B by 1.4, T, by 2, and the Alfvén speed by
3. The quantity P; remains nearly constant across the
boundary, indicating that the feature is near equilib-
rium. The magnitude of the velocity decreases from
370 to 340 kms™! across the boundary. We assume
that everything is being convected out at a mean speed
with the remaining velocity providing a shear across
the transition. The magnitude of shear does not satisfy
the criterion of a Kelvin-Helmholtz instability [e.g., Sen,
1964], estimated at ~ 60kms™! for a shear parallel to
the magnetic field. We cannot rule out the possibility
that the instability, although not active when observed,
occurred earlier and smoothed out the velocity gradient.
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Figure 2. Energy particle fluxes and counting rates in association with the December ejecta
from the Goddard medium energy experiment on IMP 8. In the two upper panels (0.88-1 MeV

and 24-29 MeV channels), fluxes are given in units of cm™2s™'ster~'MeV ™.

In the bottom

panel (> 60 MeV), units of count rate per second are used.

Throughout the transition, B does not increase mono-
tonically but rather oscillates and shows several nearly
discontinuous jumps. Dashed lines in Figure 3 mark
the location of two substantial DDs denoted as D1 at
1621 UT and D2 at 1626 UT, with two others at 1619
UT and 1628 UT, respectively. Both D1 and D2 are lo-
cated ahead of the sharpest gradients, with D2 near the
beginning of the steepest decline in N,. Both appear
to be steepened portions of a two-cycle variation of the
magnetic field. Beyond this region, there are no com-
parable magnetic fluctuations. Throughout the region,
total pressure is fairly constant, and we therefore con-
clude that these are not shocks. We limit our interpre-
tation to RDs and TDs in association with waves. We
next examine these DDs and their surroundings using
(1) minimum variance analyses (section 2.1), (2) veloc-
ity and magnetic field correlations (section 2.2), and (3)
Jjump conditions (section 2.3).

2.1. Minimum Variance Analysis

The magnetic field rotates across D1 and D2 by 28°
and 36°, respectively. Table 1 shows the results of the
minimum variance analysis [e.g., Sonnerup and Cahill,
1967; Lepping and Behannon, 1980] for D1 using a field
resolution of 3 s for two different intervals around the
discontinuity, specifically between 1619 UT and 1623
UT and between 1620 UT and 1622 UT. Quantities have
been rounded to two significant figures and eigenvalues
¢ and eigenvectors & are subscripted with ¢, 7, and k
corresponding to the maximum, intermediate, and min-
imum variances, respectively. The minimum variance
direction corresponds to the normal of the discontinuity.
In the longer time interval, a nonzero normal magnetic
field component Bs, of ~ 4 nT is obtained and there
is an acceptable ratio of 3 between the intermediate
and minimum eigenvalues. However, the same analysis
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Figure 3. Plasma and magnetic field data in the vicin-
ity of two directional discontinuities marked by vertical
lines and denoted as D1 and D2.

on the shorter nested interval gives a conflicting result,
with a significantly different normal and an intermedi-
ate to minimum variance ratio of 1.25. A ratio below 2
usually indicates that the results are not reliable. Table
2 gives similar results of a minimum variance analysis
for D2 between 1624 UT and 1627 UT and between
1624:30 UT and 1626:30 UT. In the longer interval, a
nonzero normal magnetic field is again found, but the
intermediate to minimum variance ratio is less than 2.
In the shorter interval, a ratio near 6 is determined.

A nonzero normal magnetic field component would
indicate that the discontinuities are rotational, but the
analysis on different time intervals does not give con-
sistent results and could be in error. This error can
arise from the close spacing of DDs and the fluctua-
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tions between and around them. This makes it difficult
to isolate each discontinuity with clearly defined and
uniform asymptotic states.

Because the fluctuations and DDs are spatially con-
fined, we next consider a longer interval which includes
all the DDs and fluctuations and includes some data
beyond where fluctuations are seen. Table 3 gives the
minimum variance for 1615-1635 UT. A much smaller
normal magnetic field component is now determined.
These discontinuities are then in better correspondence
with TDs with nearly parallel normals. The apparent
success of this minimum variance analysis comes from
the inclusion of some downstream and upstream mag-
netic fields which correspond to the true asymptotic
conditions for the discontinuities.

Figure 4 plots the magnetic field and proton velocity
in the minimum variance frame (3, j, k) and also includes
plots of N, and T,. The normal magnetic field is nearly
zero at the location of D1 and D2. However, the normal
field does systematically fluctuate over the whole time
interval. This variation could arise from waves on the
TDs.

The approximate parallelism of the normals for D1
and D2 is to be expected if these are distinct discontinu-
ities since they are located near one another and would
otherwise intersect if they are locally planar in their
transverse dimensions. Another possible interpretation
is that the Wind spacecraft crossed the same discontinu-
ity several times because the discontinuity is undulated
either by inherent curvature or by wave advection (see
section 3.1.4). The difficulty with this idea is that the
plasma properties do not reverse across each successive
passage of a discontinuity so that one passes from an
upstream to downstream state and then back again to
the same upstream state. On the whole, each DD gives
stronger field and lower density upon crossing. For a
single discontinuity, this requires a significant gradient
of plasma and field properties along its surface.

2.2. Velocity and Magnetic Field Correlations

Figure 3 shows that the proton velocity in GSE co-
ordinates (V, Vy, and V,) is not well correlated with
the magnetic fluctuations in the vicinity of D1 and D2,
but there is a strong negative correlation between ve-
locity and magnetic field after the passage of D2 till
the end of the transition region. For an Alfvén wave,
this correlation is consistent with antisunward propa-
gation since B, is negative [e.g., Belcher and Dauvis,
1971]. Upstream of D2 the velocity is positively corre-
lated. The sense of correlation should not change across
a RD. Across D1, V,, and B, are positively correlated
while V, and B, are simultaneously negatively corre-
lated. Again this is not what is expected of a RD. Just
after D1, V, shows an increase to a value nearly equal
to that ahead of D1. No corresponding change occurs in
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Table 1. Minimum Variance Analysis on D1

Parameter 1619 to 1623 UT 1620 to 1622 UT
Mean B 9.96 9.88
G 2.79 3.10
& (0.18, —0.21,0.96) (0.21, —0.22,0.95)
¢ 0.057 0.020
8, (—0.86,0.43,0.26) (—0.07,0.97,0.24)
Cr 0.018 0.016
8 (0.47,0.88,0.10) (0.97,0.12, —0.19)
5/ Cr 3.17 1.25
Mean Bs, 4.34 +0.14 —4.9240.13

#Unit eigenvector in GSE coordinates.

B,, and so it is possible that no true correlation exists
between V, and B,. This is consistent with changes in
velocity across a TD, which are arbitrary, and with sur-
face waves which can have components of velocity and
fields which are out of phase with one another [Hollweg,
1982].

If these discontinuities are RDs produced by recon-
nection, they are inconsistent with the nearly flawless
properties of the RD that Farrugia et al. [2001] have
identified at the earthward edge of the cloud near hour
1 on December 24 in association with a reconnection
layer. This RD had nearly the expected Alfvénic cor-
relation between velocity and magnetic field. It was
similarly located on the sunward edge of strong plasma
and field gradients, but it was not associated with a
wave. Velocity and magnetic fields do not correlate as
well at D1 and D2, and this inconsistency makes the
RD interpretation doubtful.

2.3. Jump Conditions Across Discontinuities

We next discuss jump conditions. Since there are
changes in B and N across D1 and D2, the plasma
must be anisotropic if these discontinuities are to be
identified as RDs. Figure 3 shows that significant pro-
ton anisotropy does exist. The DDs also appear to be
imbedded in a steepened wave. Simulations of Alfvén
waves which steepen to produce imbedded RDs tend to
produce constant magnetic intensity waveforms across
which the RDs change the field direction but not the

plasma anisotropy or other plasma parameters [e.g.,
Vasquez and Hollweg, 1998a, 1998b], in contrast to the
present observations. Thus if the discontinuities are
RDs, they would more likely result from reconnection
than from wave steepening.

Plasma anisotropy imposes stringent conditions on
RDs. We expect that the protons contribute most of
the ion plasma anisotropy. Alpha particles are present
in the cloud but contribute something less than 20% of
the pressure of the protons (J. Steinberg, private com-
munication, 1999). The electrons are hotter than the
protons, as is generally true in ejecta [e.g., Osherovich
et al., 1993; Richardson et al., 1997], and thus they are
dynamically more important. We have total electron
temperatures but not measurements of their anisotropy.
We show below that the amount of electron anisotropy
required for a successful identification of RDs can be
determined. On the basis of the calculated electron
anisotropy, we can at least compare with what plasma
conditions are expected on average and draw some in-
ferences about the probability of the discontinuity being
a RD.

The typical electron anisotropy in the solar wind
is one in which Ty; > Tey by no more than 20%
[e.g., Montgomery et al., 1968; Feldman et al., 1975;
Phillips et al., 1989]. The low-velocity electrons in the
core of the distribution have a small mean-free path
as compared to 1 AU in this high-density and rela-
tively low temperature region. Exchange between per-

Table 2. Minimum Variance Analysis on D2

Parameter 1624 to 1627 UT 1624:30 to 1626:30 UT
Mean B 10.34 10.57
Gi 8.86 9.97
8 (0.52,0.073,0.85) (0.51,0.075, 0.86)
¢ 0.046 0.052
8, (—0.84, —0.22, —0.49) (—0.78, —0.47, —0.42)
Ck 0.02 0.0088
& (0.15,0.97, —0.18) (0.37,0.88, —0.29)
i/ 1.92 5.91
Mean Be, 5.60 +£0.16 3.32 4+ 0.09

*Unit eigenvector in GSE coordinates.
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Table 3. Minimum Variance Analysis on Large Interval

Parameter 1615 to 1635 UT
Mean B 10.84
Gi 2.79
8 (0.37,0.13,0.92)
¢5 1.74
8, (-0.61,-0.78, —0.13)
Ck 0.16
a5® (0.70,0.60, —0.37)
¢/ 10.91
Mean Bs, —0.76 £+ 0.40

*Unit eigenvector in GSE coordinates.

pendicular and parallel temperatures should be signif-
icant and maintain a nearly isotropic core distribution
[e.g., Phillips and Gosling, 1990; Hammond et al., 1996].
The energetic halo electrons are nearly collisionless and
could be anisotropic. However, based on theory [e.g.,
Jockers, 1970] and observations, collisionless electrons
do not attain extremely large anisotropies.

Hudson [1970, 1971] used the CGL equations of Chew
et al. [1956] to show that both RDs and TDs satisfy
perpendicular pressure balance
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Figure 4. Plot of magnetic fields and plasma in min-
imum variance frame for the same interval shown in
Figure 3.

P11+ B} /210 = Pis+ B3 /2p0, (1)

where subscripts 1 and 2 refer to the upstream and
downstream states, respectively, P, is the sum of ion
and electron perpendicular pressures, and cgs units are
employed. This condition arises from the conservation
of normal momentum and mass flux. RDs satisfy an ad-
ditional constraint from their conservation of mass flux

such that
p1(l = A1) = pa(1 = Aa), 2)

where A = (P — P1)uo/B?, and p is the total mass
density (which for our purposes can be assumed to be
from protons only). This condition arises because the
RD must propagate at the Alfvén speed corrected for
anisotropy. Note that a decrease in density implies that
A1 > Ay. TDs have no mass flux and have unrestricted
jumps outside of (1).

Tables 4 and 5 give values for the downstream and
upstream conditions at Di and D2, respectively. At
D1, the observed value of N; /Ny = 1.22, but since the
proton Ay is less than Ag,, the density jump for a RD
is 0.98. The expected value is qualitatively and quan-
titatively inconsistent with the observed value, and we
conclude that D1 cannot be a RD in the absence of
electron anisotropy.

Consistency with (1) requires that P.i1 — Peya =
2.17 x 1072 nPa. Assuming N, ~ N,, this provides
a constraint on electron temperatures. We also have
the observed values of the total electron temperature
upstream 77, and downstream 75, which, by definition,
satisfy

3T = TleH +2Te1, (3)

and

3T = TQe[[ + 2751 . (4)

Equations (1)-(4) can be solved for the values of Ti,y,
Tier, Toe), and Ty which are required to reproduce
observed conditions for a RD. As listed in Table 4, we
find that a RD requires significant anisotropies on both
sides where T exceeds T,y by factors of more than
3. This level of anisotropy is well beyond average con-
ditions. Phillips et al. [1989] examined cases of ex-
treme anisotropy and usually found these to be associ-
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Table 4. Jump Conditions Across D1

Parameter State 1 State 2
N, 22 cm™? 18 cm™®
P 3.0eV 3.0eV
Tp“ 2.76 eV 3.15 eV
bl 3.12 eV 2.93 eV
T. 12.0 eV 14.0 eV
Te”"” 22.74 eV 27.31 eV
Ter? 6.63 eV 7.35 eV
Py 9.72 x 107° nPa 9.06 x 107° nPa
oL 1.10 x 1072 nPa 8.43 x 10™2 nPa
B?/2u 3.67 x 1072 nPa 4.14 x 1072 nPa
Ap -0.0173 0.0077
Ae? 0.7733 0.6942

*Required value to reproduce observed rotational discontinuity.

ated with unusually low plasma densities on the trailing
edges of high-speed streams, which is not the case here.
Thus even under this test, we infer that D1 is unlikely
to be a RD.

At D2, Aip < Agp, which is not consistent with
a RD across which the density decreases. At D2,
Ni/Ny; = 1.33 while the expected value from proton
anisotropy is 0.95. Condition (1) can be satisfied if
P.i1— P.is =944 x 102 nPa. Combined with total
electron temperatures, the required electron anisotropy
can be determined and is listed in Table 5. On the
upstream and downstream sides, Te) exceeds T., by
factors of 3 and b, respectively. As in the previous case,
we then infer that D2 is also unlikely to be a RD.

3. Discussion

We have argued for the presence of TDs on which
waves propagate in a solar ejection. Janoo et al. [1998]
analyzed DDs within another ejection. Although in the
latter case these were identified as RDs, we suggest that
some of these could be TDs on which waves propagate.
In the work of Horbury et al. [2001], many of the DDs
were 1dentified as RDs based on minimum variance tech-

Table 5. Jump Conditions Across D2

niques at a single spacecraft but were determined to
be TDs based on three-spacecraft correlative measure-
ments. Horbury et al. reconciled these conflicting re-
sults by suggesting that there were surface waves on
these TDs.

Although the above observations are few, there is de-
veloping evidence for waves on TDs and for their pres-
ence in ejecta. Our discussion will focus on the impli-
cations of having waves on TDs and their role in ejecta.
We will then interpret the origin and evolution of in-
ternal structure and waves within the December 1996
ejection.

The solar atmosphere contains a wide range of cross-
field structure. Boundaries between flux tubes can be
matched by TDs. Waves are present in the corona
and have small relative amplitudes as compared to the
background magnetic field strength By [e.g., Hollweg,
1990; Roberts, 2000]. The presence of sharp gradients
can give rise to surface waves based on the solutions
of linearized magnetohydrodynamic (MHD) equations.
In general, waves in nonuniform media can cause heat-
ing through resonant absorption. Heating at TDs may
also arise through reconnection. Both forms of heating
could play a role in the evolution of solar ejecta. We

Parameter State 1 State 2
N, 20 cm 3 15 cm ™2
T, 3.0 eV 3.0 eV
Ty 2.76 eV 3.85 eV
Tp1 3.12 eV 2.58 eV
T. 13.4 eV 14.7 eV
T 24.63 eV 31.21 eV
Ter? 7.78 eV 6.44 eV
Py 8.83 x 107° nPa 9.23 x 10™° nPa

Py 9.98 x 10™% nPa
B?/2u0 3.67 x 1072 nPa

Ap -0.0157

Ae® 0.7352

6.18 x 1072 nPa
4.99 x 1072 nPa
0.0305
0.5956

*Required value to reproduce observed rotational discontinuity.
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pose and consider several pertinent questions. How are
surface-like waves generated at the Sun? Under what
conditions will they “survive” or dissipate near the Sun,
or reach the interplanetary medium? What distinctive
properties do surface-like waves possess? How do TDs
originate inside solar ejecta?

In the interplanetary medium, DDs are commonly
observed with widths of the order of the ion gyroradius
le.g., Burlaga and Ness, 1969; Lepping and Behannon,
1986]. Some of these have been identified as TDs with
an average occurrence rate of 0.6 TDs per hour at 1
AU. The occurrence frequency of TDs, as well as RDs,
decreases with increasing heliocentric distance. The rel-
ative amplitude of waves increases with this distance in
a spherically expanding solar wind. How will waves on
TDs evolve when they reach large relative amplitudes?
Can they interact nonlinearly with the TD and alter
its structure so much so that it ceases to satisfy the se-
lection criterion used to identify a TD? If TDs are lost
through dynamical processes, would that not imply that
there are many more TDs within ejecta near the Sun
than when observed in the interplanetary medium?

When TDs encounter the Earth’s bow shock, they
can generate hot flow anomalies with gross deforma-
tion of the magnetopause [Schwartz et al., 2000, and
references therein].- Waves on these TDs can provide a
normal magnetic field component at the discontinuity.
Does the wave then fundamentally alter the TD-bow
shock interaction? What are the ramifications for these
interactions if waves are common on TDs? What level of
geoeffectiveness do discontinuities and the regions they
separate in ejecta and clouds potentially possess?

To examine these many questions, we review and
expand upon the current understanding of the waves
and discontinuities. In section 3.1, we discuss waves in
nonuniform media, including their origin, distinct prop-
erties, and the role of nonlinearity. The origin and evo-
lution of small-scale structures within ejecta and clouds
are considered in section 3.2. In section 3.3, we discuss
how discontinuities within ejecta and clouds can elicit
specific geoeffects.

3.1. Waves on TDs

We examine the evolution of waves on TDs in section
3.1.1. Then, in section 3.1.2, we consider whether or not
the stability of TDs themselves is influenced by these
waves.

3.1.1. Wave evolution. Waves are generally af-
fected by nonuniformities and can couple the wave
modes of a uniform medium. Media with TDs sepa-
rated by uniform regions have normal mode solutions
in which the intensity of the wave decreases away from
the discontinuities [Roberts, 1981; Edwin and Roberts,
1982; Hollweg, 1982; Mann et al., 1992]. As normal
modes, field line disturbances at the photosphere can
generate surface waves in such media which might reach
the corona.
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Shear Alfvén modes are resistant to Landau and tran-
sit time damping [e.g., Barnes, 1966] and are able to
escape the lower atmosphere of the Sun [e.g., Belcher
and Davis, 1971; Hollweg, 1981]. We then infer that
this mode would always compose one part of the cou-
pled modes which propagate a significant distance into
the interplanetary medium.

The fluctuations observed in the December ejecta
probably formed at the Sun. Generation in the in-
terplanetary medium is possible if a Kelvin-Helmholtz
instability set in at the observed TDs or if they were
located near a fast-slow stream interface. We find no
evidence of such local generation mechanisms in our ob-
servations.

In the interplanetary medium, waves propagating on
TDs can be treated locally as planar wave solutions of
the MHD equations because the TDs have very small
widths and large tranverse spatial scales [Denskat and
Burlaga, 1977; Horbury et al., 2001]. Along the dis-
continuity normal, these solutions behave as a sum of
exponential functions between TDs and vanish at in-
finity. If any part of the solution is oscillatory along
the normal direction, then the solutions are body waves
[e.g., Roberts, 1981]. Configurations with Alfvén speed
which is lower between TDs than outside can give rise
to ducted body waves between two or more TDs, with
exponential decay beyond these TDs corresponding to
an evanescent wave.

In the December ejection, the Alfvén speed increases
monotonically across the TDs. If there are no back-
ground gradients between the TDs, then this situation
would give rise to true surface wave solutions.

Observationally, we find that the fluctuations are con-
fined to the vicinity of the TDs and their amplitude be-
yond the TDs does decay with distance. However, we
cannot fully reconstruct the waveform and determine
whether its amplitude between the TDs and along the
normals is only a sum of exponentials or has oscilla-
tions. Thus we cannot distinguish between true surface
waves and ducted body waves in this case. We shall
then refer to these fluctuations generally as surface-like
waves.

Wave nonlinearity generally plays an important role
in the interplanetary medium. Thus we should not rely
solely on linear wave solutions to describe observed fluc-
tuations. We will show below how wave nonlinearity
makes it more likely that fluctuations are body rather
than true surface waves in the interplanetary medium.

At finite amplitudes, surface waves can become soli-
tary waves [e.g., Hollweg and Roberts, 1984; Ofman and
Davila, 1997]. Moreover, nonlinearity could transform
fluctuations from independently propagating modes to
one in which a steady cascade of fluctuation energy oc-
curs.  Alfvénic fluctuations in the interplanetary
medium appear to be governed by turbulent cascades
[e.g., Bavassano et al., 1982; Horbury et al., 1996]. In a
turbulent cascade, local properties vary from site to site
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with a great deal of phase disorder. However, there is a
restoration of organization and symmetry over many
ensembles, permitting a statistical description of the
fluctuations. Alfvénic fluctuations can exist over large
regions so that the large amount of data makes the sta-
tistical description meaningfully applicable.

Waves of the kind seen in the December ejecta are lo-
cated in isolated areas; consequently, a single spacecraft
can neither fully reconstruct the waves locally, nor can
it easily acquire a set of statistical data for the waves.
This situation will make surface-like waves difficult to
understand observationally. The surface-like waves also
exist in a region of phase order due to a TD which in
effect contributes to the intermittency (the decreased
spatial occupancy) of the turbulent medium at small
scales where dissipation is expected. From the view-
point of turbulence, intermittency further complicates
the statistical description of these waves.

It is conceivable that these surface-like waves resem-
ble the average Alfvénic fluctuations seen in high-speed
streams. In the work of Hollweg [1982], a stream was
modeled as having a set of uniform flux tubes bounded
by TDs. The properties that surface wave solutions
possess in such a stream differ from uniform Alfvén
modes. Hollweg noted that for Alfvénic fluctuations
the observed minimum variance direction [e.g., Belcher
and Daws, 1971; Burlaga and Turner, 1976; Denskat
and Burlaga, 1977; Horbury et al., 2001], and polariza-
tion [e.g., Matthaeus and Goldstein, 1982; Roberts et al.,
1987a, 1987b; Goldstein et al., 1995a, 1995b] are more
consistent with surface waves than with pure Alfvén
waves. The correspondence is promising but incom-
plete. In particular, observed fluctuations do not sat-
isfy equipartition of kinetic and magnetic energies over
large sampling times [e.g., Matthaeus and Goldstein,
1982; Marsch and Tu, 1990; Goldstein et al., 1995b],
whereas surface wave solutions can only deviate locally
from equipartition between TDs but not when their en-
ergies are integrated over all space.

The actual nature of the fluctuations would be af-
fected by all sources of nonuniformity to some degree.
The confinement of all gradients to TDs is an over-
simplification because the solar wind has a number of
sources of nonuniformity. There are observed varia-
tions of plasma and field between TDs [e.g., Burlaga,
1969]. Some large-scale variations can be associated
with structure at the Sun [e.g., Thieme et al., 1988].
Velocity shears and compressions at the largest scales
could provide an important source of energy for turbu-
lent cascades [e.g., Coleman, 1968; Ghosh et al., 1998;
Goldstein et al., 1999; Smith et al., 2001]. Alfvén waves
nonlinearly interact to produce cross-field gradients in
the background [Parenti et al., 1997; Vasquez and Holl-
weg, 1999] which are of the order of their wavelengths
and can significantly alter their wave vector directions
and induce resonant absorption [Vasquez and Hollweg,
2001]. The induced background is a form of the zero-
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frequency mode discussed in MHD turbulence [e.g., She-
balin et al., 1983; Bondeson, 1985; Montgomery and
Matthaeus, 1995; Ng and Bhattacharjee, 1996; Bhat-
tacharjee et al., 1998, 1999]. As a result of all these
smooth gradients, body waves rather than true surface
waves are more likely to propagate in the solar wind.

3.1.2. Fate of TDs in the solar wind. A prop-
erty common to all DDs, whether TDs or RDs, in the
solar wind is their decreasing occurrence frequency with
increasing heliocentric distance [Behannon, 1978; Tsu-
rutant and Smith, 1979; Neubauer and Barnstorf, 1981;
Mariana et al., 1983; Lepping and Behannon, 1986;
Tsurutani and Ho, 1999]. Apart from observational se-
lection effects, this decrease can only be explained by
the statistical loss of the surface area of DDs through
dynamics which either widens the DDs beyond recog-
nition or alters their structure [see Vasquez and Holl-
weg, 2001, Appendix B]. Vasquez and Hollweg advanced
an explanation of the loss of RDs based on simulations
which show how resonant absorption and cascades can
remove wave-imbedded RDs.

A TD current layer can continually widen when resis-
tivity is present and become so enlarged that its width
exceeds a discontinuity criterion. Anamolous resistiv-
ity may arise from instabilities generating waves, such
as drift waves [e.g., Kadomtsev, 1965; Goldston and
Rutherford, 1995], which can demagnetize ions and/or
electrons. Resistivity can also allow the layer to un-
dergo tearing mode instability [e.g., Furth et al., 1963;
Rutherford, 1973; Priest and Forbes, 2000] which alters
the topology of the layer so that it is no longer a TD.

Velocity shear at a TD current layer can make the TD
Kelvin-Helmholtz (KH) unstable, breaking it up [e.g.,
Sen, 1964; Neugebauer et al., 1986]. De Keyser and
Roth [1997, 1998] showed that velocity shear can give
rise to normal electric fields which can act as a barrier
to ions or electrons populating the TD layer. For suf-
ficiently large velocity shear, TDs can lose equilibrium
due to this barrier.

Waves on TDs could contribute to the loss of TDs in
the solar wind in several ways. First, the tearing mode
can be energized by Alfvénic surface waves and force
reconnection [e.g., Hahm and Kulsrud, 1985; Matthaeus
and Lamkin, 1985; Uberoi, 1994; Ubero: et al., 1996;
Uberoi and Zweibel, 1999; Vekstein, 2000]. Second, wave
resonances can make current layers more susceptible to
velocity shear instabilities [Hollweg et al., 1990; Yang
and Hollweg, 1991]. Third, wave nonlinearity can lead
to significant advection of the TD and could cause the
TD current layer to disrupt into wave disturbances. The
imposition of a wave magnetic field component along a
TD normal allows wave disturbances to propagate away
from the TD. This process corresponds to the Riemann
problem in which a time-constant magnetic field com-
ponent is imposed on an initial TD [e.g., Lin and Lee,
1995; Scholer and Cremer, 2000]. Since the wave mag-
netic field varies back and forth, the disrupted layer
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would be periodically reconstituted in the absence of
dissipation. However, if dissipation exists, then irre-
versible alteration of the TD layer would occur.

Waves on TDs could further enhance anomalous dissi-
pation and indirectly destabilize TDs. A turbulent cas-
cade among these waves would produce waves at small
scales where particle interactions occur. Resonant ab-
sorption of waves in the current layer could also lead
to dissipation by producing small perpendicular scales,
driving a cascade [Vasquez and Holwey, 2001}, or gen-
erating highly oblique ion cyclotron modes near the ion
gyrofrequency [Markovskii, 2001].

3.2. Structure Within Solar Ejecta

Imbedded structures could arise at several places be-
tween the formation of a magnetic flux rope and its ar-
rival at Earth. Flux ropes rising in the solar convection
zone are buffeted continuously by turbulent flows which
can generate structure on small spatial scales. These
flux ropes emerge mostly at the boundaries of super-
granular convection cells. The eruptive process itself
can introduce structure, through reconnection. Simula-
tions of 3-D reconnection in the Earth’s tail [Birn and
Hesse, 1990, and references therein] reveal that a mul-
tiplicity of topologies can indeed arise. This could be
equally true of ejecta [e.g., Gosling et al., 1995]. In
the interplanetary medium, there exist large-scale ve-
locity shears which could distort ejecta and introduce
structure. Ulysses observed differences between mid-
latitude and low-latitude CMEs which may arise in this
way [Neugebauer, 1999, and references therein].

The observations presented above indicate that very
sharp boundaries forming TDs and RDs can occur
within magnetic clouds and ejecta. The presence of dis-
continuities places constraints on the solar ejecta and
their interaction with their surroundings. Pressure bal-
ance is locally required across TDs bounding flux tubes.
Reconnection can lead to RDs and to the internal re-
arrangement of fields or connections with fields outside
the cloud. With this in mind, structure can be used as a
probe to test the relationship of magnetic clouds to sur-
rounding ejecta and to discern whether magnetic clouds
are a part of the overall ejecta (presumably the inter-
planetary manifestation of a CME) or a type of ejecta.
Structure can also indicate how magnetic clouds and
ejecta change with distance from the Sun and how they
might have arisen.

The December 1996 ejecta featured strong nonuni-
formities. Typically these have sharp boundaries and
can be bounded by TDs. Regions with much higher
than normal density and also having nearly uniform
or decreasing temperatures and bulk speeds have been
identified in the solar wind and are called noncompres-
sive density enhancements (NCDEs) [e.g., Gosling et
al., 1977]. Gosling et al. [1977] suggested a possible
relation with solar ejecta. In the December 1996 ejecta,

29,293

we find similar NCDEs inside the ejecta or separating
ejecta material from the interplanetary medium.

Low T, is an acknowledged reliable signature of ejecta
material [e.g., Richardson et al., 1997] (see also review
by Gosling [1990, and references therein]). Looking
back at Figure 1 (1), panel), we see four regions of low T,
starting from 14 hours and ending at 60 hours. These
four regions are separated by structure with high 7,
near or above average interplanetary conditions. The
first region starts at a hindrance of cosmic ray parti-
cles (Figure 2) and ends at a reconnection layer near
26 hours [Farrugia et al., 2000, 2001]. The second re-
gion starts at 27 hours and ends at 40.5 hours, where
we identified TDs. The third region starts at 43 hours
and stops at 49 hours near a DD whose nature has not
been analyzed. The fourth region begins at 51 hours
and ends at 60 hours, where a magnetic hole is located.

The nature and origin of interruptions to ejecta ma-
terial observed by interplanetary probes are worth in-
vestigating. In the work of Larson et al. [1997] on
the October 18-20, 1995, ejecta, a large number of spo-
radic disconnections of magnetic field lines from the Sun
were inferred. Larson et al. postulated a mixture of
field topologies (two ends, one end or none connected
to the Sun) to explain these observations, where dis-
connections arose through reconnection between bun-
dles of adjacent ejecta field lines. Another possibility
is reconnection of ejecta with the interplanetary field
lines, which appears to be the case in the December
1996 ejecta. In this scenario, reconnection leads to part
of the ejecta being peeled off, which then at Wind ap-
pears separate from the rest. A model where ejecta field
lines are pinched off by reconnection and appear as sep-
arate regions was elaborated by Cargill et al. [1996].

Another open question which should be addressed is
whether or not the NCDEs are filaments, whose erup-
tion can be related to ejecta and clouds [e.g., Wilson
and Hildner, 1986; Forbes, 2000]. Studying the Febru-
ary 10, 1997, magnetic cloud, Gopalswamy et al. [1998]
were able to isolate a density enhancement behind the
cloud and identify it with the erupting filament.

Even more elaborate structure was observed in the
October 1995 cloud [e.g., Larson et al., 1997; Lepping
et al., 1997; Janoo et al., 1998]. Many DDs were lo-
cated inside the cloud and were identified as RDs. Some
of these could very well be TDs, perhaps with surface
waves distorting minimum variances, which could di-
vide the cloud into distinct regions or represent rapid
gradients of a single structure. Across the discontinu-
itles, the primary change was in the orientation of the
magnetic field. Viewing the cloud locally as a flux rope
le.g., Burlaga, 1988; Lepping et al., 1990; Farrugia et
al., 1993; Osherovich et al., 1995], the rotation of the
field across these TDs could be due to a change in the
pitch of field to the axial field. Then the magnetic field
twists on magnetic flux surfaces at different pitch an-
gles away from the central axis. The discontinuities
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approximately represent current sheets where the spa-
tial variation of pitch angle is very rapid, as also noted
by Janoo et al. [1998].

Magnetic clouds are generally configurations which
radially expand as they move away from the Sun [e.g.,
Klein and Burlaga, 1982; Moushovias and Poland, 1978;
Farrugia et al., 1991, 1993; Garren and Chen, 1994].
Modeling this expansion leads to cooling much greater
than observed and so implies that significant coronal
heating occurs within ejecta and clouds [e.g., Kumar
and Rust, 1996]. One source of heating may come
from magnetic stresses which produce small-scale cur-
rent layers which become unstable and release heat
le.g., Parker, 1994]. Large-scale current sheets may also
evolve when CMEs erupt. Lin and Forbes [2000] found
that reconnection in these sheets can sustain the out-
ward motion of the CME. If current sheets do form in
the corona, then the TDs observed near 1 AU may be
their remnants. Another source is wave heating at res-
onant layers within coronal loops [e.g., Ofman et al.,
1996, 1998]. Surface-like waves may be a related signa-
ture of such wave heating.

3.3. Geoeffects of Discontinuities in Ejecta

When ejecta and clouds interact with the Earth’s
magnetosphere, disturbed conditions result, such as
geomagnetic storms [e.g., Zhang and Burlaga, 1988;
Gosling et al., 1991] (see also review by Farrugia et
al. [1997]). This general trend can be further refined
by the behavior of parameters, such as field orientation
which can influence reconnection at the magnetopause,
and dynamic pressure which influences the shape and
scale of the magnetosphere, throughout the passage of
the ejecta and cloud. Directional discontinuities orga-
nize field direction and can be associated with plasma
and field strength variations which alter dynamic pres-
sure. These changes impinge upon various regions of
geospace in a short time span. As such, they can elicit
rapid responses from other parts of geospace and influ-
ence geomagnetic activity.

Sometimes these substructures can lead to strong ef-
fects at Earth, as can be seen from the work of Jor-
danova et al. [2001]. They observed a DD in the sheath
of the May 14-17, 1997, ejecta. At this DD, the field
turned strongly south and the “¢” parameter, a com-
monly used measure of the Poynting flux into the mag-
netosphere [Perreault and Akasofu, 1978], underwent a
large increase. It is this southward turning which initi-
ates the major disturbances and, in particular, triggers
the main phase of the storm. In general, rapid south-
ward turnings of the interplanetary magnetic field at
the DDs often elicit a magnetospheric transition from
quiet to disturbed conditions.

The detailed nature of the interaction of discontinu-
ities and the bow shock has received considerable at-
tention. This interaction depends on the nature of the
discontinuity. RD interactions lead to density enhance-
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ments and magnetic intensity depressions in the mag-
netosheath which can penetrate the magnetosphere de-
pending on field orientation [e.g, Yan and Lee, 1996;
Hubert and Harvey, 2000].

TD interactions with the bow shock can cause hot
flow anomalies [e.g., Schwartz et al., 1985, 1988, 2000;
Paschmann et al., 1988; Burgess, 1989; Thomas et al.,
1991]. These can in turn deform the magnetopause and
affect the ionosphere [Sibeck et al., 1998, 1999]. The
flow is due to an electric field component (= -V, x B
where V,,, is the solar wind velocity) on at least one
side of the TD which draws reflected ions away from
the bow shock and along the TD current layer.

Another aspect of this interaction with Earth which
has not been so far discussed is the influence of waves
on TDs. These waves could provide a magnetic field
component along the TD normal which penetrates the
bow shock and alters the structure of the interaction
region. With a wave magnetic field along the TD nor-
mal, reflected ions from the shock could be led to or
deflected from the current layer depending on whether
the total magnetic field points toward or away from the
layer.

4. Summary and Conclusions

From plasma and field data, we have concluded that
a set of DDs in the December 1996 ejecta and magnetic
cloud are TDs. Their surrounding fluctuations are ei-
ther true surface waves or ducted body waves which are
evanescent outside the region of the TDs. We believe
that this is the first identification of TDs and accompa-
nying waves within an ejection or cloud.

The identification was made by a process of elimina-
tion using a succession of tests. Agreement with mini-
mum variance analysis is achieved for long time inter-
vals spanning both discontinuities. Velocity and mag-
netic field variations have uncorrelated changes across
the DDs which are not consistent with RDs but are pos-
sible for TDs and surface-like waves. Proton anisotropy
changes across the DDs as do density and field strength.
The density jump across a RD is constrained by plasma
anisotropy. The observed proton anisotropy cannot
even account for the direction of density change, let
alone for its magnitude. Electron total temperatures
have been measured, but not the electron anisotropy.
We determined the level of electron anisotropy required
for a successful identification of a RD and found it to’
be far in excess of average expected plasma conditions.
RDs are then unlikely.

The TDs are themselves part of a larger structure
of enhanced density within the cloud. They are lo-
cated in an area which tends to exclude energetic parti-
cles and to separate cool, cloud-like plasma from warm,
interplanetary-like plasma. The TDs form a bound-
ary between these plasmas. Waves on the TDs would
then propagate along these boundaries. The waves and
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TDs probably originate from the Sun. Thus these waves
could be a signal showing how the structured solar at-
mosphere alters well-known uniform wave mode prop-
erties, as was anticipated by theory.

Waves of low frequency and/or large amplitude can
advect TDs and could break up current layers into wave
disturbances. This breakup could contribute to the loss
of TDs with increasing heliocentric distance. Waves
could also supply energy to the growth of a resistive
tearing instability and force reconnection. The mag-
netic topology at the current layer would change greatly,
and the TD would effectively be lost based on observa-
tional selection criteria.

The discontinuities that we have discussed contribute
to the structure of ejecta and clouds. The difference be-
tween RDs and TDs is significant in terms of evolution-
ary processes and relationships of various structures.
The presence of waves can make identification difficult.
Where confined to a region of space, minimum variance
may still be useful if the time interval can extend beyond
the limits of the waves. Velocity and magnetic field cor-
relations which vary in unexpected ways may also be-
tray the presence of waves. For cases where plasma and
field jumps occur, RDs can be strongly constrained by
plasma anisotropy.

Hot flow anomalies can result when TDs interact with
the Earth’s bow shock. In that case, we infer that
one aspect of interest for the December 1996 ejecta is
that they should produce hot flow anomalies at the bow
shock. The presence of waves on TDs is likely to compli-
cate these interactions and is a subject worth pursuing
in future work.
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