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Abstract. The ULF magnetic and the dc electric
antennas operating onboard GEOS have been used
to study the origin and characteristics of short
irregular pulsations (SIP's). Strong SIP's are always
observed during substorm "onsets", which are cha-
racterized by an abrupt change of the GEOS dc
magnetic field from a taillike configuration to a
more dipolar one and which is known to be associat-
ed with rapid poleward displacement of aurorals
forms in the vicinity of the GEOS field line. By
applying to the three-component ULF signal a complex
processing it is possible to demonstrate that most
of SIP's are in fact the magnetic signatures of
localized current structures passing by the spacecraft
at a high velocity. Very intense spikes in the electric
field (E = 3-25mV/m) are observed in connection
with the passing over of such structures at the
satellite location, but these E field spikes are¢ general-
ly observed 10-20 s earlier than the SIP's. On the
average the E field direction is earthward with
a smaller component towards cusk. Provided that
the duration of the magnetic signature of the signal
(2T ) is short enough (less thar 2 s) it is possible
to show that they correspond to field aligned current
tubes (FACT's) passing by the spacecraft. When
2T >2 s, the signature of the SIP is still ccnsistent
with that of a field-aligned current tube, but this
cannot be assessed without ambiguity from the
ULF experiment alone. Nevertheless, the diiection
of the velocity of the moving structure can still
be deduced from the magnetic signature. For struc-
tures detected during substorm onsets this direction
is consistent {within  40°) with the drift velocity
direction as determined by E x B. This situation
occurs for 28 events out of a total of 42, which
were analyzed in detail. For these events, and assum-
ing that the amplitude of the velocity is given by
E x B/B? 1t is possible to compute the characte-
ristic parameters of the structure: current density
J, radius R (by assuming a cyclindrical structure
for simplification), and velocity v. The parametes
that have thus been obtained are 6.10°% < J < 3.10
A/m?, 20 < R< 900 km, 15 < v < 170 km/s, with
the following average values : 8 x 1078 A/m?, 215
km, and 70 km/s. When transposed to ionospheric
altitudes these values are consistent with those
found for localized field-aligned current structures
by ground or low orbiting spacecraft observations.
The origin and nature of these localized current
structures are discussed. A simple theory based
on the MHD stability of a field-aligned current
structure is proposed to explain why the current
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density can hardly exceed in the equatorial plane

a critical value that is of the order of 10~ 7 A/m?.
Introduction
The short irregular pulsations (SIP) that are

often detected on the ground by ULF coils in the
auroral or subauroral zones have never received
a satisfactory interpretation. These ULF emissions
are of an impulsive nature, and they cover a wide
frequency range from 0 to above = 3 Hz. They occur
in conjunction with auroral activity and preferentially
at the beginning of large negative bays. Contrary
to other types of pulsations detected in the same
frequency range such as Pc Il's or IPDP's, they
were found to be associated with electron precipita-
tion and not with fluctuations of the energetic
proton distribution function [Gendrin, 1970, and
references therein]. Clearly, in situ measurements
in space should help understandirg fhe ovigin of
these emissions. Until recently, such measiirements
were not available because of the lack of sensitivity
of onboard magnetic antennas in this frequency
range. However, the payload of the European GEOS
spacecraft [Knott, 1975] has overcome this difficulty,
since it contains a very sensitive ULF fluxmeter
that is part of an extensive field and wave experi-
ment [S-300 Experimenters, 19791

The f{first results obtained in conjunction with
the observation of SIP's in space was that strong
emissions occurred at substorm onsets, as evidenced
on the one hand by large variations in the plasma
parameters (particle injection, magnetic field change
from a taillike to a dipolar configuration) and
on the other hand by fast poleward displacement
of the auroral forms as viewed by a system of
ground all-sky cameras and photometers installed
in Scandinavia in an area conjugated to GEOS [She-
pherd et al., 1980].

The thorough analysis of similar events occurring
either at the substorm onset or during the whole
sequence of events that constitute a substorm is
the subject of the present paper. However, the
idea soon arose that, apart from the manifesta-
tions of an electromagnetic turbulence generated
at some distance from the spacecraft, SIP's could
also contain the Fourier signature of magnetic field
generated by field-aligned dc currents passing by
the satellite at high velocity.

Magnetospheric currents are known to be a
permanent feature of the magnetosphere-ionosphere
system. Such currents have been detected mainly
onboard rockets [e.g., Casserly and Cloutier, 1975],
onboard low-altitude polar orbiting satellites [e.g.,
Zmuda et al., 1970; lijima and Potemra, 1976, 1978;
Potemra, 1979] but also on higher altitude magneto-
spheric spacecraft such as OGO 5, IMP 4, ISEE
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[Aubry et al.,, 1972; Fairfield, 1973; Ilijima, 1974;
McPherron et al.,, 1975 Mozer et al., 1979; Mc-
Pherron and Barfield, 1980; Frank et al.,, 1981]

Most of the reported events are interpreted in terms
of current sheets whose dimension in one direction
(longitude) is large in comparison with the other
(latitude). At ionospheric levels the reported current
densities are of the order of a few pA/m? (a few
nA/m? for those observed in the magnetotail) and
their thickness is rather large (hundreds of kilome-
ters at ionospheric levels and a fraction of an earth
radius in the magnetotail).

However, some recent measurements have shown
that field-aligned currents with more localized
structures and larger intensities could exist along
auroral field lines. These conclusions were arrived
at by the use of chains of magnetometers [Baum-
johann et al., 1981; B&singer et al., 1981), incoherent
scatter radar measurements [de la Beaujardiere
et al.,, 1977; Theile and Wilhelm, 1980]. A few num-
ber of events with current densities as large as
50 pA/m? and thickness of the order of a few Kkilo-
meters have been observed by Berko et al. [1975]
around 800 km altitude with OGO 4. Two very locali-
zed events (R = 2 km) with current densities equal
to 45 and 135 pA/m? have been observed around
1300 km altitude with $3-2 [Burke et al., 1983l
The data that are presented here and that have
been obtained in the equatorial plane around L
= 6.6 can also be interpreted in terms of field-aligned
currents with narrow structures and high current
densities. When transposed to ionospheric level,
the characteristics of these currents agree well
with those described above.

From a theoretical point of view, the demonstra-
tion of the existence of localized currents in the
magnetosphere and the measurement of their charac-
teristics (size, current density, displacement velocity)
are of utmost importance for the establishment
of valid theories of magnetospheric substorms.
The physical processes that operate at the very
onset of a substorm are still the subject of contro-
versies (see reviews by Kamide [1979], McPherron
[1979], Stern [1979], and Rostoker [1980)]. Quoting
Akasofu [1979], "There are at least two proposed
models to account for magnetotail phenomena during
the expansive phase, the reconnection model and
the current diversion model." In the current diversion
model [Atkinson, 1967a, b; Bostrém, 1972; Akasofu,
1972, 1977, 1979), one assumes that a fraction of
the dawn-dusk neutral sheet current is diverted
toward the ionosphere, leading to downward field-
aligned currents in the postmidnight sector and
to upward currents in the pre-midnight sector (down-
ward and upward refer to the current direction
as observed at the ionospheric level in the auroral
zone). In the part of the equatorial region where
the neutral sheet current has been diverted (the
diversion slot), the magnetic field lines are restored
to the dipolar configuration that they had before
the intensification of the neutral sheet curient
took place. SIP's observed onboard GEOS at sth-
storm onsets seem to fit well with this thecry.

In this paper the following section 2 presents
the gross characteristics of SIP's as deduced from
the routine analysis of GEOS-ULF data in conjunction
with substorm activity.

Then, pursuing data analysis, we discuss the
complex data processing that has been applied in
order to deconvolute the ULF signal, thus allow-
ing to obtain the magnetic wave form. High resolu-

tion E field data are also presented and their connex-
jon with SIP's is discussed (section 3). Then we
compare the obtained magnetic signatures with
those that would be produced by current sheets
(single or double) or current tubes passing by the
spacecraft at a large velocity (section 4).

The results obtained with such a method are
presented in section 5. These results show that
at least short duration SIP's can be interpreted
in terms of localized field-aligned current tubes
(FACT's) passing by the spacecraft at large velo-
cities. Simultaneous quasi-static electric field measu-
rements allow determination of the plasma drift
ExB/B?. 1f we assume that the current tubes drift
with the plasma, all current characteristics can
be deduced. Finally in section 6 we discuss the
possible origin of these currents and we propose
an explanation for the limitation of current density.

2. Observations

In this section, the magnetic spectral characte-
ristics of magnetospheric SIP's are presented. In
Figure 1, some of the characteristics of the Decem-
ber 29, 1978, event (see Shepherd et al. [1980],
Figure 5) are presented. Panel A gives the spectro-
gram of the right-handed component of the signal
recorded on the X and Y antennas (i.e., the antennas
situated in the equatorial plane of the spacecraft,
which is, within 1°, identical to the equatorial plane
of the earth). Contrary to what has been observed
previously for other ULF signals recorded in this
frequency range [e.g., Young et al.,, 1981; Perraut
et al., 1982], there is no variation of the spectral
density at the Helium or the proton gyroirequency.
On panel B, the power integrated in the frequency
range 0.4 - 10 Hz is presented. The power may
reach values as high as 0.3 nT? in this frequency
range. Panel D gives the dc magnetic field compo-
nent B , @ ,and @,as deduced from the dc magnetome-
ter ex%eriment S-331 [Knott, 1975] and presented
with the total intensity and the two polar angles
in the VDH system (V : vertical; D : towards geogra-
phic east; H : towards geographic north). In panel
C the component of this dc field in the XY plane
is plotted as B, (S-331). It shows that the field
had a strong tailward component increasing regularly
until 2237 UT, the time at which it. suddenly de-
creased, indicative of a more dipolar configuration.
The signal labelled D,, is the measure of the same
component that can be obtained with the ULF experi-
ment (S-300) by using the onboard "despin system"
[S-300 Experimenters, 1979; Robert et al., 1979).
The agreement between the two curves is fairly
good; this demonstrates that, with a suitable process-
ing, one can get valuable information on the dc
magnetic field with the ac antennas.

Two other examples are presented on Figure
2: the characteristics of the phenomena are very
much the same. One may notice that each time
the magnetic field changes from a tail like toward
a more dipolar configuration (i.e., each time D
decreases), strong SIP's associated with a curred
tube structure occur. Yet, they may also occur
during the "growing phase" of the taillike structure
or during the "expansion phase" of the substorm,
as shown by the events near 2250 and 2310 (Figure
2a), respectively.

That these events are associated with a global
perturbation of the magnetosphere and not with
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Fig. 1. Examples of SIP's observed at time of abrupt changes of the magnetic field configura-
tion. (a) Spectrogram of the right-handed ULF component. Continuous lines represent the
instantaneous helium and proton gyrofrequencies. {b) Integrated power in the frequency range
0.4-10 Hz. Arrows correspond to SIP's which have been identified as current tube signatures.
(c) Amplitude of the component of the dc magnetic field in the plane perpendicular to the
spin axis as obtained by two independent measurements. (d) Spherical coordinates of the
dc magnetic field in the VDH system.
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Fig. 2. Two examples of substorms associated SIP's. See Figure | caption for the definition
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a localized one is illustrated on Figure 3, where
the magnetograms of three auroral stations : Kiruna
(65.2°N, 116.0°E geomagnetic), Reykjavik (70°.3
N, 71.6°E), and Nassarssuaq (71.2°N, 36.8°E) are
presented together with the GEOS data for a series
of events that were already studied by Shepherd
et al. (1980). The three auroral breakups that
were detected by these authors near the GEOS
magnetic footprint at 1700, 2018, and 2334 are
clearly associated with substorms. Note the very
pronounced tailward configuration at GEOS (By
~90nT) at least for the first two events and the
large intensity of the ULF wave (=0.3nT? in the
frequency range 0.3-1.5 Hz and =~ 0.02nT? in the
frequency range 1.5-5 Hz).

3. Data Analysis

The deconvolution method used for obtaining
an equivalent dc magnetic signature is first des-
cribed (section 3.1). Then the method used to obtain
the electric wave form is described and compared
with the magnetic signatures of current structures.

3.1. Deconvolution of the ULF Magnetic Data

The way in which the data are processed to
eliminate the residue of the signal at the spin
frequency and to obtain clean frequency-time spec-
trograms is described elsewhere [Robert et al.,
1979]. For the present study we go one step further.
The antennas being only sensitive to dB/dt, a correc-
tion for the frequency response must be made.
Such a correction is made in the frequency domain.
A fast Fourier transform is applied to a slice of
signal (of 88 s duration) recorded in the spinning
frame of reference. The result is multiplied by
the inverse of the antenna transfer function (in
both phase and amplitude). A filtering is made
to eliminate the very low frequencies (f < 0.2 Hz)
: the antennas being not at all sensitive in this
frequency range, a multiplication by the inverse
of the transfer function would lead to anomalously
large and not reliable numbers. A correction is
also made for the delay owing to nonsimultaneous
telemetry sampling of the different components.
An inverse Fourier transform is then applied to
come back into the time domain. Finally, the data
are transposed into a fixed frame of reference
(usually the VDH system) by taking into account
the spacecraft attitude. The net result of this
data handling is the components of B in a f{fixed
frame of reference, within some unknown additive
constant.

3.2. Example

The method is illustrated in Figure &, which
shows expanded data from a SIP event which oc-
curred on December 29, 1978, also shown in Figure
1. At the top of Figure 4, the telemetry data corre-
sponding to the three antennas X, Y, and Z are
plotted in volts. Note that the onboard step ampli-
fier {(for the X and Y antennas alone) has switched
to a lower gain between = 2321:55 and = 2322:10
UT so that the telemetry signal looks rather small
during this period. Note also that a residual signal
(~2.5 Vpp) at the spin frequency is seen on both
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Fig. 3. The December 18, 1978, event. From
top to bottom magnetograms of Narssarsuaq,
Reykjavik, and Kiruna; component of the GEOS

dc magnetic field in the equatorial plane; integrat-
ed ULF power in two frequency bands showing
the occurrence of SIP's at substorm '"onset" times.

the X and Y antennas. In the second panel the
three signals have been transformed in a fixed
frame of reference and they are expressed in terms
of dB/dt(nT.s~1). A large signal with a characteristic
time of 10s appears on both X and Y around 2322
UT. The signal called D,, in this panel is the one
that is transmitted indépendently to the §round
and that serves onboard as a negative feedback
to reduce the signal at the spin frequency. When
converted into the same scale as the X and Y
telemetered data, this would lead to an amplitude
of=35V po which shows the relatively good efficien-
cy of the onboard despin system (= 25 dB). The
panel below is the result of the data processing
that has been described in this section.

3.3. E field Data

E field data are obtained from the electric
field experiment [Pedersen et al., 1978]. The obtain-
ed high resolution wave form is plotted in Figure
5. Owing to a failure of a solar array, the electric
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Fig. 4. Illustration of the data processing. From top to bottom : original telemetry signals
(with an indication of the step amplifier gain); transposition to a fixed frame of reference
(with the intensity of the signal induced by the rotation of the spacecraft); fully processed
data; total amplitude of the magnetic signature.

field experiment cannot be operated on GEOS
2 during about one half of the spin period; the
dotted lines on Figure 5 correspond to these time
intervals where the experiment is "blind." Since
the antenna is rotating at the spin frequency,
the direction of the measured electric field can
only be accurately determined when it varies over
time scales larger than the spin period. Each arrow
corresponds to the time when the antenna is orient-
ed parallel to the earth-sun line. Then the time

lag between two such arrows is the spin period.
Notice the strong electric field spike at about
2321:52 UT.

3.4. Combined Results

An enlarged portion of the event near 2322:00
UT is given in Figure 6, which will be described
from bottom to top. The lowest panel (panel %)
represents the magnetic spectrogram of the whole

GEOS-2 December 29, 1978

232140

Fig. 5.

232200 232220

Raw data output signal from the electric field double probe. Once per spin (6 s)

the double probe has its closest approach to the satellite-sun line, indicated by arrows. A
photoelectron effect gives rise to a sunward parasitic electric field of ® 1 mV m ~ in the
direction of arrows. No data is obtained for part of the spin due to a satellite solar array
failure (dotted line). The large electric field, with m1-2 Hz oscillations superimposed, seen
for approximately one spin, is much larger than the parasitic sunward field.
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Fig. 6. Enlarged portion of the ‘example shown in Figure 4. From top to bottom: (1) the
magnetic signature in the V, D system; (2) the E field in the X-Y coordinate system, X
being toward sun; each point results from an average over one spin period of data shown
in Figure 5; (3) E field data and B spectrogram over 2 hours showing the general context
in which the specific event under study takes place. Finally, on the right side a schematic
drawing indicates both the direction of the E field and that of the direction of motion
of the current structure (D).
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and December 18, 1978, 2330 UT are displayed
in the same format as Figure 5.

sequence of events. On panel 3 the simultaneous
quasistatic electric field measurements are plotted.
EX and E,, are components of the electric field
in" the sateYlite spin plane (very close to the equa-
torial plane or the VD plane of the VDH system
for GEOS 2). X is sunward and Y is towards dusk.
Notice that large spikes (= 5 mV m ') in the sun-
ward component of E occur in conjunction with
SIP's. On panel 2 electric field data are plotted
for a selected period, spin by spin; each data point
represents the averaged value (over half a spin
period) of raw data displayed in Figure 5. As empha-
sized earlier such a procedure allows for an approxi-
mate determination of the electric field because
both E,, and E,, vary considerably from spin to
spin. Tt)w(e error bar, on both E,, and E,, is in the
range (l-2 mV m™"). Panel l”gives the magnetic
signatures of two components of the magnetic
wave form as deduced from the ULF experiment.
This signature is characterized by different wave
forms on the two components: one resembles a
gaussian curve, the other resembling the derivative
of a gaussian. For reasons that will be clarified
later, this magnetic signature could be displayed
in a D'V' system, which is deduced from a D,V

system by a rotation. Indeed it will be shown in
section 4 that the magnetic signature in Figure
6 corresponds to a localized current structure
moving in the D direction. We further note that
the E field spike is observed about 10 s before
the B field spikes (which will later be shown to
correspond to a current structure passing by the
spacecraft location). This delay between the appear-
ance of the E field spike and the occurrence of
the magnetic signatures of current structures is
apparently quite general; however, we found an
exception that is displayed in Figure 7a, with the
same format. In this peculiar case, the E f{ield
spike (mostly in the X direction) coincides with
the magnetic signature; however, the latter lasts
less than the former. Two other examples are
shown in Figures 8a and 8b. In this case the electric
field spike is again observed prior to the magnetic
signature of the current structure.

For each of the above discussed examples
we have also presented a schematic graph indicating
the directions of the E field spikes together with
the direction D', which will later be shown to
coincide with the direction of the motion of the
current structure. In four cases the E field spikes
are almost sunward; in the fifth, however, the
E field spike points roughly antisunward. In all
cases D' is orthogonal to Esp (sp stands for spikes)
and thus D' approximately coincides with the Esp
x B direction; note that such a property is not
trivial, since short duration E f{field spikes do not
necessarily imply a regular E x B drift. Indeed
we will show in the last section thaP it is different
for SIP's which are not observed during substorm
onsets.

As a last remark we note that the B field
wave form in Figure 8a is quite complex and exhib-
its an intense higher frequency signal (T=1.5s)
superimposed on the main signature. In addition
to this presumably turbulent feature we also notice
that a second, weaker and less clear current signa-
ture is observed at = 2021:l7; it is accompanied
by an E field spike with a large EY component
(also consistent with V_.E = 0).

In conclusion, wé note that there seems to
exist a causal relationship between strong E field
spikes and the magnetic wave form during SIP's.
In the following an attempt will be made to inter-
pret these signatures.

4. Models and Comparisons With Simulated Signals

First, the magnetic signatures of a moving
current sheet or double-sheet will be described
and compared with the signature of a moving cur-
rent tube. Then we will characterize these signa-
tures as a function of the orientation of the velocity
of the quoted structure with respect to a given
frame of reference. A similar study has been under-
taken earlier by Berko et al. [1975], who, however,
used data acquired onboard a stabilized and low
altitude satellite.

4.1. Current Sheets

Let us first consider a FAC sheet and let
us assume that the spacecraft crosses this sheet
along a trajectory that is orthogonal to the current
(it is equivalent to consider that the sheet is moving
and encounters the spacecraft). If a fixed frame
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Fig. 8. Same as Figure 7 for January 25, 1979, 2021.00 and 2017.30 UT.

of reference is considered, that is 1f the sheet orientations. In the actual situation the true anten-

does not rotate simultaneously, it is easily found
that the magnetic field signatures observed on
the two antennas will be proportional to each other
(Figure 9), the proportionality coefficient being
either positive or negative depending on the orienta-
tion of the antennas with respect to the sheet.
For reasons of simplicity, we have assumed that
the antenna axes X, and Y, are oriented parallel
and perpendicular %o the relative trajectory of
the spacecraft and the sheet, but the argument
holds for any other orientation, the proportionality
coefficient being possibly equal to zero for some

nas X and Y are rotating, but with the help of
some simple processing (see section 3.l) it is possi-
ble to reconstruct the signals as if they were observ-
ed in a fixed frame of reference. From now on
this frame of reference will be assumed to be
parallel and perpendicular to the relative motion
and we will drop the subscript 1.

A point that is worth emphasizing is that
magnetic wave forms, such as those displayed
in Figures 6, 7, and 8, cannot result from the local
enhancement (and further decrease) of a nonmoving
current structure. Indeed if they were due to such
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Fig. 9. Theoretical magnetic signatures recorded
on two orthogonal antennas when the spacecraft
crosses an infinite current sheet. In the bottom
part of the figure, the signature has been repre-
sented for a single sheet (left) and for a double
sheet (right).

a short-lived structure, the two magnetic compo-
nents should vary in phase, a phenomenon that
we do not observe in general.

4.2, Current Tubes

Let us consider now a field-aligned current
tube (FACT). Two situations may occur (Figure
10). In the f{first one (Figure 0a), the spacecraft
does not cross the tube of current. If I is the total
current within the tube and if a is the impact
parameter (the distance of closest approach) the
curves giving the variation of B, and BY as a
function of time are very regula)r(, although both
variations have very different shapes. At time
T= a/v (where v is the relative velocity) B,, goes
through its maximum value B = uol/lm'a, whereas
B, has half the value it had at time = 0 (B, =
p)i/27ra). The quantity 2T may be considered®as
tRe characteristic time of the encounter. If one
measures this characteristic time, as well as the
maximum amplitudes B o and BYo’ one must first
verify that ZBYO = B))(( and secCond one obtains
a measurement ' Of I/a."The current tube and its
displacement being defined by three parameters
a, I, and v and the experiment giving only two
measures (a/v and 1/a) it is impossible to deduce
from the ULF experiment alone all the characte-
ristics of the FACT. In section 5 it will be shown
that it is sometimes possible to get a third inde-
pendent measurement (E field) that will allow us
to obtain all the FACT characteristics.

The second situation (Figure 10b and 10c)
occurs when the spacecraft crosses the current
tube. Assuming that the current density J is con-

stant over the whole area 7TR? of the tube (and
therefore that the total current intensity I is equal
to 7t R%J), the B (t) and B,(t) curves do present
angular points which occur at a time to s where

t = 7 (R?/a2-1)}/2 (1)

Depending on the relative value of a and R (a/R
2 1A/2), the shape of the B, (t) curves are slightly
different. In the first case, there is not much change
in the slope of the curve at the angular point,
whereas the slope changes sign in the second one.
In both cases, assuming that we measure BXma ,
BYmax’ and T (first case) or t_ (second case)s,
it is" possible to deduce the values of Ja, a/r, and
a/v. Again ones does not have enough measurements
for deducing all the FACT parameters, which are
now four in number : a, R, J, and v. Even if we
could measure t_ (first case) or T (second case),
this would not help because the ratio T /t_ is not

independent from the other parameters. °

4.3. Orientation Effects

One question immediately arises: how do these
magnetic signatures change when the reference
axes are no more parallel or perpendicular to the
direction of the relative displacement? This question
is easily solved by a numerical simulation in which
the angle O (made by the relative spacecraft velocity
vector vg with respect to the X antenna) is varied.

Fig. 10.

Theoretical magnetic signatures recorded
on two orthogonal antennas when the spacecraft
passes by (a) and crosses (b and c) a field-aligned
current tube. The X antenna is assumed to be
oriented in the direction of the displacement.
Case (a) corresponds to a >R, (b) to 14/2 < a/R< |
and (c) to a/R < 14/2.
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On Figure 11 the results of such a simulation are
presented when @ varies from 0° to 90°. One verifies
that Y(90°) is identical to X(0°), whereas X(90°)
= =Y (0°) as it could be expected from simple geome-
trical considerations.

Similar curves may be drawn for all azimuthal
angles. Fitting the experimental data with these
curves may allow the determination of @ . In fact,
data are processed the other way round. The dc
magnetic signature is computed in different frames
of reference until one finds curves that look like
the @ = 0° of the B = 90° curves. This fitting proce-
dure is made with angular steps of 22.5°, which
is the accuracy of the determination of § .

However, one must note that there exists
an ambiguity in the direction of the current. The
simulation results presented in Figure lla for
instance have been obtained by assuming that
the current was pointing upward, that the space-
craft was moving to the right and passing below
the tube. Identical signatures would be obtained
for a current pointing downward (with respect
to the plane of the figure) with a spacecraft moving
to the left and passing above the tube. There is
no way, by using magnetic data alone, to distinguish
between these two possibilities. Again we must
lc;ok for an independent information (see section
5).

The simulations presented in Figure 11 have
been made by assuming the following and typical

valuef for the current parameters § J = 7 x 10 -8

A.m™4, R = 200 km, v = 70 km s = and a varying
between 80 and 320 km. For such parameters T
(or t) is of the order of 5 s and the maximum
amplit%de of the magnetic signal is between |
and 10 nT.

4.4, Simulated Signals

In order to check the validity of the method,
an artificial magnetic signature of a FACT has
been fed through a simulated antenna system and
the method has been applied to the issuing signals.
The results are shown in Figure 12 for the two
characteristic signatures of a moving current tube,
noted B, and B,. One sees that, for the spinning
antennas’ X and”Y, there is not much difference
between the original input signal and the output
one, filtered in the spinning frame of reference
and recomputed in the original fixed referential.
In particular, the shapes of the signatures are much
similar and the times T or t_ are identical. Only
a slight low frequency modulafion may be noticed,
which is due to the artificial suppression of frequen-
cies smaller than 0.2 Hz. But the results are quite
different on the nonspinning (Z) antenna. The ampli-
tude of the output signal is reduced by a factor
2 or 3 and the low frequency modulation becomes
of the same order of magnitude as the total signal.

All these characteristics are easily explained.
Filtering at 0.2 Hz strongly attenuates signals
with characteristic times longer than 5 s : this
is what is observed on the Z antenna. But in the
rotating frame of the X and Y antennas, a dc
magnetic field with a given orientation in a fixed
frame generates an ac signal at the spin frequen-
cy {( ~0.17 Hz). Filtering at 0.2 Hz is equivalent
to filtering the original signal at = 0.03 Hz and
magnetic signatures with characteristic times
shorter than 5 s are almost not modified.

Numerical simulation of the magnetic
signatures that would be observed on two orthogo-
nal antennas when the velocity of the spacecraft
with respect to the current tube makes an arbitrary
angle with the reference X axis. The parameters
of the FACT model are R = 200 km, J = 7x16-8

Fig. 11.

A m-2 and v = 70 km s-L
a is varied as indicated.

The impact parameter

4.5. Method Efficiency

In order to specify the limit of the method,
other simulations of FACT's have been made with
different characteristic times and different values
of the ratio a/R. This leads us to the determination
of the transfer function of the system for the
input model signals B,(t) and B,(t). The results
(which will be used for deducing absolute amplitudes
of the magnetic signatures) are presented in Figure
13. For the spinning antennas, the ratic between
the output amplitude to the input amplitude AO/A
slowly decreases when T increases. One can expec%
to find magnetic signatures on the X and Y antennas
for T values as large as 10-15 s. Yet for the Z
antenna that is not spinning, we cannot expect
to find signatures for T larger than 2-3 s.

Another limitation to the accuracy of the
determination of the geometry of current structu-
res must also be discussed. Owing to spacecraft
rotation, the effect of the filtering at 0.2 Hz is
not the same for two vectors rotating with and
against the satellite spin. B field vectors rotating
in the same sense as the spacecraft will be strongly
attenuated, while those rotating in the opposite
sense will be properly reproduced. Thus data process-
ing has led to select a class of signatures that
correspond to a counterspin rotation. Yet, because
of the seasonal change of the GEOS spin direction,
we have had almost equal chances to select events
corresponding to apparent left- or right-handed
rotation, so that the statistics of the current direc-
tion (see section 5.1.) is not basically biased. The
same difficulty is also met when analyzing a linear-
ly polarized signal, due for instance to a double
current sheet with a current flowing in the Z direc-
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and B, that would be detected

by truly dc magnetic antennas and the ones that are obtained aftér processing the AC ULF
data. For the spinning antennas, oscillations occur due to the ultra-low frequency filtering.
These effects are much enhanced for the nonspinning antenna. The fol_lgwing current tuhbe
parameters were assumed : R = 100 km, a = 80 km, J = 1x108 A m , v = 100 km s .

tion. Then 1t 1s found from simulations that a parasi-
tic signal is introduced in a direction perpendicular
to the original one. These parasitic effects, of
course, depend upon the duration of the signature.
After a careful study of these effects upon simu-
lated signals we can conclude that the field-aligned
current tube geometry can only be assessed without
ambiguity when the signatures last less than 2
s. As a matter of fact, magnetic signatures such
as those displayed in Figures 6, 7, and &, which
are consistent with FACT's, might also be due
to a double sheet structure passing the spacecraft.

Nevertheless, an important remark is in order:
when after a suitable rotation of the magnetic
signature in the X-Y plane we get a single humped
component in one f{and only one) direction, say
D', we can be sure that the structure (whatever
its cross section in the spin plane might be, circular
elliptical, banded) moves in the D' direction. This
property will be used in section 5 where we com-
pare the direction of motion of these structures
with the E x B drift.

4.6. Examples of FACT's

In order to assess without any ambiguity the
geometry of the current structures that have been
detected on GEOS, we have selected magnetic
signatures lasting less than 2 s. Our Figure 14
shows such a signature. In Figure l4a a rotation
has been made in the spin plane (VDH —V'D'H')
so as to obtain the best fit with the theoretical
signature of a tube. In Figure l4b we go one step
further; in order to prove that the current flows
along B_ we have changed (V'D'H') — (X'Y'B)
where is i the plane defined by V' and
and is perpendicular to B . It is clear in Figure 14
that the component along éo is now much smaller

than the other two components (while the H compo-
nent is approximately as large as the V' and D'
components). We thus conclude that the magnetic
signature is that of a field-aligned current tube.

Another such example is displayed in Figure
15. In this case a rotation in the VD plane is not
useful since the D component already exhibits
a single humped variation while the V component

—— symmetric signature
———anuisymmelric signature

4.
R 6

EFFICIENCY OF THE ANALYSING PROCEDOURE

2Tts)
Fig. 13. Efficiency of the analyzing procedure
as a function of the characteristic time 27T of
the magnetic signature. | and 2 refer to the nature
of the signature (symmetric or antisymmetric)
as represented in Figure 12. The efficiency of
the nonspinning antenna is much reduced as soon
as the characteristic time of the signature exceeds
2 s. There is also a slight influence of the ratio
between the impact parameter a and the radius R
of the current tube (not shown here).
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Fig. l4.

20:52:20

Detection of a field-aligned current tube. Since the characteristic time of the

event 1s rather short (2T= [.6 s), there 1s a magnetic signature on the three antennas and
therefore on the three directions V', D', and H (upper panel). When transposed to a frame
of reference in which the Z axis is parallel to B, the signature along this axis almost dis-

appears (lower panel), which is a
angle between By and H was 58°.

has a double-humped type signature. Note that
the H component is as large as the other; vyet,
once in the (X,Y,B ) plane (Figure 15b) the compo-
nent along B becomes very small, as expected
for the signature of a current flowing along B .
We thus conclude that we are observing a FA
moving in the D (or -D) direction.

Seven such events have been identified among

the 47 events studied in detail. The remaining
40 events last more than the critical value of
2 s, which makes it difficult to assess whether

they are also FACT's. Such a check requires high
time resolution data from the fluxgate magnetome-
ter, a task that will be the object of a future
work.

5. Statistical Results

Because of their huge number, we have not
made a systematic analysis of all SIP's, which
have been observed onboard GEOS 2. We have
selected in priority those SIP's for which magnetic
signatures were clear. This is not always the case
: often a "turbulent" magnetic field is superimposed
on the current signature. This is illustrated in
Figure 8a, where such a superposition is observed
at the beginning of the signature. In this particular
case, as in many others, both contributions can
easily be separated. However, the turbulent field

proof that the “current flows along Bo; at that time the

can have an amplitude comparable to that of the
current signature. In such cases it is difficult to
analyze the geometry of the structure; in our
selection we have deleted these events.

Looking at intense onsets, we always found
simultaneous SIP's. However, electric field measure-
ments were not always available at these onset
times. Because the knowledge of this field is neces-

sary to compute all the current parameters, as
will now be discussed, we have also looked at
SIP's near substorm onsets when electric field

data could be obtained. A total of 42 cases have
been analysed by using the method described in
the previous Section.

5.1. Velocity of Current Structures

As discussed at the end of section 4, whatever
is the duration of a magnetic structure, as measured
from its wave form, it is possible to derive from
it the direction of its motion. A series of rotation
(22,5° - 45° - 67.5°) has been applied to the two
components of the wave form in the spin plane;
whenever the resulting signatures exhibit a single
and double humped function, the one corresponding
to the single humped is the direction of the displa-
cement. We will now compare this direction to
the one given by v = (E x B }/B 2.

i 0 .
Partial results of such "a comparison have
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GEOS-2

FEB. 18,1979

12 nT

®
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22:28:50 .
Another example of a field-aligned current tube. At that time the angle between

Fig. 15.
Bo and H was 50°.

already been shown in Figures 6, 7, and 8, where
we found that v_, the motion direction of the signa-
ture, is perper??xcular to Esp (remember, however,
that there is generally a time lag between both,
as emphasized in section 3). We thus conclude
from data shown in these figures that the projection
of v.and v = E x B /B _? in the spin plane coincides.
As Will now be diszasseod, this is not general; indeed
statistics made on the basis of 42 current signatu-
res analyzed in detail and compared with the corre-
sponding high resolution E field data show two
different trends. Observe that v_ is defined modulo
180°; therefore, we have chosén in what follows
the direction of the current and v_ so that the
angle A® = (v, v.) be minimized. Tt appears that
there are cases for which the agreement between
the two directions is rather good (|A®| < 30°) and
cases for which it 1s not.

The comparison between the orientation of
v and -v_ is made in Figure 16, where we have
separated® cases corresponding to substorm onsets
as defined in section 2 (i.e., current structures
observed at a time of abrupt changes of the magne-
tic field configuration), from cases corresponding
to other periods within a substorm. The first class
of events is characterized by the symbol D\
(and contains 14 events observed during 7 different
days). The second one (28 events during 8 different
days) is characterized by the symbol D, =.

Examination of the first class shows that
the agreement between v and -v_ is rather good
: out of the l4 cases, nine correspond to [AQ|Z
20°) and all to |A®| £ 40° Observe that v_ is at
best determined within =~ 11° and v within~ ~ 20°

T
22:29:00

- 40° (whereas the accuracy on the measurement
of |v| is = 20%). These accuracies are still good
enough to allow to conclude that for these events,
the displacement of the current tube is imposed
by the E x B drift. This solves the ambiguity prob-
lem about the direction of the current (upward
or downward). Accordingly, assuming that v =
E x B /B ? gives us the last missing parameter
for c'o_r%pu?ing current characteristics. Examination
of the panels corresponding to this class of events
also shows that within three exceptions, the general
direction of the E x B drift is eastward with a
slight component oriented earthward. In other
words the plasma (and the current tubes) follow
the direction of newly injected electrons.

For the second class of events the situation
is less clear. Only 8 events out of 28 correspond
to |AP| £20° and 15 to |AQ| £40° Besides the E
x B drift directions are more randomly distributed.

By using E field measurements for suppressing
the ambiguity in the direction of the current,
one can draw a map showing the direction of this
current as a function of local time. This is done
in Figure 17 for the 29 events for which |A @ |
240° In this figure the radial coordinate has no
physical meaning: it is used merely to separate
points. Again these events have been divided into
two classes, associated or not with substorm onsets.
In both classes more than half of the events corres-
pond to currents pointing upward. In order to know
whether an upward current corresponds to electrons
precipitating into the ionosphere or flowing out
of the ionosophere, one has to consider the relative
position of GEOS with respect to the neutral sheet.
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Repartition, in 22.5° angular slices, of the velocity v (as deduced from E field
(as deduced from the ULF magnetic signature) of

the current tubes. The histograms of thé angular differences of the two directions, as measur-

ed for each individual events, are also plotted {in 20° bins). From top to bottom
events associated with "onsets" (D, \ ), events non associated with "onsets" (D

: all events,
Z). For the

onset-associated events, the two difections of the velocity are much similar. In )t<heir majority
they correspond to an eastward (and slightly inward) displacement of the tube.

GEOS 2 is situated in the geographic equatorial
plane and a few degrees south of the magnetic
equator. Indeed examination of B polar angles
in the VDH system (see Figure 18, where @ s
the angle between H and B_ and @ is the angle
between V and B,) shows that in almost all cases
GEOS is south of the neutral sheet; i.e., the magne-
tic field passing through GEOS is stretched toward
the tail and not toward the earth (¢ =0° and not
180°). Consequently, more than half of the observed
currents correspond to electrons precipitating into
the southern hemisphere. However, this study should
be complemented by measurements obtained at
higher magnetic latitudes.

5.2. Current characteristics

For the 29 events for which |A®| £40°, all
the current characteristics have been computed.
For this purpose we have assumed that all the
observed signatures correspond to FACT's, an as-
sumption that might be wrong for those lasting

more than 2 s. Nevertheless, current densities
and speed of structures remain accurately determi-
ned, whatever the geometry of the current structu-
re: if the structure consists of a sheet or double
sheet (as it might be the case for long lasting
signatures), the parameter R becomes an approxi-
mate evaluation of its size in the direction of
the motion. The maximum, minimum, and average
values of these parameters are given in Table
1, whereas their distributions are represented in
Figure 19. In the next section a comparison will
be made between these values and those determi-
ned onboard low altitude spacecraft or deduced
from ground measurements. Notice that R is of
the order of a few Larmor radii for |-keV protons.

5.3. lonospheric equivalence

The mirror ratio P = B./B_ between the iono-
sphere and the equatorial reéioﬁe (at the geostatio-
nary orbit) is of the order of 500. Assuming that
the total current within a flux tube is conserved,
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Current direction and velocity (as seen from above the North Pole) for the events

for which |A @| £ 40° The plotted velocity is the one deduced from E field measurements.
The radial coordinate is just used for separating points.

one has

-1/2
R/R, =p

Ji/Je =P

(2)

1/2

(IR)/GR), = p (3)

where subscripts i and e stand for the ionosphere
and the equator, respectively. If we assume that
the azimuthal angular _Yﬂocities are also conserved,
one has v./v_ =~ l.4 = 0.06. From the observed
.1 e . . .
equatorial” values reported in the previous section,
the corresponding ionospheric values are obtained
(see Table 1). -

Values of the order of | - 3 yA m ~ are usually
found with spacecraft for the global two sheets
field-aligned current system [e.g., lijima and Potem-
ra, 1976, 1978; Potemra, 1979] but larger values
(10-40 pA m °) have been observed onboard rockets
or spacecraft or deduced from incoherent scatter
radar measurements in the vicinity of more loca-
lized auroral forms [Casserly and Cloutier, 1975;
Berko et al., 1975; de la Beaujardiére et al., 1977;
Theile and Whilhelm, 1980]. More recently, Burke
[1981)] and Burke et al. [1983], by using low-altitu-
de measurements made onboard S$3-2, have _riported
current intensities as high as 135 pA m °. This
is not far from the ionospheric equivalent of the
maximum current densities we have observed at
the equator.

The horizontal extension of intense arcs, usually
associated with strong upwards current, is in general
much larger than the dimensions that are quoted
here (R = 1 - 40 km at ionospheric level). However,
structures localized both in latitude and longitude
have been evidenced recently. By using the data
of the Scandinavian chain of magnetometers and
my modelling the conductivities and current systems,
Baumjohann et al. [1981] have deduced Eae existence
of strong upward currents ( 8 pA m °) near the
westward boarder of the travelling surge during
local auroral break-ups. Their size was of the order
of the grid that they used (50 x 50 km?). A similar
conclusion was arrived at by Bdsinger et al. [1981],
who indeed have also observed that these events
were associated with strong SIP's. Mauk and Parks
[1981] and Mauk et al. [1981], by using a new bal-
loon-borne X ray imaging technique, have found
structures whose size at the ionospheric level
was within their resolution limit (20x20 km?) during
a major break-up event. These structures were

associated with a softer spectrum of the precipitat-
ing electrons. Burke [1981] and Burke et al. [1983]
have reported size structures of the order of 2
km.

As far as velocities are, concerned, typical
velocities of ~ 0.3 to 1.6 km s ° have been reported
for the poleward motion of an arc [Nielsen and

Greenwald, 1978]. Yet longitudinal velocities, of
o — 77T
i - ]
< 10 // i
ST / ]
o _ -
s | / ]
] i % 1
2 °I m ]
2 % ]
o ] ]
—
0 45 90 135 180
Ogto)
»n 10 1T 77T T
L 5
wn
<
o
5 |
£ st i
[e1] L 4
o
=2 A 4
2
0 LA L B | LI B B
-180 -135 -90  -45 0 45 30 135 180
(PB( °)
Fig. 18. Histogram of the direction of the dc

magnetic field B_ for cases for which |[A®| < #0°.

Oy = (H, B) ahd Pp=(V,B,) is measured in the
\'B,D plane ~ positively counterclotkwise as seen

from the North Pole. The average value of @
is 38°, showing that in the majority of cases B
has not recovered its dipolar configuration (g
=~ 13°). The azimuthal angle @, is almost always
equal to = 0° and not to = l?80°, showing that
éo is pointing toward the tail, i.e., that GEOS
is"almost always south of the neutral sheet.
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the surge, for, instance, may reach values as high
as 2.5 km s = [Akasofu et al.,, 1965], and even
much higher velocities (up to 35 km s ') have
been reported [Bdsinger et al.,, 1981; Ullaland et
al., 1981]. It must be noted that such velocities
seldom agree in direction (or intensity) with the

5 T rr T T T

NUMBER OF CASES
w

one that can be deduced from the E x B drift, 2

when electric field measurements are available

either from rocket flights or from ground observa- 1

tions [Nielsen and Greenwald, 1978; Yamagashi

et al., 1981). This is partly due to the very intrica- 0 ;

te structure of the dc electric field in the vici- 0 s0 100 150 200 250
nity of a surge [Horwitz et al.,, 1978] or more VIKmS1)

generally in the Harang discontinuity region where
both the eastward and westward electrojets merge
together [e.g., Kamide, 1978]. Akasofu [1979] has
also argued that there was no reason why the iono-
spheric velocities should match the equatorial
ones.

5.4, Experimental Difficulties

NUMBER OF CASES
O e N W AU O A D

From the above brief review of the measure-
ments made in the vicinity of bright auroral arcs,
it appears that the ionospheric values of the current
structures that we deduce from our equatorial
measurements are in reasonable agreement with
existing observations. The existence of localized
field-aligned structures, that intensify at substorm
onsets, have been emphasized by many observers
[e.g., Kamide and Akasofu, 1975; Pytte et al.,
1976; Meng et al.,, 1978]. But their characteristics
are difficult to measure: their magnetic signature
on the ground is just due to their associated Hall
currents [Fukushima, 1971, 1976] and can be hidden
by the magnetic effect of the simultaneous iono-
spheric westward electrojet. Precise measurements
may disentangle the two signatures on some occa-
sions [Opgenocorth et al.,, 1980; Inhester et al.,
1981].

Above the ionosphere these currents are detect-
able in principle but if they are localized they quA.m-z)

NUMBER OF CASES

OO0 » N W &~ N 00 Jd @

Fig. 19. Histograms of the current characteristics

Table 1. Current Characteristics for events with |A@| < 40°. From top to bottom :
velocity, radius, and current density.

Minimum Maximum Average

may well be missed by orbiting satellites. Their

Equatorial Values size is much smaller than the size of the more
. or less permanent double sheet polar current system
Radius Ry, km * 20 -3 200 215_, and even smaller than the small-scale disturbances
Density J, HA/m? 6x10 0.3 8x10 ( =80 km) detected by TRIAD [Saflekos et al.,
. 1978). Even if a spacecraft was passing in their
Velocity Ve? km/s 15 170 70 vicinity (a = 40 km) at the right time, their magne-

tic signature would be weak (25 to 250nT) for

lonospheric Values the quoted values of (JR).. At larger distances

Radius R;, km | 40 10 (@ = 400 km) the magnetic amplitude (2.5 - 25

. 5 nT) falls near or below the resolution level {(=15nT)
Density J uA/m 3 150 40 of the TRIAD satellite. MAGSAT, whose resolution
Velocity, v, km/s | 10 4.5 is better ( =~2nT), will probably give more precise

measurements. Indeed it seems that localized FACT
structures have been detected in the vicinity of
the Harang discontinuity (T.lijima, private communi-

In the above table, only the 28 events for which

- o - . .
3\(:1_),515|-15, lEl < 40° have been included in this cation, 1981). |

: The use of ac antennas which are more sensi-
*For long lasting signatures, the cross section tive to  dB/dt than dc sensors, may help detecting
in the spin plane of the current structure is not these structures. Indeed Berko et al. [1975], who
necessarily circular (at least this cannot be proven have used OGO 4 search coils and who have inter-
without ambiguity). In these cases R is the size preted their results with a model similar to the

of the structure in the direction of its motion. one that is presented in this paper, were able to
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detect some of these high intensity events. However,
at low altitudes, the spacecraft velocity is equal
to or larger than the velocity of the tube. There-
fore, it is difficult to disentangle spatial effects
from temporal ones. This is not the case for experi-
ments performed at a few earth radii in the equato-
rial region since the spacecraft velocity is always
negligible with respect to the structure velocity.

6. Interpretation of the Results

In this section we will consider the possible
interpretation of our results in the frame of the
current disruption model of substorm onsets and
in terms of the theory of kinetic Alfven waves.
We will also discuss the problems of the current
limitation and of the origin of the electric field.

6.1. The Current Disruption Model

One of the favored theory for explaining field-
aligned current enhancements is the diversion
theory in which a fraction of the dawn to dusk
neutral sheet current is suddenly diverted toward
the ionosphere [Atkinson, 1967a, b; Bostrdm, 1972;
Akasofu, 1972, 1977, 1979]. Hasegawa and Sato
[1979] and Sato and lijima [1979] have elaborated
on this theory; they have shown that strong parallel
currents occur in regions where vorticities in the
plasma flow are present, as in the case at the
boundary between a corotating plasma and a newly
injected plasmasheet plasma. The fact that the
strongest SIP's, i.e., those that are observed at
substorm onsets, are localized in the midnight
sector (see Figure 17) is an argument in favor
of this theory. The estimated value of the diverted
current (a few 10-8A m™2 is also in good agreement
with the measured values.

A theory taking into account the ionospheric
conductivity and the feedback mechanism that
is introduced by the precipitating electrons has
also been worked out by Atkinson [1979], who estima-
ted the azimuthal velocity of, the diversion slot
to be of the order of 5 km s = at the ionospheric
level. This value agrees well with the ones we
have deduced from our measurements.

However, these theories were mainly aimed
at the interpretation of large scale structures.
They do not contain any physical argument which
could justify the smallness of the observed structu-
res.

6.2. Kinetic Alfven Waves

When considering structures of a few ion gyro-
radii it is tempting to think of kinetic Alfven waves
(KAW), which are potentially efficient processes
of transmitting to the ionosphere any perturbation
of the convection pattern occurring in the equatorial
plasmasheet [Hasegawa, 1976 ; Mallinckrodt and
Carlson, 1978; Goertz and Boswell, 1979]. Localized
changes may indeed lead to kinetic effects provided
that their spatial scales in the direction perpendicu-
lar to the magnetic field is of the order of the
plasma inertial length [Goertz, 1981] or to the
ion Larmor radius. As a consequence KAW's have
a small but f{finite parallel electric field which
might accelerate electrons. However, the overall
effect of this E; does not necessarily lead to
an important electron acceleration; this is why
Lysak and Carlson [1981] have argued that the

microscopic turbulence associated with the KAW
might lead to its damping. Later, Lysak and Dum
[1982] proposed that this turbulent layer, in addition
to modifying KAW reflexion, also leads to a partial
current interruption through anomalous resistivity.
They also evaluated the subsequent electron accelera-
tion.

Since, for most of the studied examples,d
E/8B (where OB is the amplitude of the magnetic
signature) is of the order of the Alfven velocity,
it is tempting to conclude that our observations
are nothing but the signatures of KAW's. We have
carefully examined the possible links between our
data and the above theories. Examining Figures
6, 7a, 7b, 8a, and 8b, we find that over five events
randomly selected there is only one for which

E and 8B correlate in time. For the four other
cases the 8E spikes are observed significantly
earlier than the magnetic signature and they do
not correlate.

Besides, the constancy of the E field direction
during the whole event (see, e.g. Figures 7 and
8) is not compatible with the hypothesis of an
Alfven wave for which the electric field should
present a left-handed rotating pattern [Goertz,
1981]. It is worth mentioning that Burke et al.
[1981] have also noticed the absence of change
of direction of the electric field during the events
that they reported. We thus conclude that the
KAW model by itself cannot provide a fully satisfy-
ing explanation of our data; instead these are consis-
tent with current structures moving past the space-
craft, as a response to an E field impulse.

6.3. Current Limitations

The ionospheric equivalent of the maximum
current densities which we observe in the equatorial
region (see Table 1) is of the same order of magni-
tude as the ones that were observed on some occa-
sions at low altitudes [Berko et al., 1975; Burke,
1981; Burke et al., 1983],for localized structures.
These values ( 100 pA gn °) far exceed the critical
value (= 2-10 pA m “) above which Kindel and
Kennel [1971] have predicted that currents would
become unstable with respect to ion-cyclotron
or ion-acoustic waves. The fact that such high
values are seldom observed at low altitudes may
be a proof that the Kindel and Kennel's mechanism
operates at low ( = 1000 km) altitudes. However,
the extrapolation to higher altitudes may not be
valid since we often observe in the equatorial
region current densities much higher than the ones
which can be QIgduced frorl'k Kindg& and Kennel's
theory ( 4 x 1007 - 2 x 10° A m 7). Still we are
faced with the problem of finding an explanation
to the fact that in the quatorial [Egion currents
seldom exceed values of 10° A m ~ (Figure 19).
A tentative explanation is given below.

Let B, be the dc magnetic field and By the
azimuthal “field generated by the FACT at its
border. The Kruskal-Schwartzchild stability limit
[Kruskal and Schwartzchild, 1954; Shafranov, 1956],
which is defined as the maximum current that
can flow along a field line before it becomes disrupt-
ed by its helical motion is given by

B‘p/BZ = 2R/ L (4)

where R is the radius of the current tube and
£ is the parallel wavelength of the instability
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that, for the first mode, can be taken equal to
the characteristic length of the current tube.

Since By = p JR/2 and taking for L twice
the length of inhgmogeneity of a dipolar field
( € = 2V2LR_/3 where R_ = 6400 km and L is the
Mcllwain paraemeter) one obtains

hj ~ 21074 LY A m™? (5)
max

For L = 67, 1 = 107 A m™ which is
not far from the maxifhum value observed onboard
GEOS. Therefore we suggest that the Kruskal-
Schwartzchild criterion defines the maximum current
density in the equatorial region whereas the Kindel
and Kennel mechanism may be a limiting process
operating only at low altitudes ( = 1000 km). Yet
the instability might well account for the observed
"turbulence" superimposed on the magnetic signatu-
res. Note that a slightly modified version of the
Kruskal-Schwartzchild criterion would lead to similar
limitation of the current density inside current
sheets.

6.4, Origin of the E Field

As shown in Figures 6, 7, and &, electric field
enhancements of a duration At ranging from frac-
tions of a minute to one minute have been observed
at the time of SIP's. Typical length scales At.V
are then of the order of 10° km. Such a length
scale represents a few gyroradii of | keV protons.
Only the lower ion energies of the plasma will
therefore have a bulk motion that is approximately
ExB/B? during the relatively short time of an elec-
tric field enhancement.

The somewhat surprising result v_/ |v_ | =

. =5 s.
-v /|v| at substorm onsets is neverthéless “interes-
ting, and it is worth repeating that this seems
to be a reasonable way of determining the ambi-
guity in directions of current motions.

Another question of concern is the origin of
this E field. Such a field cannot be reproduced
through Faraday's law by the current displacement
itself. Indeed it is easily found that a moving cur-
rent can only generate an induction field parallel
to itself. Therefore, if the current is field-aligned
and if its intensity is not a function of the abscissa
along the field line, there is no inductive field
perpendicular to B . I{ the current was not field-
aligned, a simple order of magnitude computation
shows that the induction field could not reach
the observed values : considering the distance
of closest approach a as a characteristic length,
the relation V x E = -dB/dt leads to E =~ a AB/T.
Assuming a =~ 500 km, AB = 5 nT, and T =35 s,
one gets E = 0.5 mV.m °, which is much smaller
than the observed values. In addition observations
show that the large E spikes are not in general
coincident in time with the magnetic signature.
Therefore the measured electric field does not
seem to be associated with the space charge set
up by the fieid-aligned current [e.g., Goertz and
Boswell, 1979). The situation is different from
the one encountered at ionospheric altitude where
such space-charge generated electric fields seem
to have been observed in conjunction with intense
field-aligned currents [Burke et al., 1983].

The events being mostly observed at times
of plasma injection, polarization electric fields
associated with plasma boundaries may also well
be invoked. In fact, if actually the current is divert-

ed from the neutral sheet, stresses on magnetic
field lines may be at the origin of the tube displa-
cement, as in flux transfer events, and again it
is not obvious how electrostatic fields are gene-
rated in such structures.

7. Conclusion

By making a careful analysis of ULF signals
detected onboard GEOS 2 during substorm events,
we obtained results which may be summarized
as follows :

l. There is a definite correlation between magneto-
spheric subsiorms and short irregular pulsations.
SIP's detected in the outer magnetosphere onboard
spacecraft principally occur in conjunction with
abrupt changes of the dc magnetic field from a
taillike to a more dipolar configuration. These
changes may be considered as defining the sub-
storm onsets at GEOS and at its conjugate point.
However, SIP's may be observed at other periods
during substorms.

2. The wave form of a large fraction of SIP's
may be interpreted as the signature of a current
siructure passing by the spacecraft with a high
velocity. When the magnetic ‘turbulence associated
with these currents is too strong, this signature
cannot be derived with confidence.

3. When the experimental conditions are favora-
ble (i.e., when the current is moving fast so that
the magnetic signature iasts less than 2 s) it is
possible to show that the currents are field-aligned.
4. In 40% of cases 50 far analyzed, the direction
of the tube displacement (as deduced from its
magnetic signatures on orthogonal antcnnas) agrees
within = 20° with the one which is computed
from the simultaneous measurement of the quasi-
static electric field (v = ExB/B?). When the compa-
rison is restricted to SIP's associatcd with substorm
onsets (as defined above) thic percentage raises

to 64° (9 cases out of 14) and reach 100% for
an agreement between the two directions less
than 40° .

5. If the assumption is made that for these cases
the absolute value for the velocity of the structure
is equal to the absolute value of the drift velocity
v, the other current parameters (size, density)
can be computed (Table 1). Average values for
the current parameters, as measured in tljg equatg-
rial region, are_lR ~ 215 km, J=8 x 10 A m?~7,
and v 70 km s ~.

6. A transposition of these characteristics to
ionospheric levels gives figures that are in reasona-
ble agreement with the typical values recently
found for localized current structures associated
with break up events.

7. Magnetic signatures of localized structures
tend to occur significantly after strong spikes
in the quasi dc electric field. This lack of simultanei-
ty seems to argue against an explanation based
upon kinetic Alfven waves. Instead, observed signa-
tures are consistent with field-aligned current
structures (be it tubes or not} moving fast as a
response to a more or less spatially localized im-
pulse in the E field.

8. Current structures detected precisely at "sub-
storm onsets" move preferentially in an azimu-
thal direction (in agreement with the diversion
current theory). A definite conclusion cannot be
reached for those detected during the other sub-
storm phases because of the observed differences
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between the displacement directions deduced from
the magnetic signatures and the E x B direction.
9. The magimum_furrent density that is observed
(=3 x 10" Am?” in the _q‘.quatoriil region, which
corresponds to J = 1.5 x 10 © A m ” at ionospheric
level) is well interpreted in terms of MHD stabi-
lity of helicoidal currents {Kruskal- Schwartzchield
criterion).

The behavior of medium or low energy particles
associated with such structures has not yet been
analyzed. This study, which requires high time
resolution particle data will be a task for a future
work. Similarly, a detailed comparison with high
resolution magnetometer data (S-331) has not been
made so far. Such a comparison would greatly
help determining the geometry of current signa-
tures of duration longer than 2 s.

Nevertheless, it is clear from this study that
localized, short-lived and probably field-aligned
structures are created during substorms and that
they could well play a fundamental role in their
triggering. It should also be kept in mind that
the magnetic signatures of these fastly moving
currents are often accompanied by intense turbulent
magnetic and electric fields in the range 1-10
Hz. Further studies are required in order to determi-
ne the role of these fields in connection with SIP's.
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