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ISEE 1 and Geotail observations of low-frequency
waves at the magnetopause

C. Cattell,? J. Wygant,"? F. S. Mozer,' T. Okada,® K. Tsuruda,* S. Kokubun,’
and T. Yamamoto*

Abstract. Observations of waves at frequencies below ~200 Hz obtained near the
magnetopause are presented. For one case identified in the ISEE 1 data as a period
when steady state reconnection was occurring, there were waves below the lower
hybrid frequency with amplitudes up to ~7 mV/m. Intense low-frequency waves
with amplitudes up to ~20 mV/m at the subsolar magnetopause have also been
observed by the Geotail electric field instrument. In some cases, large spiky fields
were embedded in the waves. The waves observed by ISEE 1 and Geotail were large

enough to provide the dissipation required for reconnection to occur.

1. Introduction

Many models of steady state reconnection have been
developed [Petscheck, 1964; Sonnerup, 1970; Vasyliu-
nas, 1975; Sonnerup et al., 1990, and references therein].
For these models to be valid in the collisionless plasma
of the Earth’s magnetopause, most require that some
type of process operate near the neutral line to pro-
vide anomalous dissipation. Theoretical studies have
suggested various possibilities including waves such as
lower hybrid drift waves [Huba et al., 1977, 1978; Gary
and Eastman, 1979] and ion acoustic waves or non-
adiabatic motion of the particles. Early in situ mag-
netic field evidence for reconnection was provided by
Sonnerup and Cahill [1968] and Aubry et al. [1970].
More recently, in situ observations utilizing other types
of data and providing support for the occurrence of
quasi-steady reconnection at the magnetopause were
presented by Mozer et al. [1979], who examined the tan-
gential component of the electric field, and by Sonnerup
et al. [1981], who studied tangential momentum bal-
ance. Both studies utilized data from the ISEE space-
craft. Further refinements were made using the higher
time resolution three-dimensional plasma data from the
AMPTE/IRM satellite [Paschmann et al., 1986; Son-
nerup et al., 1987].

Various studies of waves at the magnetopause [Gur-
nett et al., 1979; Anderson et al.. 1982] suggested that
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the wave power was not sufficient to provide the re-
quired dissipation. Cattell and Mozer [1988] showed a
case which suggested that the wave amplitudes were, at
times, large enough. A detailed statistical study of the
AMPTE/IRM wave data was performed by LaBelle and
Treumann [1988], who concluded that the waves were
too weak to have important dynamic effects. However,
Gary and Sgro [1990] pointed out an error in their cal-
culation and suggested the dissipation could be higher.
In addition, Gary and Sgro [1990] discussed the pos-
sible inapplicability of the quasi-linear expression for
cross field transport but did not explicitly discuss the
effects on anomalous resistance in a field-reversal ge-
ometry. Treumann et al. [1991] showed the waves were
large enough to explain the boundary layer during non-
reconnection times.

In this paper, we present electric field data from the
ISEE 1 and Geotail spacecraft to address the question
of whether the observed waves are large enough to pro-
vide the anomalous resistance necessary for reconnec-
tion. In section 2, the data set and experimental ap-
proach are presented; examples of magnetopause wave
observations are discussed in section 3; and calculations
of resistance and conclusions are given in section 4.

2. Data and Experimental Approach

Data from the ISEE 1 satellite which will be shown
herein include the following: (1) electric field measure-
ments from the University of California at Berkeley
spherical double probe [Mozer et al., 1978]; (2) mag-
netic field measurements from the University of Cali-
fornia at Los Angeles magnetometers [Russell, 1978];
and (3) plasma moments from the Los Alamos Na-
tional Laboratory/Max-Planck-Institut plasma detec-
tors [Bame et al., 1978]. Three different types of mea-
surements from the electric field instrument are utilized.
Waves at frequencies from ~2 to 128 Hz were obtained
in the burst mode which took either a 0.5- or a 0.25-s
snapshot. of the field every 128 s. The potential of the
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spacecraft relative to the probes provides an estimate
of the thermal plasma density [Mozer et al., 1983; Ped-
ersen, 1994]. In addition, assuming that E - B = 0, the
E x B/B? convection velocity could be calculated with
spin period (3 s) resolution.

The double-probe instrument on the Geotail satellite
[Tsuruda et al., 1994] also provides measurements of
the dc electric field, the spacecraft potential and waves
up to ~32 Hz. Higher-frequency measurements were
obtained by the plasma wave detector [Matsumoto et
al., 1994]. The magnetic field measurements [Kokubun
et al., 1994] shown herein are spin period averages.

The approach taken in this study was to identify can-
didate reconnection events utilizing: (1) the study of
Sonnerup et al. [1981] and (2) the University of Cali-

ISEE 1
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fornia, Los Angeles list of magnetopause crossings (C.
T. Russell and G. Le, private communication, 1993),
for the ISEE studies and (3) subsolar magnetopause
crossings in the Geotail data. In this paper, we present
results from the (1) and (3); statistical results from (2)
will be described in a forthcoming paper. For the se-
lected events, the electric field waveforms were exam-
ined to determine whether the waves appeared to be
linear or nonlinear and whether there were embedded
large spiky fields. Spectra were next made and com-
pared to various plasma wave frequencies, in particular,
the lower Lybrid frequency. For the cases herein (which
are in the regime where f¢; < fin < fpiy fee < fpe), the
lower hybrid frequency is given by fir & (feefei)'/?. Af-
ter wave power and frequency levels were determined,

28 OCT 1978

-
LB RE L RRL B

_l’l'l'l'l'l'l'l'l‘I'I‘I'l'l'l'l'l'l'l'l'"I'l[l'l'l'l'l‘l'l'l'l'l'l'l‘
MP,

N

(Sonnerup et al, 1981)

lglélgl

' N N R |

3o 3
Vz:::;" \I/\/\V -fzg
300 - 3
P 3
Bz .o: v 14

[o]
o~ T T |
w
(%]

E, mV/m
(=]
;\) IXETRRRTRRTRY]

4
[
4

O (IO

[\

o
T
1

-2 . i . n
¢} 258

T el A Lt gd O
24 30T 08:36
12.380 |12.461 12.581
0945 | 0o oo
2.7 | 427 .6
3 1 -
O -
L
35— 253
— ,
’ -
o - -
15 25
—r— I T T
1 i
of 1
al VLA VA "
o] .25s

Figure 1. Plasma and field data from the ISEE 1 satellite on October 28, 1978. The top panels
are from Figure 6 of Sonnerup et al. [1981] and plot the ion density, ion flow speed, Z component
of the magnetic field and the plasma (solid) and magnetic field (dotted) pressures. Six 0.25-s

snapshots of the electric field, obtained at the
figure.

indicated times, are in the bottom half of the
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the resistivity which the waves could provide was cal-
culated based on Gary [1980] and Coroniti [1985]. Note
that these are both quasi-linear calculations.

3. Examples of Observations

ISEE 1 passed from the magnetosphere into the mag-
netosheath at ~0820 UT on October 28, 1978. This
magnetopause crossing was analyzed in detail by Son-
nerup et al. [1981], who showed that the plasma and
magnetic field observations were consistent with the oc-
currence of steady reconnection. The top panels in Fig-
ure 1 are from Figure 6 of Sonnerup et al. [1981] and
plot the ion density, the magnitude of the ion veloc-
ity, the Z component (northward) of the ion velocity,
the Z component of the magnetic field, and the plasma
(solid line) and magnetic field (dots) pressures. Jetting
of plasma can be seen in association with the magne-
topause crossing marked by the two vertical lines. This
plasma flow was consistent with the existence of a nor-
mal component of the magnetic field (for further details,
see Sonnerup et al. [1981]). Six 0.25-s snapshots of the
electric field are plotted in the lower half of Figure 1 cor-
responding to the times indicated by the arrows. The
0.25-s duration of the snapshot corresponds to about
one-tenth of the spin period so no spin modulation due
to the motion of the probes in the background dc elec-
tric field can be seen. Note that the amplitude scale
varies from snapshot to snapshot. The observed ampli-
tudes vary from ~2 to ~14 mV/m peak to peak. This
latter value is the instrumental saturation level. The
largest amplitude waves usually occurred in the lower
B regions (i.e., low plasma pressure, high magnetic field
pressure). There were no large spiky fields during any
of the samples in the time period which was examined
(0800-0940 UT).

The frequencies at the peak power in the Fourier
transform of each sample are plotted versus the lower
hybrid frequency (assuming 100% H7') in Figure 2.

28 OCT. 1978 MAGNETOPAUSE CROSSING
0800-0836 UT
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!

Figure 2. The frequency at which the peak power oc-
curred for each electric field snapshot during the period
covered by Figure 1 is plotted versus the lower hybrid
frequency (assuming 100% H™).
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When there were two peaks with comparable power,
they were both plotted connected by a dotted line. It
can be seen that the peak frequencies were usually <0.5
fr i which is consistent with the theory of lower hybrid
drift waves (see, for example, Huba et al. [1977, 1978]).

During a period near the end of April 1993, Geotail
skimmed the magnetopause making multiple crossings
of that boundary. Many subsolar crossings occurred on
April 29, 1993, and a set of these is shown in Figure
3. The spacecraft potential (panel a) is proportional
to nTY/2; increases in the potential correspond to de-
creases in the plasma density. An approximate calibra-
tion is indicated [Mozer et al., 1994]. The raw electric
field is plotted in Figure 3b; a sine wave at the spin
period is clearly visible due to the modulation of the
measured field along the booms as they rotate in the
background quasi-static field. The magnitude and three
components of the magnetic field in GSE are given in
Figures 3c - 3f. Multiple crossings of the magnetopause
can be seen in the northward (B;) component. The
standard deviation of the least squares fit of the elec-
tric field (shown in Figure 3g) provides an indication of
the periods when turbulence was the largest. Expanded
views of the raw electric field at two times are shown
below. Higher-frequency quasi-sinusoidal waves can be
seen superimposed on the 3-s period variation due to
the booms spinning in the background dc electric field.
These wave amplitudes occasionally reached 20 mV/m
peak to peak; amplitudes of 5 to 10 mV/m were more
common. Fourier transforms of the data show peaks
comparable to, but below the lower hybrid frequency,
similar to the ISEE 1 data. In addition, the Geotail data
provide examples of large spiky electric fields embedded
in the low-frequency waves. The spikes may be due to
the nonlinear evolution of the waves. This is the first
time such spiky fields have been observed at the mag-
netopause, although similar large amplitude spikes were
associated with lower hybrid waves in the magnetotail
[Cattell et al., 1994; Cattell and Mozer, 1987]. The de-
pendence of the wave amplitudes on plasma density is
indicated in Figures 4a and 4b. During both periods,
there were density depletions visible in the spacecraft
potential (top panel). It can be seen that the most in-
tense waves occurred at the density gradients as well
as in the region of lowest density. The association of
large field strengths with low densities provides an in-
dication that there is nonlinear evolution of the waves,
which lends credence to the idea that the spiky fields
are due to the nonlinear evolution of the waves. This
association of intense waves with gradients is in agree-
ment with Geotail observations in the tail [Okada et al.,
1994; Cattell et al., 1994].

4. Discussion

4.1. Calculations of Resistivity

In order to assess the probable importance of waves
with the observed amplitudes and frequencies on the
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Figure 3. Electric and magnetic field data obtained during magnetopause crossings on April 29,
1993, by the Geotail spacecraft. (a) the spacecraft potential (proportional to the plasma densn:y),
(b) the electric field along the spinning boom; (c)-(f) the magnitude and three components of the
magnetic field in GSE; and (g) is the standard deviation in the least squares fit to the electric
field. Expanded views of the raw electric field at two times are shown below.
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Figure 4. The raw electric field and the spacecraft po-
tential at two times are plotted to show the wave am-
plitude dependence on density and density variations.
An approximate density scale [Mozer et al., 1994] is
indicated.

physical processes occurring within the magnetopause
and adjacent regions, two different quasi-linear calcula-
tions will be discussed. The first, based on Gary [1980],
provides an estimate of the resistivity due to lower hy-
brid drift waves; the second [Coroniti, 1985] yields a
critical amplitude for the electric field needed for fast
reconnection to occur. In both calculations, the fol-

lowing values of the parameters are used: T;/T, ~ 10, "

B~ 307,T. ~40 eV,n ~ 20 cm™3, E ~ 20 mV/m. The
plasma values are based on the ISEE observations.
Gary [1980] calculated the anomalous resistivity which
could be provided by various wave modes assuming
quasi-linearity. For the lower hybrid drift instability,

thiS I’eSiStiUit}' iS given by
.fLH ”’18 ’

_ (8mY2(1 - 0.3(T;/T.) ")
" (I+T1/T.)
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For the parameters given above, this yields a resistivity
of ) & 7x10%* s which is many orders of magnitude larger
than the classical value and is large enough to provide
the required dissipation. Coroniti [1985] estimated the
critical amplitude of lower hybrid drift waves, assuming
a gradient scale length, A, equal to the ion gyroradius,
as follows:

(6Ecr)? ~ Ma (-‘—/ci) (%{) (?”2—”) (87n.T.).

Using the above parameters, (6E.,)? =~ 107° V?/m?.
Since (6 Eops)? ~ 4 x 107 V2/m?, we find that

(6Eoba)2 ~ 40
(6E.)?

This method also shows that the observed wave electric
fields are often larger than that needed to produce dis-
sipation. Note that, although both calculations utilized
an electric field of 20 mV /m which is near the high end
of observed waves, the more typical wave amplitudes
are also above the critical value.

4.2. Conclusions

It has been shown from ISEE 1 electric field data that
waves below the lower hybrid frequency are observed in
the same region at the same time as the occurrence of
quasi-steady state reconnection could be inferred from
magnetic field and plasma measurements. The waves
were generally more intense when S was lower. Both
the wave frequency and the amplitude dependence on
are consistent with theories of lower hybrid drift waves.

Data from subsolar crossings of the magnetopause by
the Geotail spacecraft also show intense waves below the
lower hybrid frequency. These data provided evidence
that the wave were often most intense near density gra-
dients and in regions of low density (low ). At times,
large spiky fields were also embedded in the lower am-
plitude linear waves. These spikes may be due to the
nonlinear evolution of the waves.

Two different quasi-linear calculations indicated that
the observed amplitudes are often large enough to pro-
vide the dissipation required for reconnection to oc-
cur. These observations are very similar to those in
the plasma sheet. In a study of the waves during a
period identified as a near-Earth neutral line occurring
near the satellite, Cattell and Mozer [1986, 1987] showed
that there were lower hybrid drift waves intense enough
to provide the necessary resistivity. Mozer et al. [1985]
presented examples of the associated large spiky fields.

Future studies will examine the polarization and wave
number, as well as the amplitude and frequency distri-
butions, of the waves observed at the magnetopause.
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