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ABSTRACT

Nearly simultaneous measurements of auroral zone electric fields
are obtained by the Dynamics Explorer spacecraft at altitudes below
900 km and above 4,500 km during magnetic conjunctions. The measured
electric fields are approximately perpendicular to the magnetic field
lines. The nofth—south meridional electric fields are "projected” to
a common altitude by a mapping function. When plotted as a function
of invariant latitude, graphs of the projected electric fields
measured by DE-1 and DE-2 show that the large-scale electric field is
the same at both altitudes. However, superimposed on the large-scale
fields are small-scale features with wavelengths less than 100 km
which are larger in magnitude at the higher alti;ude. Fourier
transforms of the electric fields show that the magnitudes depend on
wavelength. Outside of the auroral zone the electric field spectrums
are nearly identical. But within the auroral zone the spectrums of
the high and low altitude electric fields have a ratio which
increases with the reciprocal of the wavelength. The small-scale
electric field variations are associated with field-aligned currents.
These currents are measured with both a plasma instrument and
magnetometer on DE-1. The spectrum of the east—west magnetic field
component measured on the high altitude satellite is found to be

nearly identical to the spectrum of the north-south electric
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field measured on the low altitude satellite, with a ratio that is
independent of wavelength. This ratio is proportional to the
ionospheric conductivity.

The experimental measurements are found to agree with a
steady-state theory which postulates that there are parallel
potential drops asscoclated With the variations in thé perpendicular
electric fields. It is assumed that there is a linear relatiomship
between the field-aligned current and the total parallel potential
drop, and that the field-aliéned currents close through Pedersen
currents in the ionosphere. The theory predicts that the ratio
between the low and high altitude electric fields varies with the
wavelength. Due to the excellent agreement between the theory and
observations, it is concluded that the linear relationship between

the current density and potential drop is a good approximation.
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I. INTRODUCTION

Electric fields in the auroral zonme have been the subject of
numerous theoretical and experimental investigations for more than
two decades. From a phenomenological point of view, the objective of
this work has been to reach an understanding of what causes the
aurora. On the physical level, this reduces to detErmininglthe elec-
trodynamical processes associated with field-aligned currents and
particle precipitation.

The two Dynamies Explorer (DE) spacecraft were launched in
August of 1981 for the purpose of investigating the auroral phenomena
and other processes in the earth's magnetosphere and ionosphere.

DE-1 makes measurements primarily in the magnetosphere; the orbit is
highly elliptical, with perigee at 675 km altitude (1.106 R,) and
apogee at 23,250 km (4.65 Rg). DE-2 orbits in the upper ionosphere
at altitudes of 305 to 1000 km. The spacecraft are in coplanar polar
orbits, so at times of magnetic conjunctions between the two space-
craft it is possible to obtain simultaneous measurements of fields
and particles at different altitudes on a magnetic field line.

The purpose of this paper is to present the results of a study
of quasi-static electric fields in the auroral zone. Data from both
DE spacecraft are used, from orbits in which there was a magnetic

conjunction between 50° and 80° Invariant Latitude.



II1. PREVIOUS RESULTS

There have been high expectations that the Dynamiecs Explorer
program would help to answer many of the questions about auroral
processes which have yet to be resolved. The primary problem is the
relationship between field-aligned currents and electric fields, both
parallel and perpendicular to the magnetic field limes. In a space
plasma the magnetic field lines are generally considered to be
perfect conductors, and thus have the same electric potential at all
points along their length. There should be no potential drops
parallel to the field lines, and electric fields perpendicular to the
field lines should wvary inversely with the distance separating
neighboring magnetic field lines. On the basis of rocket and
gsatellite measurements of charged particles which had been
accelerated along the field lines, it has long been assumed that
parallel electric fields must somehow exist in the auroral zone
[Stern, 1983]. Without these electric fields auroral arcs could not
be produced.

Theoretical models of auroral zone electric fields and electric
potentials have been discussed in numerous papers. Among the more
recent papers are those by Lyons [1980, 1981], Chiu and Cornwall
[1980], Chiu et al., [1981]. The main emphasis of these papers is the

relationship between field-aligned currents and parallel potential



drops. The field-aligned current is due to an enlargement of the
“loss cone” due to a parallel potential drop in a region above the
point where the particles normally are reflected by the "mirror
forece." From an equation given by Knight [1973], Lyons [1980] shows
that, with some restrictions, there is an approximately linear
relationship between the current and the parallel potential
difference. The field line conductance is shown to depend on the
electron density and the thermal energy. An isotropic Maxwellian
electron distribution is assumed, although Chiu et al, [1981] show
that the “"kinetiec Ohm's law” holds for an arbitrary electron
distribution function. In these papers by Lyons and Chiu et al., it
is shown that the regions with a parallel potential drop should have
a natural perpendicular scale length of about 100 km. The value of
this scale length is determined by the conductances of both the
ionosphere and the magnetic field lines.

Parallel electric fields distributed along a field line for
thousands of kilometers cannot be measured directly by one satellite,
although they have been inferred from a statistical study. Mozer and
Tobert [1980] used the electric fields measured by one satellite at
different altitudes over a long period of time to show that the
average electric field is larger at higher altitudes.

The large-scale perpendicular electric fields measured on low-
altitude satellites are found to correlate well with orthogonal mag-
netic field measurements [Smiddy et al., 1980; Burke et al., 1982;

Sugiura et al., 1982; Sugiura, 1984]. This correlation requires a




steady-state situation in which there are no field-aligned potential
drops and that field-aligned currents close in the ionosphere by
Pedersen currents rather than Hall currents. The ratio between E and
B is then determined by the height-integrated Pedersen conductivity.

On a much smaller spatial scale (a few tens of kilometers), very
large electric fields with amplitudes up to 1 V/m have been measured
with the §3-3 satellite [Mozer et al., 1977]. These large fields
often have the structure of oppositely directed perpendicular fields.
Parallel electric fields are reported to be found within these strue-
tures, which are interpreted as being due to stationary double layers
or "electrostatic shocks.” Numerous subsequent reports of the 53-3
electric field data and its interpretation are summarized by Mozer et
al, [1980].

Additional reviews of the nature of the large electriec fields in
the auroral zone are presented by Stern [1981, 1983] and Shawhan et
al. [1978]. Candidate mechanisms for the generation of parallel
gelectriec fields include anomalous resistivity, thermoelectric effect,
magnetic mirror effect, and double layers (shocks). A comparison of
magnetic field (current) data and electric field data may be impor-
tant in deciding which theory or combination of theories are correct.
The 53-3 satellite lacked the capability to determine the magnetic
field or current structure on the same size scale as the “"electro-
static shocks" which were detected, so a comparison between E and B

was not possible.



Time-dependent models of auroral field lines are discussed in
papers by Hasegawa [1976], Mallinckrodt and Carlson [1978], Goertz
and Boswell [1979], Lysak and Hudson [197%9], Lysak and Carlson
[1981], and Lysak and Dum [1983]. The common feature of these
theories is the coupling of the magnetosphere and ionosphere with
Alfven waves propagating along auroral field lines.

In the latter three papers the effects of "miecroscopic turbu-
lence” on the wave propagation are discussed. The introduction of
turbulence causes a static parallel electric field to be generated.
This would explain the time evolution of the stationary model pro-
posed by Mozer et al. Possible detections of Alfven waves are
presented by Aggson et al. [1983], Gelpi and Bering [1984], Dubinin
et al. [1984], and Gurnett et al. [1984]. These investigations were
in frequency ranges of .1 Hz, .5 Hz, 1 Hz, and 2-100 Hz, respec-
tively. It is also interesting that Arnoldy et al. [1983] report
evidence for Alfven waves on the basis of ground observations of
optical auroral and magnetic fields at magnetically conjugate

locations.



III. INSTRUMENTATION AND DATA ANALYSIS

The objective of the Dynamics Explorer mission is to investigate
the processes which couple the earth's magnetosphere and ionosphere
and the effects of the solar wind on the space plasma around the
earth. Two satellites are used in order to obtain simultaneous
measurements far away from the earth in the magnetosphere aﬁ& just
above the ionosphere. Specific details about the program, spacecraft
configuration, etc., are provided by Hoffman et al. [1981a,b].

The major emphasis of this paper is the quasi-static electric
fields measured by the Plasma Wave Instrument {PWI) on DE-1 and the
Vector Electric Field Instrument (VEFI) on DE-2.

A double floating probe technique is used to determine the elec—
tric field by measuring the difference of the floating poten-
tials of identical probes located in symmetric positions relative to
the body of the spacecraft., Details about this technique can be
found in the papers by Fahleson [1967] and by Cauffman and Gurnett
[1972]. Electric fields are measured in the spin-orbit plane of DE-1
with a 200 m tip-to-tip long wire antenna. (DE-1 spins at a rate of
one revolution in six seconds around an axis which is perpendicular
to the orbit plane.) The electric field is sampled at a rate of 16

samples per second. Due to the rotation of the spacecraft, a static



electric field will appear in the "raw' data as a sine wave with a
six-second period. The magnitude and direction of the electric field
component in the spin-orbit plane are determined with a least-squares
fit of the data to a sine wave. Segments of data spanning six
seconds of time are used for each measurement of the electric field.
The segments which are used for adjacent measurements are overlapped
in time by two seconds. This results in a measurement of the elec-
tric field at four-second intervals. Complete details of the Plasma
Wave Instrument design are provided by Shawhan et al.-[lgﬁlf. The
techniques used to analyze the quasi-static electric field data are
documented by Weimer [1983].

Electric fields are measured on the DE-2 spacecraft by two or-
thogonal double probes in the orbit plane (a third probe in the di-
rection of the orbit normal failed to deploy properly after launch).
The antennas are of a self-supporting tubular type measuring 22.4 m
tip-to-tip. DE-2 rotates only once per orbit, resulting in a con-
stant orientation of the antennas with respect to the directiom of
motion. The data rate is 16 samples per second; all VEFI data shown
in this paper are averages of 8 samples at 1/2-second intervals.
Further information about the VEFI can be found in the paper by
Maynard et al. [1981]. With both the DE-1 and DE-2 data, there is an
electric field due to Vg. “12, where Vg. is the spacecraft velocity
relative to corotation and B is the magnetic field of the earth. The
Vge * B electric fields are subtracted from the data to obtain the

ambient electrie field in a reference frame corotating with the earth.




In this paper data are used from additional instruments, which
are vital to the understanding of the role of electric fields in the
auroral processes. Magnetic field data are obtained from a triaxial
fluxgate magnetometer (MAGA) described in detail by Farthing et al.
[1981]. The sampling rate is 16 vector samples per second. From the
derivative of the magnetic field it is possible to compute the field
aligned current density.

The velocity-space distribution of electrons and positive ions
over the energy range of 5 eV to 32 keV are obtained from the High
Altitude Plasma Instrument (HAPI). This instrument consists of five
electrostatic analyzers which have different viewing angles relative
to the spacecraft spin axis., The detailed description of this
i{nstrument is found in the paper by Burch et al. [1981]. Of
particular significance to the present study are the measured values
of current and energy flux carried by particles moving up and down
the magnetic field lines.

Measurements of ion composition and energy pitch-angle distribu-
tions are obtained from the Energetic Ion Composition Spectrometer
(EICS). Refer to the paper by Shelly et al. [1981] for the instru-
ment description. The data from the instrument can show the piteh-
angle distributions of ions flowing up the field lines. Ions with a
high field-aligned velocity are indicative of a parallel potential

below the DE-1 spacecraft.



IV. OBSERVATIONS

A. General Characteristics

The electric field measurements from DE-1 and DE-2 indicate that
the aurcoral zone is characterized by intense, variable electric
fields. Large magnitude variations are sometimes seen in regions
only 10 to 50 kilometers wide, in agreement with the dhserv;tinns
published before the launch of the Dynamics Explorers.

A description of these fields as measured near the ionosphere
with the VEFI on DE-2 has previously been published by Maynard et al.
[1982b]. It was concluded that the field variability previously
observed at higher altitudes sometimes penetrates down into the
ionosphere more than previously suspected. Although the field magni-
tudes measured on DE-2 occasionally exceed 100 mV/m, the variability
is less than would be produced if the high altitude structures
[Gurnett and Frank, 1977; Mozer et al., 1977; Maynard et al., 1982a]
were projected to DE-2 altitudes, assuming the magnetic field lines
are equipotentials.

The Plasma Wave Instrument on the DE-1 spacecraft measures the
electric fields at a wide range of altitudes, due to the highly
elliptical orbit. An example of how the measured fields vary at
different parts of the DE-1 orbit is shown in Figure 1. This is an

80-minute plot of the peak electric fields measured with the 200 m
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long wire antenna which rotates within the orbit plane. The maximum
and minimum values measured during each spin period are plotted on
the graph, thereby showing the envelope of the sine wave impressed on
the data by the antenna's rotation in the quasi-static electric
fields. The pass through the auroral zone in the northern hemisphere
is distinetly visible between 3:40 and 3:55 UT. There is a pro-
nounced enhancement in the magnitude and variability of the fields
during this time period. Most of the variations are of a moderate
magnitude (10-50 mV/m) and have a spatial extent of over 100 kilo-
meters. However, in this example there is one very prominent “spike"
with a magnitude over 150 mV/m which did not persist for much longer
than one spin period. Intense (over 100 mV/m), narrow (less than 12
seconds or 60 km wide) spikes of this nature are found in approxi-
mately 10% of the passes through the auroral zone at distances
between 1.7 and 4 R.. High resolution graphs which show every data
point (16 samples per second) reveal that the electric fields at the
large spikes usually reverse directions. This reversal is character-
istic of the "shocks" reported by Mozer et al. [1977].

When DE-1 passes through the auroral zone at low altitudes the
large electric field variations are very rarely observed. Im the
example in Figure 1 the spacecraft reaches perigee in the southern
hemisphere at 4:30 UT. Most of the field which is measured is due to
the Vgo ¥ B electric field. The calculated value of the spin plane
component of Vg, x B is shown as the smooth curve superimpesed on the

peak field plot; B is derived from the Magsat model [Langel et al.,



1980] . In the two auroral zone crossings going to and from the pole
near perigee there are very few variations superimposed on the field
due to Vg. * B. The stair-step appearance in the peak field plot is
due to the fact that the electric field data are obtained from two
separate differential amplifiers. Relatively small electric fields
are digitized at high-resolution (0.14 mV/m) with a high-gain
amplifier. Fields above 58 mV/m saturate this amplifier, so data are
obtained from a low-gain amplifier at a more coarse digital resolu-
tion (14 mV/m). However, for the least squares fit analysiﬁ the high
resolution data are used during the majority of the spin period when

the antenna is not aligned with the electric field.

B. Comparative Studies

In principle, two spacecraft at different altitudes on the same
magnetic field line should measure the same perpendicular electric
field if there are no parallel electric fields between the
spacecraft. In order to compare to DE-1 and DE-2 electric field
measurements, the data can be plotted as a function of invariant
latitude (the latitude, in magnetic coordinates, at which the field
line the spacecraft is on intersects the surface of the earth). For
such a comparison it is also necessary to account for the fact that
the field line separation changes with altitude. This is
accomplished with a mapping function which "projects” the measured

electric fields to a common altitude.
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An example of perpendicular electric fields measured in the
orbit plane by both DE spacecraft near a conjunction is shown in
Figure 2. The solid curve is the field measured by the PWI on DE-1.
The data points are spaced apart in time by four seconds. The dashed
line is the electric field measured by the VEFI on DE-2. These data
points are obtained at half-second intervals from an average of eight
digital samples. The data are projected to a common radial distance
of 1 R, and plotted as a function of invariant latitude, The projec-
tion or mapping formula assumes that the magnetic field linés are
equipotentials, i.e., there are no electric fields parallel to the
magnetic field. Therefore, the mapping function for electric fields
perpendicular to the magnetic field is determined by the dipole field
line geometry. For electric fields in the meridional plane the rela-

tionship between the measured field and the projected field is:

3
cos lm
EanmLML—S (1)
(cos?A  + 4einta YL1/2
m m

where Ay is the magnetic latitude at the measurement point, L is the
McIlwain parameter equal to lfcnszhﬂ, and A, is the invariant lati-
tude. Figure 2 shows that the two spacecraft measure nearly identi-
cal electric fields at the same invariant latitudes. HNote that there
is a three- to four-minute time difference between the two space—

craft. The primary purpose of showing this figure is to demonstrate
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that the electric field comparison can be accomplished. 1In order to
succeed, the measurement techniques, the subtraction of V x B, the
projection formula, and the orbit data must be correct. The electrie
fields seen in this example are mainly due to the double-cell plasma
convection pattern which is often seen over the polar cap [Cauffman
and Gurnett, 1972]. On this day the convection velocity was unusu-
ally large. A convection reversal occurs at 69° Inv. Field-aligned
currents are presumed to exist on the equatorward side of the rever-
sal where the fields measured by DE-1 and DE-2 deviate from each
other., In this example, DE-1 was near perigee; the most useful
comparisons are found when DE-1 is at higher altitudes, in which case
the number of data points per degree of invariant latitude may match
or exceed the resolution of DE-2. The drawback is that there will be
greater time differences, since DE-1 may move through a 15° span of
invariant latitude in 40 minutes while DE-2 will take just five
minutes.

A comparison of the projected electric fields with DE-1 at an
altitude of 8,000 to 10,000 km is shown in Figure 3. The DE-1 data
are from part of the same orbit which was shown in Figure 1.

Although there are differences in the magnetic local time ranging
from 0.4 to 0.6 hours and a 12- to 22-minute time difference between
the passage of the spacecraft through this region, there are similar
features in both curves. However, it is evident that most of the
variations with a small spatial length have a much larger magnitude

at the higher altitude spacecraft., As a general trend observed on
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many similar graphs of projected electric fields, the small-scale
variations are superimposed upon a large-scale electric field pattern
which is very much alike at the two different spacecraft altitudes,

In order to compare the magnitude of the electric fields
measured at high and low altitudes as a function of spatial wave-
length, the data are processed with a discrete Fourier transform (a
Cooley-Tukey FFT algorithm is employed). The data are transformed
for a common span of invariant latitude. As the electric field data
are sampled at discrete time intervals, the FFT yieldﬂia pOWEer
spectrum which is sampled at discrete frequencies. A4s the time
interval required for the spacecraft to transverse the specified
range of invariant latitude is known, the frequencies can be con-
verted to wavelengths. In comparing the electrie field spectrums at
different altitudes it is convenient to use the reciprocal of the
wavelength projected to the base of the field lime at 1 R,.

Figure 4 is the result of Fourier transforming the data shown in
Figure 3 for the section of invariant latitude ranging from 62° to
67°, where most of the high-altitude electric field variations are
found. (Note that the spectrums show electric field magnitudes
rather than the more conventional spectral densities). Using the
same convention as in the projected field plot, the solid line repre-
sents the DE-1 spectrum and the dashed line shows the DE-2 spectrum.
The Fourier transform was performed on the mapped values of the elec-
tric field. At the lowest wavenumbers (very large wavelengths) the

electric field magnitudes agree wvery well. But at wavelengths less
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than 150 km the electric fields are larger at the higher altitude
(solid line) than at the lower altitude (dashed line). Therefore,
the smaller-scale structures do not "map” along the field lines.
This is a feature common to many of the electric field spectrums in
the auroral zone.

The differences between the high and low altitude electric field
spectrums are most pronounced when there ig a large flux of electron
energy into the ionosphere, so that the height-integrated Pedersen
ionospheric conductivity is high. For this particular‘case; the
electron data from the High Altitude Plasma Instrument (HAPI) are
shown in Figure 5. An enhanced energy flux is evident from 3:42 to
3:52 UT. At the top of the graph are the ionospherie conductivities
which are estimated on the basis of the flux of the electrons going
down to the ionosphere. Rapid variations in the parallel veloeity
and current density are also indicated.

More accurate measurements of the field-aligned current density
are obtained from measurements of the magnetic field; Figure 6 shows
the east-west component (ABg) measured with the magnetometer on DE-l.
The background field due to the earth's dipole has been subtracted
from the measured magnetic field. The resulting field variations are
believed to be caused by motion of the spacecraft through field-
aligned currents. The current demsity, calculated from the rate of
change of the magnetic field and the spacecraft velocity, is also
shown in Figure 6. As these graphs are a function of time rather
than invariant latitude, for purposes of comparison the DE-1 electric

field data (without mapping) are included in Figure 6.



At altitudes just above the ionosphere the north-south electric
field and east-west magnetic field are related by the ionospheric

conductivity [Smiddy et al., 1980]:

1.256 L . (2)

mLﬂP
|
]

ABy is the difference between the measured magnetic field and the
dipole field in units of nano-Tesla, E; is the electric fieiﬂ in
millivolts/meter, and Ep is the height-integrated Pedersen conductiv-
ity in units of mhos. A constant ratio between ABy and Ey is also
expected at higher altitudes due to the mapping of both E and B (the
scaling of B is governed by conservation of current in a magnetic
flux tube). The E and B in Figure 6 do not appear to be related at
all., However, in Fourier analyzing the magnetic field for the very
same time period as the DE-1 electric field, the results shown in
Figure 7 are obtained. The magnetic field spectrum measured on DE-1
is shown superimposed on the electric field spectrum measured on
DE-2. The figure shows that the ratio between the two spectrums is
nearly constant, with a value of 9 aT/mVm~l ., This ratio can be used
to compute the ionospheric conductivity. The magnetic field used to
compute the spectrum in Figure 7 had been multiplied by the very same
mapping factor as the DE-1 electric field in order to keep constant

the ratio of E to B measured at the DE-1 satellite. To obtain the

actual mapped value of B it should be multiplied by an additional
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factor in order to account for the convergence of the field lines in
the longitudinal direction. The projected east-west magnetic field

is obtained from the measured value by:

By = ByL3 /2 cos¥Ay, (3)

EE_ 1+ 3Ein31m 1/2
Ep - Bm E]1:|1 {l + 3515210) ) (4)

For the case at hand the additional correction factor is 0.88.
The Pedersen conductivity calculated from the DE-1 magnetometer spec-
trum and the DE-2 electric field spectrum is 6 mhos. This is a
reasonable value, but less than that predicted by HAPI data in Figure
L

Another case for study is introduced in Figure 8 (day 303,
1981). The range of invariant latitude for which the data are shown
is much wider than in the previous example. As before, there are
gsimilarities in the underlying features, but the DE-1 data show many
large-amplitude variations of narrow width. The spectrum for 65°
to 70° invariant latitude is shown in Figure 9. Again, there is
good correlation at large wavelengths and a dramatic divergence in
the magnitudes as the wavelength decreases.

Simultaneous data from the HAPI and magnetometer for day 303,

1981 are shown in Figures 10 and 11. The spectrum of the magnetic
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field for 65° to 70° Inv, is in Figure 12. The results are nearly
the same as in the previous case. In the region where the most vari-
ations are found in the high altitude electric field, there is an
enhanced electron energy flux. The current density is wariable,
though predominately upward. The spectrum of the east-west magnetic
field at the high altitude is nearly identical to (by a constant
factor) the spectrum of the electric field at the low altitude. With
an adjustment factor of 0.87 (from Equation (4)), the Pedersen
conductivity calculated from the ratio of B to E is ll‘mhua; This
agrees well with the HAPI data in Figure 10.

A pitch-angle spectrogram from the Energetic Ion Spectrometer
(EICS) in Plate 1 indicates that during this pass through the auroral
zone there were ion beams coming up the field line from the iono-
sphere, some with energies over 1 keV. This implies a parallel elec-
tric field between the ionosphere and DE-1. The ion beams are seen
between 13:23 and 13:37 UT at the 90° pitch angle. During the time
at which these data were obtained, the time resolution of the EICS is
96 seconds, so it is difficult to correlate any particular feature in
the electric field data with any peaks in the ion beams.

In Figure 8 it is seen that the two DE spacecraft measure nearly
identical electric fields after leaving the auroral zone. The spec-
trograms in Figure 13 show that the electric field spectral density
has a power law behavior, with g2 ~ k-1 +8, Nearly the same power law
was measured outside of the auroral zome by Kintner [1976] for plasma

turbulence occurring in the frequency range of 1 to 100 Hz; Kintner




must have been measuring the continuation of the spectrum in Figure
13 at the high frequency range. The power law measured here is in
close agreement with a theory credited to Kolmogorov [Batchelor,
1970]. In a three-dimensional "fluid" being stirred at wave number

k., energy flows toward larger wave numbers with the spectrum E2 (k) ~

o
k573, 1In Figure 13 the electric field at the largest wavelength
(smallest wavenumber) is due to the polar cap convection driven by
the solar wind. This is the source of the turbulence which propa-
gates toward the large wavenumbers.

A summary of average electric fields measured by both DE-1 and
DE-2 is presented in Figure 14. The data are from 18 different
crossings through the range of 50° to 80° invariant latitude, chosen
for the occurrence of a conjunction within this range. The space-
eraft are determined to be at a conjunction according to computations
based on the Magsat model of the earth's magnetic field [Langel et
al., 1980]. Using this model and the spacecraft coordinates, the
field lines on which the spacecraft are located are traced down to
their intersection with the earth's surface, A conjunction is
defined to occur whenever the difference between the bases of the
field lines is less than 3° latitude and 6° longitude.

For the 18 cases used in Figure 14, DE-1 was at radial distances
above 1.7 Ry, at an average altitude of 12,500 km., The average alti-

tude of DE-2 was 800 km. The data had been Fourier analyzed, then

divided into 4 different wavelength ranges before averaging. It is
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evident that at the largest wavelengths the data from DE-1 and DE-2
agree very well, but at the smallest wavelengths the electric fields
measured by DE-1 in the auroral zone are larger than those measured
by DE-2,

In Figure 15 the data from 65° to 70° are used in a graph of the
average electric field as a function of 1/A. In this case the data
had been divided into 8 different frequency "bins" before averaging.
The ratio of the electric fields measured by DE-2 and DE-]1 is shown
in addition to the magnitudes. This graph shows the same general
trends in the electrie field spectrums as was evident in the individ-

ual cases shown earlier.
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V. INTERPRETATION

The observations reported here indicate that electric field
variations found in the auroral zone have a "mapping” function that
depends on the wavelength of the variations., The large-scale
electric fields, in general due to the polar cap plasma convection
pattern, have the same magnitude at high and low altitudes., In
contrast, the small-scale variations associated with the aurora have
a larger magnitude at high altitudes. This indicates that there must
be a magnetic field aligned (parallel) potential drop associated with
the smaller features. This is consistent with the discrete nature of
auroral arcs.

In a previously published study by Mozer and Torbert [1980] it
was concluded that there exists a large-scale parallel potential,
about three degrees wide, centered around 69° or 70° invariant lati-
tude. This conclusion was based on the average electric field mea-
sured by the 53-3 satellite at different altitudes.

By inclusion of the large magnitude "spikes” in the averaging
process, the high altitude data naturally had a higher average magni-
tude. In contrast, by using a Fourler transform to determine the
electric field magnitudes as a function of wavelength, the summary of

the Dynamics Explorer data in Figure 14 shows that there is not a

wide scale parallel potential drop. Instead, an average of the
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electric field measurements between 65° and 70° (Figure 15) indicates
that the ratio of electric fields at low and high altitudes has a
wavelength dependence.

In the individual cases examined here, where it is known that
significant field-aligned currents were present, there is seen to be
a much more distinet wavelength dependence in the ratie between the
low and high altitude electric fields. There is a sharp break in the
ratio, occurring at wavelengths of 90-200 km. This agrees with the
"scale lengths" of discrete auroral arcs. Mathematicsl modéls of
auroral field lines, developed by Lyons [1980, 1981] and Chiu et al.
[1981] have predicted such scale lengths. The key point in these
papers is the use of a linear "Ohms law" relationship between the
field-aligned current density and the total parallel potential drop
which occurs on the field lines. Before the launch of the Dynamics
Explorer satellites it was not possible to experimentally verify the
theories in a relatively direct manner.

It can be shown that the DE electric field data which has been
presented here does support the theory. The cruecial steps in this
investigation are the Fourier transform of electric field measure-
ments which have been projected to a common altitude, and the conver-—
sion of the PFourier transform from a frequency domain to a wavenumber
domain, where the wavelengths have also been projected to a common
altitude. 1In effect, this maps the fields from a "dipole" coordinate
system to a cartesian coordinate system, illustrated in Figure 16.

The z axis is in the direction of the magnetic field; z increases
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with altitude. 2z = 1 is taken to be the top of the ionosphere. The
¥ axis is in the north-south direction. It is assumed that there is
little variation in the east-west direction, so that the problem is
two-dimensional. As auroral arcs are generally very long in the
eagt-west direction, this is usually a valid assumption. The
parallel potential drop from the DE-1 spacecraft at 2z = h to the DE-2
spacecraft at z = 1 is V.

The following mathematical derivation was developed by Goertz
[personal communication, 1984], following the Eame-techﬁiqués used by
Lyons, with the addition of a Fourier transform. From the steady

state current continuity equation

Vej =0 (5)
and Ohms law

j = o+E (6)

the current in the ionosphere, j;(z), is related to the electric

field by

%;'jl{Z} = - %;-Uxﬁx{z} 2 (7)




Integrating in the z direction from the bottom of the conducting

ionosphere to z = 1 yields

i
'iﬁ—E E {B}
Iy p ax
i i
ji:-iﬁ (9)
I dx
P

where Ep is the height-integrated Pedersen ionospheric conductivity.

Above the ionosphere, no current can be conducted perpendicular
to the field lines (the x direction). In the direction of the field
lines, the presence of a parallel potential drop implies that there

is an "anomalous resistivity,” or non-infinite conductance. Calling
this conductance "a", the Ohms law relationship between j; and V| is

[Lyons, 1980; Chiu et al., 1981]:

J" = -av" H (10)

The sign convention is such that j; is positive (away from the
ionosphere) when the electric potential at z = i is greater than the
potential at z = h.

Equations (9) and (10) can be combined to give
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With the definition of a constant factor,

av aEL
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E K
p

Maxwell's equation:

VxE=0
dE dE
. =
dz ax

="
i h 3
E B tax Y

(11)

(12)

(13)

(14)

(15)

(16)

Substituting this expression for Ei into Equation (11) results

2
aV a v aEh
I Il + b4
L 2 9%
P X

(17)
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z (18)

Hlm
i
-

and the fact that E, can be defined as the negative derivative of a

potential, Equation (17) becomes

. (19)

The potential function ¢, can be expanded in a Fourier series:

h _ h dkx

b ™ i ) © (20)
h _ h dkx

E =1 (- 1kp, e ) . (21)

The solution to the differential Equation (19) is:

v, = [Ae"0" + Be %) 43 (o B 1, (22)
k2 v *
o

Substituting this solution for V; back into Equation (16) while

using the relation (21), the ionospheric electric field is:
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2
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x X kz + k?
o

+ BE— " {23}

For Ei to remain finite at all values of x requires that A= B = 0.
The resulting relationship between the ionospherie and high-altitude

electric field, for each Fourier component with wavenumber k, is

2
K ;
i 5] h
. S T . (24)
T P X

The relationship between the electric field and magnetic field

is derived from:

TxB=ug] (25)
EIBjr
7 Mol : LR

From Equations (10) and (22):

3B 2
1 Ty 3 h ikx
— =-al (¢ e ) (27)
un X k 1:2 > kz k
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y " , X 5 ; OPX opx
k+kD k + k

Thus we recover the same constant relationship between ‘.E!:‘,r and Ei
which was previously given in Equation (2). Similarly, it can be
shown that there is a relationship between the current density and

the high—-altitude electric field:

g o=+ 1—2—1 ED (29)
2 P&
¥ +x
+1r.i 3E:
TR ; ::P - (30)
2 i¥

The equation which we are most interested in is (24), which
indicates that an electric field with an infinite wavelength (k = 0)
has the same magnitude at high and low altitudes. As the wavelength
decreases (k increases) the ratio of the ionospheric electric field
to the high altitude field decreases. At values of k above k; the
ratio falls off as 1/k*. This prediction can be tested with the
experimental data. One difficulty arises due to the fact that the

discrete spectrums computed with the FFT appear to "zig-zag" around
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the actual values, which should (more or less) follow a smooth curve.
A sliding average can be used to smooth the spectrums.

Figures 17 and 18 show the ratio of the electric fields measured
by DE-2 and DE-1 for the two different cases which have been discuss-
ed previously. The spectrums had been smoothed with a four-point
sliding average before computing the ratios. The dashed lines show
the ratio of the electric fields computed with Equation (25), in
which k, has been chosen to give the best visual fit to the data.

The agreement between the data and the theory is quite gnod: It must
be remembered that the results are based on the Fourier transform of
several minutes worth of data, during which time all of the param—
eters may not be constant. For example, the Pedersen conductivity
shown in Figures 5 and 10 shows some variability. This variability
could account for the scatter in the data about the theoretical
values. At the wavenumbers higher than those for which data values
are shown in Figures 17 and 18, the trend does not fit the theory.

Another test of the agreement between the data and the theory
follows from Equation (29). In Figures 19 and 20 are shown the ratio
between jj and E: as a function of wavelength. Since the current
density is obtained from the derivative of the magnetic field, the
Fourier transform of the current is equal to the Fourier transform of
the magnetic field multiplied by the wavenumber. The dots show the
ratio j"!E: obtained from the smoothed magnetic field and electric
field spectrums. All data are from DE-1. The dashed lines show the

theoretical curves from Equation (20). The wvalues of k, were taken
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from Figures 17 and 18 and the values of Lp were obtained from
Figures 7 and 12. The result is a fairly good match with the
experimental data.

From the values of k, determined by the best fit, the field line
conductance can be computed from Equation (18), using the previously
determined values of Ly. In the case on day 296, 1981, the value of
"a" is 3.2+107% mho/m?. For day 303, 1981, the conductance is
computed to be 1.6+107% mho/m?. Lyons [1981] shows the the
conductance should be related to the electron density . and tﬁarmal

energy according to

” .1n-8 _n__ mho
a=2,7-10 172 — (31)
th

where n has units of em™2 and kpp has units of eV. For a "typical”
density of 1 em> and a thermal energy of 250 eV, the expected value
of the conductance is 1.7+107% mho/m?. For the cases discussed here
these parameters in principle can be measured by the HAPI electron
detector. However, photoelectrons from the surface of the spacecraft
interfere with the counting of the lowest energy electrons. In both
of these cases, if electrons with energies less than 23 eV are
included in the calculations, the conductances are estimated to be
1077 mhu!m@. If the low energy electrons are excluded from the
caleulations, the conductances are 107 mho/m?. Therefore, the

conductances inferred from the electric and magnetic field
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measurements, which lie between these two extreme values, appear to

be very reasonable.

The total potential drop can be computed from:

V. #m————K . (32)

The potential drop Vy has a maximum value (with respect to k) of
E:fzku. In the case from Day 296, 1981, k, corresponds to a “wave"
which spans 0.75° of invariant latitude. In Figure 3 there is a
feature in the DE-1 electric field plot (at 65.5°) which has this
wavelength and a magnitude of ~ 100 mV/m. This "wave" would have an
associated potential drop of 660 volts. In the case from Day 303,
1981, where k, appears to be smaller, an electric field with a
magnitude of 100 mV/m and a wavelength of k, would have an associated
potential drop of 1,300 volts. Thus, the ion beams with energies
over 1 keV which were detected by the EICS (Plate 1) can be accounted
for. It is interesting that the electric field spikes with the
largest magnitudes occur where k > k, and therefore are associated
with voltage drops of a lower magnitude. For instance, in Figure 8
it is evident that the high altitude electric field has several
spikes with projected magnitudes over 200 mV/m at wavenumbers on the
order of 2+10™% m~!. As k, has a value of 3.8+107 m™!, these spikes
would be associated with potential drops of 900 volts.

The agreement between the electric field data and Equation (24)

indicates that the Ohms law approximation is valid. One assumption
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upon which Equation (10) is based is that Vj must be the total
potential drop along the magnetic field line from the ionosphere to
the magnetic equator. In order for the observations to match the
theory DE-1 must be above the region where the total potential drop
is located; i.e., potential drops above the high altitude satellite
must be small.

In both the specific cases and the averages of multiple passes
through the auroral zone (Figure 15), the ratio of E;/E} does not fit
the general trend (nor the theory) at the largest wavenumbers. There
are two possible explanations. It is likely due to the fact that the
least-square-fit analysis of the high-altitude electric field data
tends to reduce in magnitude the variations which have very small
wavelengths. The second explanation is that there may be
gecond-order effects which appear at high wavenumbers. The Pedersen
conductivity may have a wavelength dependence, Equation (10) may have
a small nonlinear term, or plasma waves may have an effect.

The equations shown here are an expression of the electrodynamic
processes which occur on auroral field lines at the macroscopic
level. At the microscopic level, a mechanism is required to produce
the field-aligned electric fields which are implied to exist. As
discussed by both Stern [1983] and Shawhan et al. [1978], there are a
number of theories: anomalous resistivity, magnetic mirror effect,
double layers, and wave-particle interactions. The results presented
in this paper are consistent with the magnetic mirror effeect, al-

though it is possible that a combination of mechanisms are involved.



VI. CONCLUSION

Electric field measurements have been presented from both
Dynamics Explorer satellites near magnetic conjunctions. In order to
remove the variations caused by the dipole magnetic field line
geometry, the electric fields which are measured at different alti-
tudes are projected to a common altitude. Graphs of projected elec-
tric fields plotted as a function of invariant latitude show that the
large scale features are the same at high and low altitudes. This is
especially true outside of the auroral zone, where the electric
fields measured by DE-1 and DE-2 are nearly identical. The auroral
zone, in contrast, is marked by small-scale variations which appear
to have a much larger magnitude at higher altitudes. The difference
in the magnitude implies that there are parallel, field-aligned
potential drops associated wtih the smaller structures.

In order to quantify the differences in the electric fields, the
data are Fourier analyzed. This analysis shows how the electric
field magnitudes depend on wavelength.

Outside of the auroral zone the high and low altitude electric
fields show nearly identical power laws. The spectral index is found
to be nearly the same as had been measured by Kintner [1976] at much
higher frequencies. The power law is presumed to be due to plasma

turbulence, with energy cascading from small to large wavenumbers.
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The source of the energy at the smallest wavenumber is believed to be
the polar-cap plasma convection which is driven by the solar wind.

Within the auroral zone the Fourier analysis indicates that the
ratio of the electric fields measured at low and high altitudes has a
wavelength dependence. The difference between the electric field
spectrums is most pronounced in cases where there is a large flux of
electrons moving down the field lines and the ionospheric
conductivity is high.

Previous reports in the literature had indicated that ;t low
altitudes there is a correlation between the north-south electric
field and the east-west magnetic field. The east-west magnetic field
measured on the high altitude DE-1 satellite is found to be
correlated with the electric field measured at the low-altitude DE-2
satellite. The ratio between E; and ]3.}f is a measurement of the
height-integrated Pedersen ionospheric conductivity. The magnetic
field measured on DE-1 appears to have little correlation with the
electric field measured on DE-1. Instead, large current densities,
indicated by dEFIdx, occur in the regions where dE./dx is also large.

The observational data are found to be in good agreement with a
mathematical model of the auroral zone electric fields. The starting
point for the theory is an assumed linear relationship between the
current density and field-aligned total potential drop. It had been
shown by Lyons and Chiu et al. that this should be a valid approxima-
tion. With the use of the steady-state form of Maxwell's equations

and a Fourier expansion of the electric fields, it is shown here




that the ratio of low altitude/high altitude electric fields does
have a wavelength dependence. A "critical” wavenumber, k,, is found
that depends on the ratio of the parallel field-line conductivity and
the ionospheriec Pedersen conductivity. Electric field variations
which have this wavenumber are associated with the largest potential
drops. Electric field amplitudes with wave numbers larger than kg
are not effectively transferred from high teo low altitudes.

To summarize, there are several key assumptions which have been
made in this analysis. They are: 1. The two spacecraft afe
measuring fields on the same magnetic field lines. 2. The fields
are stationary. 3. The ionospheric conductivity is constant in the
north-south (x) direction. &. The fields do not vary significantly
in the east-west (y) direction. 5. There is a linear relationship
between the magnetic field-aligned current density and the total
field-aligned voltage drop. It is useful to briefly discuss the
validity of these assumptions.

The definition of a "magnetic conjunction" has been applied
rather loosely in this work. The two spacecraft, which are moving at
different velocities, can be at a true conjunction only for a brief
instant in time. However, for this study the most important
requirement is that the two spacecraft fly through the same part of
the aurora while conditions are similar, which helps to eliminate
major temporal effects.

4 steady-state situation has been assumed in both the data

analysis and theoretical models. It is also well known that
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individual "auroral arcs"” do move back-and-forth in the north-south
direction. Thiz movement makes it difficult to compare
electric/magnetic fields measured at different altitudes on a point
for point basis, but the movement should not affect the ratiocs of the
fields determined by the spectral analysis. The movement is
considered to be slow enough that the use of the time-independent
Maxwell's equations in the theory is justified. If the
time-variations were an important factor, then the ratio of EF to Ey
measured on DE-1 should be governed by the Alfven speed. If this
were the case, then the electric field (mV/m) variations would be
approximately 10 to 30 times larger than the corresponding magnetic
field (nT) variations. Instead, the electric field is about 10 times
smaller than the magnetic field.

A constant fonospheric conductivity is assumed, although the
conductivities calculated from the electron flux are variable. There
are distinct regions where the electron flux and conductivity are
greater thanm the adjacent regions. By doing the data analysis
(Fourier transform) for a time period in which the general character
of the electron flux is the same, the influence of the wvariable
conductivity is hopefully reduced. The smaller variations within
this region may be responsible for the "scatter” of the measured
quantities around the theoretical curves.

With cthe assumption that there are little variations in the
east-west direction, the analysis is reduced to two dimensions. This

implies that the field-aligned currents are in the form of infinite



sheets, Ground observations of auroral arcs and spacecraft
measurements of magnetic fields indicate that this is usually a good
approximation. Also, there would not be a good correlation between
the north-south electric field and east-west magnetic field if this
were not the case. The lack of variability in the east-west
direction may be explained by conservation of the second adiabatic
invariant., The plasma in the earth's magnetic field is inhibited in
moving across “shells" of constant invariant latitude but may drift
freely (and equalize parameters) in the east-west directinn;

The linear relationship between the current and potential is the
most important assumption in the comparison between theory and
experiment. In considering that in this type of experimental work
all parameters cannot be carefully controlled, the results show an
excellent agreement between the measurements and the theory. It can

be concluded that the Ohms law approximation is wvalid.
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Plate 1

Ion flux vs. '"spin phase angle' and time,
from the Energetic Ion Composition
Spectrometer on DE-1, Day 303, 1981. The
flux has been integrated from 1 keV/e to

17 keV/e. The m/q values of 1, 16, and &
correspond to HY, 0%, and Het, respectively.
Zero degrees pitch angle corresponds to

the "ram" direction, and ~ 90° to ions
flowing up field lines from below. The
classic loss cones for the high energy

ions are clearly visible after ~ 13:38 UT.
Note the presence of ion "beams"” coming up
the field line between ~ 13:23 and 13:37 UT.
The flux units eolor coded by the bar on the

right are (cn?-sec-sr)~l.
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Plate 1



Figure 1

Graph of peak electric fields measured by
the DE-1 Plasma Wave Instrument on

October 23, 1981, The passage of the
spacecraft through the "auroral zone in

the northern hemisphere is indicated by

the variations in the electrie field..
between 3:40 UT and 3:55 UT. In contrast,
the auroral zone crossings in the southern
hemisphere near perigee (680 km altitude)
do not show such large variations. Most of
the electric field measured at the low
altitude is due to the movement through the
earth's magnetic field. The stair-step
appearance at large magnitudes is due to

the digitization of the data.
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Figure 2

Projected electric fields measured by DE-1
and DE-2 on day 364 (December 30), 1981.

The solid line shows the electric field
measured by DE-1; the dashed line shows

the values measured by DE-2. The measured
electric fields are projected to a common
radial distance of 1 R, and plotted as a
function of invariant latitude. Positive
values are in the direction of motion, which
is from south to north in this case. The

times are rounded to the nearest minute.
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Figure 3

Projected electric fields measured by DE-1
and DE-2 on day 296 (October 23), 1981.
Positive eleectrie fields are in the

southernly direction.
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Figure &

46

Electric field spectrums from day 296
{October 23), 1981. The spectrums are
obtained from a Fourier transform of the
electric field data between 62° and 67°
invariant latitude. The solid line shows
the spectrum of the electric field measured
by DE-1. The solid 1ine shows the spectrum
of the electric field measured by DE-2. The
ordinate values are obtained from the square
root of the "spectral power demsity.” The

actual units are mV mwl Vig.
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Figure 5

Results of electron measurements from the
High Altitude Plasma Instrument on day

296 (October 23), 1981. The top panel shows
the Pedersen conductivity which is calculated

from the measured electron flux.
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Figure 6

50

East-west magnetic field measured by the
magnetometer on DE-1 on day 296 (October 23),
1981, from 3:40 UT to 3:55 UT. The middlel
panel shows the current density which is
obtained from the derivative of the magnetic
field. For comparison, the north-south
electric field is shown on the bottom panel.
All data are shown without multiplication

by a projection factor.
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Figure 7

a3l

Magnetic field spectrum from day 296

(October 23), 1981. The solid line shows

the Fourier transform of the east-west
magnetic field data (DE-1) between 62° and
67° invariant latitude. For comparison, it
is shown superimposed on the electric field
spectrum measured by DE-2 (dashed line) at

a lower altitude. The ratio is approximately

constant at all wavelengths.
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Figure 8

Projected electric fields measured by DE-1
and DE-2 on day 303 (October 30), 1981. The
solid line shows the DE-1 electriec field

and the dashed line shows the DE-2 electric

field,
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Figure 9

Electric field spectrums from day 303
(October 30), 1981, 65° to 70° invariant

latitude.
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Figure 10

RBesults of electron measurements from the
High Altitude Plasma Instrument on day 303

{ October 30), 1981.
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Figure 11

60

East-west magnetic field measured by the
magnetometer on DE-1 on day 303 (October 30),
1981, from 13:19 UT to 13:40 UT. The middle
panel shows the current density and the
bottom panel shows the electric field without

projection.
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Figure 11

Eagt-west magnetic field measured by the
magnetometer on DE-1 on day 303 (October 30),
1981, from 13:19 UT to 13:40 UT. The middle
panel shows the current density and the
bottom panel shows the electric field without

projection.
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Figure 12

62

Magnetie field spectrum from day 303

( October 30), 1981, The data are from 65°
to 70° invariant latitude. The solid line
is the DE-1 magnetic field spectrum and the
dashed line is the DE-2 electriec field
spectrum. As in the previous case, the

ratio is nearly constant.
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Figure 13

Electriec field spectrum forms from day 303
(October 30), 1981, 55° teo 60" invariant

latitude.
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Figure 14

Average electric fields measured by DE-1 and
DE-2 as a function of invariant latitude. The
data are from 18 different cases where there
was a magnetic conjunction within the range of
407 to BO® invariant latitude, and. DE-I was at
radial distances greater than 1.7 R,. The
data had been Fourier transformed for each 5°
of invariant latitude and then divided into
four different frequency ranges before averag-
ing. The values are actually from the square-
root of the spectral power density. MNote that
while the two spacecraft measure nearly
identical electric fields at the largest wave—
lengths, the high altitude satellite (DE-1)
measures much larger electric fields at the
shorter wavelengths, especially between 60°
and 75°. All electric fields had been

projected to 1 Ra.
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Figure 15

Average electric fields measured by Dﬁ—l and
DE-2 as a function of wavelength. The data
set is the same as in Figure 14, although
only from 65° to 70° invariant latitude.
Averages were taken in eight different
frequency (wavelength) bins. The ratio of
the low altitude electric field (Ep) divided
by the high altitude electric field (Ej)

drops as the wavelength gets smaller.
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Figure 16

Definition of coordinates used in mathematical

derivations.
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Figure 17

Plot of E3/E; ratio vs. wavelength, from
the electric field spectrums on day 296,
1981, The dashed line shows the best visual
fit of the theoretiecal curve to the data
points. The value of k, is determined by

the best fit.
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Figure 18

Plot of Eszl ratio vs. wavelength, from the

electric field spectrums on day 303, 1981.
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Figure 19

Plot of ratio j"fEi vs. wavelength, from the
DE-1 electriec and magnetic field spectrums
on day 296, 1981. The dashed line is not
the result of a best fit, but was computed
from the values of I, and k, which were

determined by other means.
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Figure 20

Plot of ratio jnfE: ve. wavelength, from the
DE-1 electric and magnetic field spectrums
on day 303, 1981. As in Figure 19, the
dashed line was computed from parameters

which were determined by other techniques.
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