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Abstract

Satellite observations have shown high correlation between magnetic and electric field perturbations
in the high latitude field-aligned current regions. In chapter 1 of this paper, the studies of this
phenomenon are reviewed briefly. The high correlation has been interpreted by two models. In one of
them so called, static model, the observed perturbations are regarded as being static spatial structures,
and the ratio of the orthogonal magnetic and electric field components AR./E, represents the height-
integrated jonospheric Pedersen conductivity, Sp. In another one so called, Alfvén wave model, the
observed perturbations are interpreted as being Doppler-shifted Alfvén waves, and the inverse of the
ratio gives the Alfvén wave velocity Va. In chapter 2 of this paper, we investigate the changes of this
ratio with spatial scale length using the DE 2 ohservations. The ratic AB./E; is found to change
little with scale length for variations with scale lengths longer than 64 km, or 8.0 s in time. While
for variations of smaller scale lengths, which are obtained using numerical filters with cutoff periods
shorter than 4.0 s, the same ratio shows a significant dependence on scale length. The calculated ratios
are nearly equal to Xp based on an ionospheric madel for long-wavelength structures and to 1/V
for short-wavelength variations. The transition from the former to the latter usually begins around
4.0-8.0 s on the time scale. On the dayside the correlation between AL and E; is generally high,
and the transition is clearly seen. Thus the static model is applicable to variations of scale lengths
greater than 8.0 s (or 64 km). For scale lengths below about 5 km {~0.6 s) the short-circuiting effect
at ionospheric alfitudes higher than the altitudes at which the horizontal Pedersen closure current
usually flows becomes appreciable {e.g., Forgel ef al.,1991). Iowever, this elfect alone cannot explain
the observed decrease in the ratio AB; /ug E;. The relation hetween the ratio AB, /10 E; and the solar
zenith angle is consistent with the relationship between the Pedersen conductivity and the solar zenith
angle in the published conductivity models. In chapter 3 of this paper, we compare the ratio AR/
o Er observed by the DE-2 satellite for various spatial scales with the effective Pedersen conductivity

Zpesy calculated by the method of Forget e nl. The results show that in manv cases this model can
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adequately explain the observed scale-length dependence. However, cases exist in which the difference,
AB,fuoEr - Epeys , decreases at about 0.25 - 1.0's in temporal scales (2 - 8 km in spatial scales). This
behavior is explained as being due to Alfvén waves. In chapter 4, we attempt to obtain the relation
between the polar ionaspheric conductivity on the nightside and the auroral luminosity deduced from
the DE satellite observations. The height-integrated Pedersen conductivity, Ip, along the orbit of
the DE 2 is calculated by using the method developed in the method of chapter 2. The luminosity
along the DE 2 is obiained from the DE 1 VUV (vacuum ultraviolet) auroral imager. The relationship
between the auroral luminosity obtained with 123W filter (fizatv) measured by the DE 1 and the
Tp is rather complicated. The following results are obtained: (1} The fi291r-Xp relation shows a
systematic invariant latitude dependence in many cases. That is, the peak of [1s3 locates at higher
latitude than that of Zp in most cases, however, this relation is reversed in some special cases. (2) In
the equatorward part of the auroral oval on the evening side the fisa1y and Tp are closely related and
the ratios of these parameters are consistent with those obtained by Robinson et «L[19589]. (3) In the
equatorward part of the auroral oval on the morning side, the correlation between Jiga and Tp is
rather poor. (4) In the poleward part of the auroral oval both on the morning and evening sides the
.{123W;rEP relation is different from that in the equatorward part of the oval, and the corresponding
Zp for the same fyzav is smaller in the poleward part of the auroral oval than in its equatorward part.
(6) Classifying in accordance with the energy of precipitating electrons, the fyzaw-Tp relation shows
a clear tendency. That is, Sp increasing for the same I3y with increasing energy of precipitating
particles. These results are consistent with the characteristic energy dependence of the fia31 and
Ep suggested by Rees ef al[1988]. That is, when the characteristic energy is greater than about
2 keV, both Iizsnr and Ip are decreasing with increasing characteristic energy and the fpw-Tp
relation becomes insensitive to the charactetistic energy. While, in lower characteristic energy less
than about 2 keV, g is decreasing but Tp is increasing with increasing characteristic energy of

precipitating electrons, that is, the relation can be sensitive to energy of electrons.
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Chapter 1

General Introduction

1.1 MAGNETOSPHERE-IONOSPHERE INTERACTION

The earth’s magnetic field connects the ionosphere with the magnetosphere electromagneti-
cally because the conductivity along the magnetic field (parallel conductivity)is relatively high.
There are two main forms of transport of the electromagnetic energy from magnetosphere to
ionosphere; Field-aligned current and Alfvén wave. Field-aligned currents transfer the energy
as inflow and cutflow of charged particles along the magnetic field lines. On the other hand,
Alfvén wave transfers the energy as electromagnetic waves.

It is important subject to investigate the detail of electromagnetic energy injection to the
ionosphere. Iijima and Potemre [1976] showed statistical field-aligned current structure in large
scale by using the magnetic field data from Triad satellite observations. Figure 1 shows their
results. In their study, it is noticed that a systematic large scale upward and downward current

structure exists in the polar region.

1.2 SMALL-SCALE FIELD-ALIGNED CURRENTS

Sugiura[1984], and Sugiura ef al[1982,1983] presents a framework of study on field-aligned
current or magnetosphere-ionosphere coupling from a very different point of view. That is, the

field-aligned currents generally have fine structure and they mainly close meridionally through
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the ionospheric Pedersen currents. This new framework is deduced from the fundamental
relationship between the field-aligned currents and the magnetospheric convection electric field
derived from the magnetic and electric field observations on the low altitude Dynamic Explorer
2 (DE 2) satellite. They showed that the variation of the north-south component of the electric
field and those of the east-west component of the magnetic field are usually very similar and that
the correlation coefficient between them is very high. They regard these magnetic and electric
field perturbations as the static structure of the field-aligned current system, and examined the
relation between the magnetic and electric field perturbations by using the following theoretical
arguments: Let the x, y and z axis be toward north, up and eastward, respectively. The earth’s
main field is assumed to be vertical and downward. It is assurned that 8AB, /8¢ = 0 and that
AB; is independent of z (i.e., jj = —(1/1t0}0AB, /8z) where AB is the perturbation magnetic
field. Then by equating fj to the divergence of the height-integrated herizontal ionospheric

current, 1t is obtained

dAB, _9(TpE.)

AZpE) , p 08
¢ fobz Oz

i b
Jz E,

H
Oz Ee dz (1)

+

where Zp and Ly are the height-integrated Pedersen and Hall conductivities. If £, is indepen-
dent of ¥ and if the conductivities and E; are independent of 2, equation (1.1} can be integrated
to give

AB, = po(TpE; — Ty E,} + const. (1.2)
If the observed values of AB, are linearly correlated with those of E, with a coefficient of
correlation near unity over distances of several hundred kilometers along the z axis, it must be

conclude either (a) that the north-south Hall current is zero and that
AB, = yoEpE, + const. (1.3)

or (b} that E. is always proportional to E.. However, £, was assumed to be independent of z
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in deriving equation (1.2). Since E, varies with x, the proportionality of E, to E, contradicts
with this assumption. Therefore, (a) {i.e., equation(1.3)) is the only choice. Equation (1.3)
also means that the ratio, AB,/poE, represent the height-integrated Pedersen conductivity,
L p, under the assumption that the constant is nearly zero.

On the other hand, Gurnett et al.[1984] interpreted these magnetic and electric field fluctu-
ations in the field-aligned current region as a different phenomenon, i.e., Alfvén waves. They
investigated the height dependence of the ratio between magnetic and electric field perturba-
tions observed by DE-1, and found that this ratio decreases rapidly with increasing height. They
insisted that this height dependence is more fitted to Alfvén wave model than the static model.
They also investigated the frequency dependence of the ratio AB/AE(= V1, V4; Allvén wave
velocity} and show that the ratio tends to decrease with increasing frequency and is usually
somewhat larger than the computed value of the Alfvén index of refraction. They mentioned
that this difference comes from the reflection of Alfvén wave.

After these studies were published, many studies have been conducted by analyzing the
re]atio\;lship between the magnetic and electric field perturbations in the polar regions observed
by polar orbiting satellite (fsraelevich et al., 1988, Dubinin et al., 1990 by ICB-1300; Knudsen
et al., 1990 by HILAT and Rocket; Matsuoka et al., 1991 by EXOS-D; Berthelier et al., 1989,
Forget et ol., 1991 by AUREOL-3; and Weimer et ol.,, 1985,1987 by DE-1/2, respectively. see
also Table 2). In Chapter 2 we also investigate the relation between the magnetic and electric
field perturbation in the ionospheric palar region. The characteristics and the advantages
of our analysis comparing with others are as follows: (1) The method of analysis: In order to
investigate the scale dependence of the ratioc AB/AE, wle use some digital filters in time-domain
instead of spectrum method (in frequency domain). (2) Statistical results: We uge large data

set obtained by DE-2 observatiqn and analyze the AB-AF relation in more general cases and
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in better statistics than other studies. The studies shown in Table 2 are based on the data
obtained in various altitude, but the result is generally similar each other. The correlation
coefficient between the magnetic and electric field perturbations are generally high in the polar
region and the ratio, AB/AE, is decreasing with increasing the frequency. But it is not clear
until now which model, that is, static structure model or Alfvén wave model, iz better to
understand this phenomenon.

Recently, some studies attempted to explain this scale dependence of the ratio, AB/AE,
using simulation method. Forget et al[1991] interpreted the scale-length dependence of the
ratio between the magnetic and electric field perturbations as being produced by the in which a
field-aligned current closes its circuit at different the ionospheric altitudes depending on its scale
length. They calculate the scale-length dependence of the height-integrated effective Pedersen
conductivity, Lp.rr, solving the current continuity equation numerically. However, they also
suggest a possibility of the presence of Alfvén waves.

On the other hand, Knudsen et al.[1992] interpret these perturbations as being produced
by th; reflection of Alfvén waves from the ionosphere. They use a model to compute the
frequency-dependent amplitude and phase relations between the meridional electric and the
zonal magnetic fields due to Alfvén waves.

In Chapter 3 of this paper, we compare the value of Tp,ss estimated by the model of
Forget ef al[1991] with the value of the ratio AB,/uE; deduced from DE-2 observations.
We examine to what extent the Alfvén wave effect exists in scale-length dependence of the
ratio AB/AE by subtracting the value of Ep ;s from the ratio AB./uoE. calculated from

abservation.
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1.3 IoNOSPHERIC CONDUCTIVITY

The ionized region of upper atmosphere from about 60 to 1000 km altitude is called ionosphere.
The cause of this ionization is mainly the solar EUV radiation on the sunlit hemisphere, In
addition, it cannot be ignored the effect of precipitating particles on the polar region. These
precipitating particles also cause the aurora. Rees[1963] calculated the ionization and excitation
rate by the particles with various energy. After this paper was published, in many studies it
is calculated the relation between the energy of precipitating particles and auroral luminosity
using the method by Rees [1963)].

Various techniques have been used in order to deduce the ionospheric conductivity such as:
(1) incoherent scatter radar, (2) multispectral auroral imager, {3} ground-based magnetometers,
(4) precipitating particle data obtained by polar orbiting satellite, and (5) the magnetic and
electric field perturbation data obtained by polar orbiting satellite.

The most popular method to deduce the jonospheric conductivity is to measure the particle
density and drift velocity by using incoherent scatter radar. In this method, we can obtain the
data with high temporal (~ about 10 s) and spatial resolution. Over the past decades, many
studies attempted to construct conductivity models from the data obtained by the incoherent
scatter radars in polar regions [Mehta, 1979; Senior, 1980; Vickrey et al.,1981; de la Beaujardiere
et al.,1982; Robinson and Vondrak, 1984; Schiegel, 1988; Rasmussen et al., 1988; Brekke and
Hall, 1988; and Senior, 1991]. From these studies, they constructed ionospheric conductivity
models in the sunlit polar region having a solar-zenith angle and solar activity dependence.
However, the polar radars do not operate for periods long enough to obtain a 2-dimensional

distribution of conductivity. In addition, radar observation have a latitudinal limitation of

investigation.
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Some researches attempted to deduce the precipitating particle energy and the ionospheric
conductivities from the multispectral auroral images. The principle of this method is as follows:
The higher energy particles can penetrate into the ionosphere deeper than the lower energy par-
ticles. The neutral particle density in the ionasphere, and hence collision frequency with them
is increasing with descending the altitude. By this reason, in the lower ionosphere, particles
tend to loss their energies by collision before emitting from the excited state. This “quenching”
phenomenon is especially significant in the case of the emission which has relative long time
delay between excitation and emission, for example, 630.0 nm (time delay ~ 110 s) and 557.7
nm (~ 0.7 s). While, 427.8 nm emission is not sensitive this quenching effect because this emis-
sion has small time delay between excitation and emission. I'rom this reason, with increasing
particle energy, the quenching effect for 557.7 nm and 630.0 nm become significant and the
intensity ratio, J/{557.7nm)/I(427.8nm) and I{630.0nm)/I(4127.8nm) decrease. McEwen and
Bryant [1978] shows the relation between pasticle energy and intensity ratio quantitatively.
Figure 2 shows that the ratio J(630.0nm)/7(427.8nm) ~ 6 in 500 eV of particle energy, while
it bec;me ~ 0.1 5 keV.

Eather and Mende [1971] deduced the auroral energy deposilion rate, mean energy and
ionospheric conductivity from the ratic of auroral intensity by using ground-based multispec-
tral auroral image data. Rees ef al.[1935], Lummerzheim et al[1991] and Rees [1992] applied
this method to construct maps of the characteristic energy and the energy flux from the multi-
spectral auroral images on DE 1. This method provide the conductivity distribution with high
time resolution and over large region, but the results are not so accurate. Afende et al.[1984]
compared the value of jonospheric conductivities deduced from the ratio of luminosity with
those deduced from radar observations. Their results shows a general agreement between the

results obtained from two different methods. However, the value of conductivity deduced from
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the intensity ratio tend to have large scatter with increasing the conductivity.

Some studies attempt to deduce the ionospheric conductivity distribution from the data ob-
tained by many ground-based magnetometers. Kamide el ¢l.[1981) estimated the distribution
of ionospheric electric fields as following steps, which is called KRM method: (1) Calculation
of the equivalent ionospheric current function from geomagnetic H and D component observed
on the earth’s surface, (2) Computation of the electric potential distribution from the equiva-
lent ionospheric current function by using a simple model of the jonospheric conductivity, (3)
Derivation of ionospheric current vectors as well as electric fields and, (4) Derivation of the
field-aligned current intensity by taking the divergence of the ionospheric currents. As their
results are very sensitive to the given conductivity model, Kemide ef al.[1986,1989] calculated
the electric field and current distributions at high latitudes by means of the KRM magnetogram
inversion technique and examined the accuracy of these calculations by changing the conduec-
tivity distribution iteratively until the calculated electric fields become consistent with electric
fields inferred from ion drift measurements made by DE 2.

H;ﬁever, this method require widely distributed geomagnetic data, and the spatial resolu-
tion with this method is not so good as other methods because the distance among observatories
is, in general, more than 500 km.

Another method to infer the ionospheric conductivities is to use the precipitating particle
data obtained by polar orbiting satellite. AfeDiarmid et al[1975] used the data from ISIS 2
spacecraft to determine average intensities and energies of auroral electrons as a function of
magnetic local time and invariant latitude for periods of relatively low geomagnetic activity
(Kp < 30). Wallis and Budzinski (1981] used these data as well as further unpublished ISIS

2 results for periods of higher magnetic aclivity to infer the local time and invariant latitude

dependent electrical conductivity within the auroral zone for quiet and aciive geomagnetic
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conditions. More recently, Spiro et al.[1982] have constructed an average conductivity model
for four amplitude ranges of the AE index (the so-called Rice University model).

From this method we can obtain the “statistical” ionospheric conductivity distribution, but
cannot obtain the “snap-shot” ones, In addition, we cannot estimate the contribution of solar
EUV radiation for jonization, and the calenlated conductivities underestimate the actual ones
in the sunlit hemisphere.

There is another method to deduce ihe ionospheric conductivity from the magnetic and
electric field perturbations observed by polar orbiting satellite. In Chapter 2, we show that
the ratio of the magnetic to electric field perturbations, AB.fuoE, represents the Pedersen
conductivity, ¥ when the scale of these perturbations are greater than about § km. By
applying this result, the ionospheric Pedersen conductivities can be deduced with simple calcu-
lations. The conductivity estimated by this method includes the effects of both solar EUV and
precipitating particles. The time resclution and accuracy is high when the correlation between
the magnetic and electric field perturbation is high. However, the Hall conductivity cannot be
estim:ied by this method, and it 1s dificult to estimate even the Pedersen conductivity when
the correlation between the magnetic and electric field is poor.

As 1s discussed above, the each method has it’s own limit to deduce accurate 2-dirmensional
distribution of polar ionospheric conductivity. To supplement their limitations, several studies
analyzed the quantitative relationship between the auroral luminosity observed by polar orbiting
satellite and ionospheric conductivities, in order to estimate the conductivity from auroral image
data taken by satellite.

Robinson el al.[1988] compared the ioncspheric conductivities deduced form the data ob-

tained Chatanika radar with the VUV (vacuum ultraviolet) image observed by DE 1.

Conductivity estimated by KRM method in Kamide ef ol.{1986,1989], and estimated by mul-
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tispectral method in Rees ef al.[1988], Rees[1990] and Lummerzheim et al[1992) are compared
with auroral image data observed by DE 1.

In Chapter 4 of this paper, we compare the auroral luminosity observed by DE 1 and
the ratio between the magnetic and electric field perturbations observed by DE 2. From this
analysis, we obtain a new result showing that the relation between the auroral luminosity and

Pedersen conductivity depend on the energy of precipitating particles.



Chapter 2

Correlation Between Magnetic and Electric Field
Perturbations in the Field-Aligned Current Regions
Deduced From DE 2 Observations

2.1 INTRODUCTION

The field-aligned cwrrents play an important role in the jonosphere-magnetosphere coupling.
Extensive studies have been made of the relationships between field-aligned currents, electric
and magnetic flelds, and particle precipitation using data from satellites, sounding rockets, and
ground-based radars. Simultaneous observations of magnetic and electric fields have been made
by the $3-2 and S3-3 satellites [Burke et al,, 1950; Smiddy et al., 1980; Rick et al, 1981] and by
a con:Lination of ground-based radar observations and TRIAD magnetometer measurements
[Robinson et al, 1982]. The correlation between magnetic and electric field fluctuations in the
field-aligned current regions has also been analyzed using data obtained by DE 2 (Sugiura et
al., 1982, 1983; Sugiura, 1984], DE 1 [Gurnett et al, 1984], ICB 1300 [Dubinin et al., 1990],
a sounding rocket and HILAT [Knudsen et al, 1990], EXQS D [Matsuoke et al, 1991}, and
AUREOL 3 [Forget et al., 1991].

Observations indicate that the orthogonal components of the magnetic (B) and electric (B)
field perturbations are highly correlated especially in the sunlit hemisphere. If the orthogo-

nal B and E field variations are assumed to be proportional, an integration over ionospheric

height of the steady state divergence-free condition on the current density yields a differential
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equation, which has a particular solution giving the relationship by which the ratio of the or-
thogonal components of the B and E field variations represents the height-integrated Pedersen
conductivity Ep :

AB,/{#oE;) = Ep (2.1)

where the z and z axes are oriented in the direction of the (DE 2) spacecraft motion {north-
south} and the east-west direction, respectively, and where g is the magnetic permeability in
vacuum [Sugiure, 1984]. This is the basis of what is called the static model below.

Gurnett et al. [1984] presented an alternative interpretation that the B and E field per-
turbations observed by DE 1 are Alfvén waves. In this model the Alfvén velocity is given by
the ratio of the orthogonal E and B field perturbations; that is, expressing this relationship in

terms of the DE 2 spacecraft coordinates, we have

=V, (2.2)

Weimer et al. [1985, 1987] analyzed the B and B field fluctuations using data obtained by
DE 1 I;nd 2 in magnetic conjunctions; they found that large-scale electric field perturbations
observed by the two spacecraft are approximately equal when reduced to a common reference
altitude and that the relationship between E and AB is consistent with the static model.
Vickrey et al. [1986] examined the fluctuations of high-latitude E and B fields with scale sizes
between 3 and 80 km using data from the ion drift meter and magnetometer on board the
HILAT satellite and found that for these scale sizes the magnetosphere tends to behave as a
source of steady current independent of ionospheric conductivity.

In this paper we investigate the dependence of the AB to E ratio on spatial scale, using the

electric and magnetic field data obtained by DE 2 in the polar regions. Values of this ratio are

compared with the Pedersen conductivity inferred from the international reference ionosphere
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model (IRI-86 model [see Bilitza, 1986)) and the Alfvén wave velocity calculated from the in situ
ion density and magnetic field measurements. Most of the studies mentioned above investigated
the ratio between the magnetic and electric fields by using power spectral analysis, while in
this study the ratio is calculated by the least squares method directly from numerically filtered
electric and magnetic field data. In the analysis by the least squares method the reliability of
the ratio can be examined by the correlation coefficient, and the variation of the ratio along the
spacecraft orbit is determined by a “dynamic” correlation method. We examine the relation
between the ratio AB, /o E; and the solar zenith angle and compare the results with published
conductivity models [Mehta, 1979; Senior, 1980; Vickrey et al., 1981; de la Beaujardiere et al.,
1982; Hobinson and Vondrak, 1984; Schlegel, 1988; Rasmussen et al., 1988). Lastly, we show an

example of an Alfvén wave and discuss the scale size dependence of the AB to E ratio.

2.2 METHOD OF ANALYSIS

The Dynamics Explorer (DE) 2 spacecraft was launched on August 3, 1981, into a polar orbit
with initial apogee and perigee at 1003 km and 299 km altitude, respectively. Vector magnetic
field data were obtained by a triaxial flux gate magnetometer, with resolution of + 1.5 nT
in the basic mode and with a sampling rate of 16 vector samples per second [Farthing et al.,
1981}. Vector electric field measurements were made by a symmetric double floating probe
system with a sensitivity of 0.1 mV m™! and a range + 1V m~![Mayrard et al, 1981]. One of
the horizontal antennas (i.e., along the Z axis) did not deploy after launch.

In this study, data for the nerth-south (X) component of the electric field and the east-west
(Z) component of the magnetic field are used. The X component is along the spacecraft velocity

vector and is therefore approximately in the geographical north-south direction. The v x B
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electric field from the satellite motion, the corotation electric fields, and the contact potential
differences are subtracted from the observed electric field. The Earth's internal magnetic fields
calculated from a Magsat model [Langel et al., 1980] are subtracted from the observed magnetic

fields.

2.2.1 Variation of the Ratio Belween Magnetic and FEleciric Field Pertur-
bations With Scale Length

Figure 3 shows an example of the deduced B and E field data. The curves for AB; and E;
are very similar. The scatter plot between AR, and E; is shown in Figure 4. The correlation
coefficient between them is 0.96.

The ratio AB,/E, represents the Pedersen conductivity Zp in the static model and the
inverse of the Alfvén wave velocity, 1/V,, in the Alfvén wave model. Therefore we compare the
ratio AB,/E, based on the observation with a p model (IRI-86) and with 1/V4 estimated
from the ip situ measurements of the magnetic field and plasma density measurements.

A ;igital filter with variable cutoff/passband periods shown in Table 1 is used to examine
the scale length dependence of the ratio AB./E,. The filter used is a nonrecursive digital
filter, whose transfer function has insignificant sidelobe effects near the cutoff frequencies. For
large-scale variations, 0.5-s averages are used, while for analysis of short-scale variations, high
time resolution data at the sampling rate of 16 per second are used. Both 0.5-s-averaged data
and high time resolution data are compared for intermediate scales {1-4 s} in order to examine
whether 0.5-s-averaged data give the same results as high time resolution data. It should be
noted that unless the correlation coefficient between the magnetic and electric fields is high,

the interpretation of the ratio AB./E; is not straightforward. The correlation is generally high

with the data which are obtained in the sunlit hemisphere and which are not filiered or are
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filtered with long cutoff periods. The correlation tends to decrease when a filter with a short
cutoff /passband period is used or when data are taken in the dark hemisphere, as is shown
later.

The Pedersen conductivity Zp is calculated from the ion species, densities, and tempera-
ture given by the IRI-86 model along the spacecraft orbit. The value of £p changes as the
spacecraft moves with high velocity over a region in which the conductivity varies rapidly. The
maximum and minimum conductivity values based on the IRI-86 model are given in Figure 5.
Lhe Alfvén wave velocity V), is calculated from ihe magnetic field and the ion density observed
by DE 2. Since the ion species and the mixing ratio are not exactly known, V, is calculated
for two extreme cases, i.e., for an OF dominant plasma and for an H* dominant plasma. We
have examined the deminant ion under various circumstances by using the IRI-86 model and
have found the H* ion is dominant at altitudes over 600 km in the polar ionosphere at win-
ter midnight under solar minimum and that the O ion is dominant under the other conditions.

v
=.2.2 Relation Between Ratio AB. [y E, and Solar Zenith Angle
Next, we calculate a "dynamic” correlation to investigate the relation between the solar zenith
angle and the ratio AB./E, in the sunlit region. The correlation coeflicient between AB, and
E. and the ratio of AB. to E; are calculated for a sliding *data window” of 10 s, which is short
compared with the scale length of the conductivity variation.

In the analysis of this section a high-pass filter with a 30-s cutoff period is used to re-
duce influences of low-frequency trends stemming from uncertainties in the satellite attitude
determination. As mentioned earlier, interpretation of the value AB,/E_ is difficult when the

correlation coefficient is low, and therefore the intervals in which the correlation coefficient is
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below (.75 are not included in the discussion except where specifically indicated.

2.2.3 Polarity of Small-Scale Magnetic Perturbation

Lastly, we examine the polarity of small-scale magnetic field perturbations transverse to the
main field to investigate wavelike structures in the magnetic field for the cases in which the
correlation is high. The polarization in the magnetic field perturbation was examined if the
Z component of the magnetic field was well correlated with the X component of the electric
field. Hodographs for the magnetic field perturbations were made using a high-pass filter with
a cutoff period of 0.5 s. Since the Z component of the electric field was not measured, the

polarization in the eleciric field cannot be examined by direct observation.

2.3 RESULTS

2.3.1 Varation of the Ratio Between Magnetic and Electric Field Pertur-
y bations With Scale Length

A total of 156 intervals were analyzed, of wlich 129 represent aurcral oval traversals and
the remaining 27 are segments of auroral oval traversals. The data period we used is from
September 1981 to December 1832, covering all local times. When the sample length is too
long, the correlation becomes low because the ratio (i.e., the Pedersen conductivity or the
Alfvén wave velocity) changes within the sampled interval. On the other hand, if this interval
1s too short, the correlation coefficient can become statistically unreliable because too few data
points were used. For these reasons we analyzed the data for a time interval of about 30 s to a
few minutes in length in each run of the correlation calculation. When the perturbation region

15 wide in latitode, we divide the region into a few sections, each section forming a sample.
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The correlation between the magnetic field perturbation AB, and the orthogonal electric
field component E, is very high in many cases. Ninety-nine of the 129 examples have correlation
coefficients greater than 0.75. When a band-pass filter with a short passband period is used, the
correlation coefficient generally decreases. Average values of AB,/E, are equal to the average
poD p for large scales (cutoff period of 8.0 s, spatial scale >64 km). The average ratio decreases
with decreasing scale and approaches the reciprocal of the Alfvén wave velocity, 1/V4.

A typical example of the variation of the ratio is shown in Figure 5. The horizoutal axis
represents the passband period of the band-pass filter. Since the band-pass filter has two cutoff
frequencies at both ends, the ratio is plotted at the center of the corresponding band. The
numbers indicated at the top or the bottom of the plot give values of the correlation coefficient
betweer AB, and E;. The upper numbers were obtained using 0.5-s averages (cutoff period
= 1.0 s), and the lower numbers using high time resolution data (cutoff period < 4.0 5). The
standard deviation of the differences between the individual ratios AB,/pgE, and the ratio
determined by the least squares fitting is shown by vertical bars, the relative magnitude of the
error;rangi ng from 0.83 to 2.23%. Similar plots for 20 examples are shown in Figures § and 7.
The case labeled (a) in Figure 6 was observed near the terminator. The Xp deduced from the
IRI-86 model (the average value for each pass) is indicated by the asterisk at the extreme right
(i.e., on the right-hand axis) which is connected by a dotted line to the data for the same pass.
The Alfvén wave velocity calculated from the observed plasma density and magnetic force data
(assuming O' ions dominant) is likewise indicated by the asierisk at the extreme left (on the
axis) connected by a dotted line to the rest of the data for the same pass.

Most of the plots given in Figure 6 for the dayside show a tendency for the ratio to become

smaller with decreasing scale length, although the critical scale length at which the decrease

begins varies from one case to another. The resules from the nightside data given in Figure 7
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indicate that many fewer nightside cases show this tendency than for the dayside and that for
an appreciable fraction of the cases the ratio is nearly flat. Two cases show large decreases
below 1.5-3 5. One of these two cases, marked (b) in Figure 7, had an cff-scale point at 8-
16 s; this case was observed during a magnetically disturbed period as is discussed later. In
Figures 6 and 7, intervals for which the correlation coefficient is less than 0.5 are indicated by
asterisks with no connecting lines. Cases where the correlation coefficient is <0.5 are much
more numerous among the nightside events (Figure 7) than for the dayside {Figure 6).

Figure 8§ shows a comparison of Zp estimated from the A B, to E, ratio with that calculated
from the TRI-86 model and a comparison of V) estimated from the E, to A B, ratio with that
calculated from the observed plasma density and the magnitude of the magnetic field. In
Figures 8a and 8b, the vertical axis represents the ratio of observed AB, to E,, and the
abscissa Tepresents the value based on the model. The horizontal bar of the IRI-86 model value
shows the range of Zp along the orbit in the observing period. In Figure 8¢, the vertical axis
represents the observed E. to AR, ratio, and the abscissa the value calculated from the plasma
densit; and the magnetic field magnitude. Cases in which the correlation coefficient exceeds
0.75 ate plotted. For the data shown in Figures 8a and 8b, band-pass filters with passband
periods 16.0-32.0 s and 0.5-1.0 s, respectively, are used. These panels show that for large scales
(passhand period 16.0-32.0 s) there is a good agreement between the observation and the model;
while for small scales (passband period 0.5-1.0 s) the estimates from the AB, to E, ratio are
generally smaller than those based on the model. Figure 8c shows variations of the ratio £, to
A B, with decreasing scale length. The asterisk represents the ratios for large scales (passband
period 16.0-32.0 s), and the caret represents the ratios for small scales {(passband period 0.25-0.5

s). Values of the ratio in each pass tend to approach the value of V, (O).

The dayside ionospheric conductivity is primarily determined by the solar EUV {and X
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ray) radiation. It is therefore expected that the conditions of the ionosphere-magnetosphere
coupling change significantly when the terminator is crossed. Thus the data are classified
into three categories: dayside, nightside, and near the terminator. Here the terminator was
calculated by the method described by TWeolf [1968]. The terminator position depends on
altitude and changes about 20° in latitude depending on whether the Earth’s atmosphere is
transparent or opaque with tespect to the solar EUV radiation. If we regard the position of
the maximum gradient of the Pedersen conductivity £z based on the IRI-86 model as the
terminator at the ionospheric height, we find that the position of the terminator at spacecraft
altitudes is nearly equal to that at the ground.

On the dayside the AB; to E, ratio generally tends to decrease with decreasing cutoff
period, and the ratio tends to be constant for relatively long (>8.0 s) cutoff periods. Data
marked (a) in Figure 6, which were taken near the terminator, do not show this tendency. The
critical scale length where the ratio starts to decrease varies from one example to another, as
seen in Figure 6, and cannot be determined uniquely on the basis of such plots as Figure 6.
Howe{fer, statistically speaking, the AB, to E. ratio is constant for cutoff periods greater than
8 5. It is not clear what parameter controls the critical scale length. For large scale lengihs
the value of the ratio AB./pE, is nearly equal to the Pedersen conductivity estimated from
the IRI-86 model. However, there are cases in which strong high-energy particle precipitation
¢xists when this ratio is much larger than is expected from the model.

The correlation between A B, and I, is generally lower on the nightside than on the dayside,
and in some samples almosl no correlation is found even for large scales. Especially under
disturbed conditions (AE > 700 nT), the correlation is very poor; the correlation coefficient
in nine of twelve disturbed cases was less than 0.6. When magnetic activity is low (AE <

100 nT}, most of the data showed a good correlation; 25 of 30 examples showed correlation



2.3 RESULTS 19

coefficients greater than 0.75. The dependence of the correlation on the AE index is smaller
on the dayside. Another characteristic on the nightside is that the correlation is high only in
himited cutoff period domains. The variation of the AB; to E; ratio with scale length is not
as clear on the nightside as on the dayside (see Figure 7). Some cases show that the ratios
AB,fpE, are quite large. The period of the case labeled (b) in Figure 7 was magnetically
disturbed (AE= 918 nT). We have no particle precipitation data for this period. It should be
noted that on the nightside the Pedersen conductivity is generally low but the Alfvén velocity
1s large, and hence the two tend to approach each other.

Next, we examine the cases near the terminator (see Figure 6, data (a)). The AB,/poF,
variation is characterized by a mixture of cases on the dayside and on the nightside. The corre-
lation between A B, and E; near the terminator is generally less than that on the dayside but
better than on the nightside. However, it is difficult to compare the observed ratio AB. /i E,
with the value calculated from the IRI-86 model near the terminator, because the gradient of
the Pedersen conductivity is large near the terminator. In most examples {10 out of 14) the

¥
ratio tends to become small when the cutoff period of the filter becomes short.

2.3.2 Relation Between Ratio AB.[/puF; and Solar Zenith Angle

We analyze the relation between the ratio AB,/poE, and the solar zenith angle, using the
“dynamic” correlation method. The width of the data window is 10.0 s, and a high-pass filter
with cutoff period of 30 s is used. Twenty-three cases are analyzed, an example of which is
shown in Figure 9. The top panel shows the variation in the ratio AB. [uoE, along the orbit,
and the bottom panel the correlation cocflicient between AB, and E,. When the correlation

coefficient is under 0.73, the ratio is not plotted. A general trend of monotonic decrease in the



2.3 RESULTS 20

ratio along the orbit is seen. We calculate the solar zenith angle along the orbit and show in
Figure 10 the relationship between the solar zenith angle and the ratio AB,/ugE., using 20
examples chosen with criteria that the pass is near the terminator and that solar activity is
relatively high. The ratios for which the correlation coefficient is over 0.75 are averaged within
intervals of 0.5° in zenith angle, and these average ratios are plotted with dots in Figure 10.
The irregular curve represents the total average ratio within intervals of 0.5% in zenith angle.
It is clear from this figure that the ratio increases with decreasing solar zenith angle.

Next, these results are compared with the published Pedersen conductivity models whose
parameters include the solar zenith angle [Mehia, 1979; Senior, 19580; Vickrey et al., 1981; de le
Beaujardiere et al., 1982; Robinson and Vondrak, 1984; Rasmussen et al., 1988; Schiegel, 1988).
Some models include a solar activity index as one of the parameters. In Figure 10, we used a
data period with the sunspot number exceeding 130, because solar activity should be nearly
equal for comparison.

In Figure 10 we superimposed seven traces on each other which are calculated on the basis
of sev:n published Pedersen conductivity models. The model published by de la Beaujardiere

et al. [1982] agrees well with the lower envelope of our results.

2.3.3 Polarity of Small-Scale Magnetic Perturbaiion

There are 63 examples in which the correlation coefficients are large even for small scale lengths.
There are some cases where the hodograph clearly shows a rotation {Figure 11), suggesting that

the fluctuation is an Alfvén wave, However, in most cases the polarization is very complicated.
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2.4 DISCUSSION

The purpose of this paper is to investigate the relationship between the magnetic and electric
field perturbations in the field-aligned current region. There are two meodels to explain the
relationship. One is the static model, and the other is the Alfvén wave model. While the ratio
AB,/E; represents the height-integrated Pedersen conductivity Zp in the static model, the
same ratio gives the reciprocal of the Alfvén wave velocity in the Alfvén wave model. Therefore
the ratio is compared with g Ep and 1/V for perturbations of various scale lengths by applying
band-pass filters with various cutoff periods to the data. It is found that the ratic AB,/E,
has little variation with scale length for the data processed with filters having cutoff periods
greater than 8 s (or 64 km in length) and that the ratio is nearly equal to the ¥p calculated
from the IRI-86 model. Therefore the static model is applicable to scale lengths greater than 8
s (or 64 km).

Most of the examples for large scales in which the ratio does not agree well with the Pedersen
condugtivity model are from intervals of relatively high AE activity. The reason for this may
be that the IRI-86 model underestimates Xp because this model does not include the effect of
particle precipitation, and meore importantly that the situation is time-dependent. Generally
speaking, there is auroral particle precipitation in these cases.

When we compare the results for the dayside with those for the nightside, the ratio AB,/E.
on the dayside is found to be greater than that on the nightside, and the correlation coefficients
between AB, and E, on the dayside are generally greater than those on the nightside. The
lower correlation between A B, and E, on the nightside is considered to be largely due to time-
dependent situations related to high magnetic activity. The dominant source of ionization in

the dayside ionosphere is solar EUV, and hence the ionization is quasi-statienary. In contrast,
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the ionization of the nightside ionosphere in the auroral zone is mainly caused by particle
precipitation, which usually is highly variable in time and space.

Analyzing the variation of the ratio along the orbit, we have shown that the ratio AB,/
#toEz depends on the solar zenith angle. The Pedersen conductivity based on the model of de e
Beaujardiere et al. [1982] follows closely the lower envelope of variation of AB,/uyE, with solar
zenith angle (Figure 10). This is a reasonable result, because this model takes into account the
effect of ionization by the solar EUV radiation only, excluding the contribution from particte
precipitation.

Errors in Zp as deduced by the present method depend on the correlation between AB,
and £.. On the dayside the correlation coefficient between A B, and E. is generally very high.
For example, when the correlation coefficient between AB, and E; is over 0.8, the estimated
error in Lp is a few percent. On the other hand, Senior [1991] noticed that the error in Zp
deduced from radar observations is about 15% because of the assumptions regarding jonospheric
temperature and density.

Ant)ther finding of this study is that the magnetic to electric field ratio decreases with
increasing frequency. Two types of interpretation are possible. One is that the electric and
magnetic perturbations are static structures on large scales, whereas small-scale perturbations
are Alfven waves; as the scale length becomes smaller, the ratlio AB, [ Bz changes over to 1/V,,
which is generally smaller than the Pedersen conductivity. Another type of interpretation
is that the origin is static in nature even for small scales but the closure of the current in
the jonosphere on small scales is different from that on large scales. The point of the latter
interpretation is that the field-aligned portion of the current circuit in the ionosphere becomes

longer than the horizontal, cross-field portion of the circuit as the horizontal scale decreases

and that the parallel resistance might not be negligible compared with the Pedersen resistance
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[e-g-, Reid ,1968). Forget et al. [1991] explain the frequency dependence of the ratio AB,/F;
by this effect. However, this effect seems to be insufficient to explain the decrease of the ratio
with decreasing scale lengtﬁ found in many cases dealt with in this paper. We followed Forget
et al.’s calculation using the IRI-86 model and generally confirmed their result that the spatial
wavelength below which the effect is important is typically 5 km. However, according to the
present analysis, the observed ratio of AB./E. begins to decrease at about 4 s (32 km in spatial
scale} in many cases. Forget et al. give only two examples of observation; therefore we believe
that there is no fundamental conflict between the views of Forget et al. and ours. Indeed,
upon close examination, one of the examples given by Forget et al. (i.e., orbit 5848 N in their
Figure 4) shows that the observed ratio begins to show an appreciable decrease at wavelengths
somewhat greater than 10 km. This situation 1s sirnilar to some of the examples shown in our
Figure 6. We believe that the discrepancy between the observation and the theoretical result
on the short-circuiting effect of higher ionospheric altitudes is due to the Alfvén wave effect,
although we recognize the effect of scale size on the ionospheric conductance.

In i;‘igures 6 and 7 we see a tendency for the gradient of the ratio AB,/E,; at small scales
to be steep when the ratio for larger scales is large, The local V4, which is proportional to

-2

, varies much less with solar zenith angle than does the Pedersen conductivity, which is
proportional to n? where n is the electron density. Therefore the above tendency is consistent
with the deduction that small-scale perturbations in the magnetic and electric fields contain a
significant amount of Alfvén waves.

One possible explanation of the transition from the static field-aligned current model to the
Alfvén wave model may be given as follows: The generation of small-scale field-aligned currents

is related to the irregular structures of the plasma in the magnetosphere, and the power spectral

densities of the irregularities would decrease as the spatial scale decreases. On the other hand,
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Alfvén waves generated in the magnetosphere may produce power spectral peaks near a few
seconds in period at high latitudes, and the power in these Alfvén waves may exceed that in the
irregular structures in small-scale field-aligned currents. Iyemor: {1988] reported from cross-
spectral analysis of the Magsat magnetic field observations that in the higher-frequency range
(1.0-2.0 Hz) the R mode statistically dominates the L. mode in the auroral region, whereas for
the lower frequency range (0.125-0.25 Hz) the L. mode dominates and covers most of the polar
region. This result clearly demonstrates the presence of Alivén waves in small scales.

We now examine the polarity of the magnetic perturbation for the cases in which magnetic
and electric fields are well correlated on small scales as well as on large scales. Results indicate
that most of these examples show several cycles of rotation of the magnetic field vector (e.g.,
Figure 11}, Although the polarization characteristics cannot always be uniquely defined, we
conclude that the small-scale magnetic and electric field perturbations contain a significant
amount of Alfvén wave component. However, these waves may be localized waves, because
cross-spectral analyses for relatively wide data intervals generally da not show any systematic
pola.ri;ation characteristics. There are intervals, however, during which left-handed polarization
is clearly identified, suggesting the possibility that these waves may be of ion cyclotron wave
origin. A circular polarization could also be observed when the satellite passes a line current
structure. However, each line current produces only 180° of rotation at the most. To explain
such rotations as are seen in Figure 11, the spacecraft has to pass through many line currents
that are placed in suitable positions, but the probability of having such a distribution of line
currents should be very small.

H is of interest to find the critical parameter or parameters that control the degree of im-

portance of the Alfvén waves. The transition from the static to Alfvénic structures occurs in

most cases between the scale sizes of 4.0-8.0 s (32-64 km on spatial scales). The main reason for
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the scale length dependence of the ratio of AB,/E, is the transition from static structures to
Alfvén waves. However, it is noted here that the real situation is complex because of the effects
of the reflected waves from the ionosphere. Discussion of this subject is outside the scope of

this paper and will be given in a separate report.

2.5 CONCLUSION

We analyzed the correlation between the magnetic and electric field perturbations observed by
the DE 2 satellite using band-pass filters to determine the scale length dependence of the ratio
of the magnetic to electric field perturbations. Results can be summarized as follows.

1. The observed ratio AB./uE, agrees well with a Pedersen conductivity (£p) model on
large scales ( 8-32 s band-pass filters; 64-256 km on spatial scales). Therefore the large-scale
perturbations are interpreted as being static structures.

2. The ratio AB, /o F; shows a solar zenith angle dependence in accordance with the
publisfled tonospheric conductivity models.

3. In most cases the ratio on small scales (cutoff period of filter of <2.0 s; spatial scale
lengths of <16 km) is smaller than that on large scales and approaches the local Alfvén wave
velocity.

4. The decrease in the ratio for short wavelengths is partly due to the short-circuiting
effect at higher ionospheric altitudes. However, this effect by itself cannot explain the ohserved
decrease in the ratio.

5. The critical scale length at which the transition from static structures toward Alfvén
waves begins is, in general, between 4 and § s (32 and 64 km in length scale).

6. In some cases a [eft-handed polarization is seen in the magnetic perturbation, suggest-
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ing the existence of ion cyclotron waves.



Chapter 3

Scale-Length Dependence of the Ratio Between the
Magnetic and Electric Field Perturbations in the
Ionospheric Field-Aligned Current Region

3.1 INTRODUCTION

Small scale magnetic and electric field perturbations have been observed in the field aligned
current region in the ionosphere by polar-orbiting satellites. The following results have been
obtained from the observations {Table 1): {1) Correlation between the magnetic and electric
field perturbations observed in the ionospheric field-aligned current region, especially on the
dayside, is often very high. (2) The ratio between the magnetic and electric field perturbation
has a ;cale—length dependence. The ratio AB.[E; decreases with decreasing temporal or spatial
scale length. There are two interpretations regarding the reason for the correlation between the
magnetic and electric field perturbations. One uses a static model; the observed perturbations
are regarded as being static spatial variations, and the ratio of the orthogonal magnetic and
electric field components, AR, /E, , represents the height-integrated Pedersen conductivity,
Lp. The other uses an Alfvén wave model; the observed perturbations are interpreted as being
Doppler-shifted Alfvén waves, and the inverse of the ratio gives the Alfvén wave velocity, V4.
The observed perturbations in the magnetic and electric fields may represent a complex mixture

of these effects.
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Forget et al.[1991] interpreted the scale-length dependence of the ratio between the magnetic
and electric field perturbations as being produced by the circumstance that the manner in
which a field-aligned current closes its circuit in the jonosphere depends on its scale length.
However,they also suggest the possibility of a presence of Alfvén waves. They calculate the scale-
length dependence of the height-integrated effective Pedersen Conductivity, Zp.s; , solving the
current continuity equation numerically.

In this paper, we compare the value of Ep.; calculated by the model of Forget et al. with
the value of the ratio AB, /o F, deduced from DE-2 ohservations. We examine to what extent
the Alfvén wave effect exists in scale-length dependence of the ratio AB,/E_ by subtracting

the value of p.s; from the ratio AB, /o E, calculated from observation.

3.2 METHOD OF ANALYSIS

We compare the ratio between the magnetic and electric field perturbations deduced from the
model] which is the same as that used by Forget et al.[1991], with the ratio based on the

observations by DE-2 for 20 examples.

3.2.1 Model of Forget et al,

The Fourier transformed electrostatic potential, ®i, with wave number % in the jonosphere

satisfies the following equation (eq.(5) in Forget et al,1991):

el + dlnep dd;

P
dz? dz  dz K 2 2 =0 (3-1)

o
Tn

where op and op represent the direct and Pedersen conductivities, respectively. The z axis
is vertical and direct current exists parallel to the y — z plane forming sheet currents. The

ambient magnetic field is assumed to be vertical.
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We solve this equation for &y for a given conductivity profile and for different wavelengths.
The boundary conditions for the potential are $,(z = Okm) = 0 and &{z = 1000km) = 1.
The vertical profiles for the jonospheric conductivities are taken from the IRI-86 model ( Bilitza,
1986) from 80 km at intervals of 1 km uﬁ to the altitude of 1000 km. An example of conductivity
profile calculated from the IRI-86 model is shown in Figure 12(a). It is assumed that both
parallel and Pedersen conductivities at the ground are 10~'* mho/m, and that the conductivities
between 0 km and 80 km are interpolated linearly on logarithmic scale. Figure 12(b) shows
the jonospheric potential profile for each spatial scale-length. Figure 12{c) shows an example
of the scale-length dependence of the effective height-integrated Pedersen conductivity ,.;/
calculated from the potential profile shown in Figure 12(b).

The IRI-86 model has parameters representing season, time, locations and solar activity.
For these parameters we use the values at the times of observation. The electric field along the

z axis can be calculated from the potential &, From the eq.(8) in Forget et ol i.c.,

Spetr = = [ op() Ealk, 5)d 3.2
pel] = mfo op(z)Ex{k, )dz (3.2)
we can obtained Tp.;s which depends on the wave number k.

3.2.2 Observations

The instrurentations of magnetic field and vector electric field measurements on DE 2 are
shown in chapter 2.2

The dayside ionospheric conductivity is primarily determined by the solar EUV and X ray
radiation, while the nightside ionospheric conductivity is mainly dependent on auroral particle
precipitation. However, the IRI-36 model does not take the effect of particle precipitation into
consideration, and therefore we cannot compare the results calculated from the nightside the

IRI-86 model directly with those from observations. However. it is of interest to see how much
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difference there is between the observational results and the calculation based on the nightside
the IRI-86 model. Thus one nightside pass (pass 19) is examined for this purpose.

Figure 13 presents the satellite orbits from which data are used. The coordinates in this
figure are invariant latitude and invariant magnetic local time. Pass 17 may appear to be a
night pass. However, this pass took place near the summer solstice and the terminator at the
time of this pass is at a more anti-sunward location than the selecied portion of this pass; that
is, pass 17 is sunhit. The time of pass 12 is March 13, and this pass crossed the terminator. All
other passes are sunlit passes.

Figure 14 shows twenty examples of the scale-length dependence of the ratio AR, /uoE,.
We used the same data as shown in Figure 6, and the number on each curve corresponds to
that in Figure 13,

We assume a power law for the magnetic and electric field power spectral densities. Then,
given a frequency band (say, for a band pass filter) the wave energy density is largest at the lower
limit of the frequency range. In comparing the observational results on the ratio AB,/uoE,
(in a fiequency band) with the theoretical results ({or a fixed frequency) we assume that the
ratio at the frequency of maximum wave energy density in the observation (i.e., at the lower
frequency limit of the band pass filter) characterizes the ratio for the frequency band, and
we compare this observational ratio with the height-integrated effective Pedersen conductivity,

Lpest » calculated with the IRI-86 model for the same frequency.

3.3 REsuLTS

Figure 15 shows the scale-length dependence of the difference between the effective height-
integrated Pedersen conductivity Ep.;; derived from the IRI-86 model and the ratio of AB.

to tioE: observed by DE-2. The coordinate axis represents this difference.
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We use a high-pass or band-pass filter in order to investigate the scale-length dependence
of the difference between the model and observation. Since a band-pass filter has cut-off fre-
quencies at both ends, the difference AB,/joE: - Lp.sy is plotted at the center of each band.
The pass numbers marked an each curve correspond to those in Figures 13 and 14. For
each pass (i.¢., for each curve in Figure 15) the difference between the Alfvén conductivity X,
(= 1/{(#oV4)) and Ep.ss is calculated from the observed plasma density and magnetic field
data {assuming that O% ions dominate). This difference is plotted at the extreme left on the
vertical axis and connected by a dotted line to the rest of the data for the pass. Points for which
the correlation between the magnetic and electric field perturbations 1s poor are connected by
dotted lines (e.g., for the large scale-length portion of curve 4)

Many of the curves in Figure 15 are flat for all scale lengths. But some curves (e.g., curves
§ and 20) show is a significant increase with decreasing scale length towards the shortest scale
length. Curve 11 has a minimum at a middle scale length (i.e., at the pass band 0.5-1.0 s).
For this pass the difference between the maximum and the minimum of AB. /o F, - Ep sy is
about y;LD S.

Curve 19 has a different character because this pass is entirely in darkness. The observational
ratios are much larger than the theoretical values for this pass. The difference increases with
increasing spatial/temporal scale length, and goes off scale at 2 - 4 s.

In all cases in Figure 15, the values of £ - Tp,;; are smaller than the values of AB, fuoEx
- Lpeyss at the smallest scale length plotted, or what amounts to the same thing, the values of
54 are smaller than the values of AB./yoE; at the smallest scale length in Figure 14. In some
cases, the value of S - Tp.s; is nearly equal to the minimum in these curves (e.g., curves 7

and 11).

It is of interest to investigate the magnitude of the difference hetween the observational
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AB,[po B, and the theoretical Zp, s relative to the magnitude of the former. Figure 16 shows
the scale-length dependence of this relative difference. The format of Figure 16 is similar to
that of Figure 15 except that the ordinate is a normalized dimensionless quantity.

Some of the profiles of these curves are different from the corresponding profiles in Figure 15.
Curve 19 has a constant value of approximatety 1.0. Many of the other curves of others are
confined to the level of about £0.5. However, parts of curves 6,7 and 12 are below -0.5. In
these cases the ratio AB,fupE, becomes smaller than one half of ¥p,s; calculated from the
IRI-86 model.

We investigated the relation between the AE index and the scale-length dependence of the

difference AB, [ E; - Zp,yy . However, ne clear relationships have thus far been found.
3.4 DISCUSSIONS

In Figure 15 we showed the scale-length dependence of the difference between the ratio AB,/
poF: calculated from DE-2 observations and Zp,ss calculated from the IRI-86 model using
the method of Forget et al{1991]. If the curves in Figure 15 are all at zero, this means that
AB,[ioE; - Epaygs on each pass is explained by the model of Forget et al. For example, curves
2,3 and 5 are near zero for all scale lengths and can be explained by the static model. Some of
other curves in Figure 15 remain near some non-zero constant values.

Cuarve 19 has a quite different profile from the others. The reason for this is as follows:
There are two main origins in the jonization of the ionosphere; there are solar EUV and X
radiation and auroral particle precipitation. On the nightside, the auroral particle precipitation
effect becomes dominant. However, the TRI-86 model takes only the solar radiation effect into
consideration. Therefore, the calculated p, ;s from the model gives an underestimate.

In Figure 16, curve 19 keeps its level near 1.0 through all scale-lengths. Because Tp,. ;s is
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much smaller than A B, /usE, for this case. the ratio (AB./joF; - Zpeyy J/{(AB. /B, ) is
nearly 1.0. For some other passes the difference between the ratic AB, fuoE; and Dp s has a
scale-length dependence. We can think of two reasons for this behavior. One is the influence
of auroral particle precipitation, as in curve 19, and the other is the existence of Alfvén waves.
In the former case, the ratio AB,/uoF, increases by auroral particle precipitation because the
ionospheric conductivity increases. In the latter case, the existence of Alfvén waves reduces the
ratio, AB,/uo B, , because Alfvén conductivity X4 is generally lower than Zp.

In many cases which show scale-length dependence, the minimum is between 0.25 and 1.0 s
in the cut off period, and these minimums are nearly equal to L4 - Zp.s. It appears reasonable
to interpret that these minimums reflect the effect of Alfvén waves, We thus speculate that
Alfvén waves exist on the temporal scale of 0.25- 1.0 5, or, 1 - 4 Hz. In this respect, there have
been reports on the existence of Pc 1 - 2 magnetic pulsations in the equatorial magnetosphere

at L > 7 (e.g., Anderson et al.1992).

3.5 CONCLUSIONS

We compared the ratio, AB./ioE; , between the orthogonal magnetic and clectric field per-
turbations in the auroral ionospheric region and the effective Pedersen conductivity calculated
with the method of Forget et al. for various scale lengths. Results can be summarized as
follows.

1) The differences between the ratio AB. /pg E, from observation and the & .yt from model
calculation in more than 10 of the 20 cases examined have little dependence on scale length.
For these cases, therefore, the scale-length dependence of the ratio AB, [ poE. can be explained

by the model of Forget ef al,

2) Several cases show a minimum in the difference between AB. [i,E, and Zp.g; at 0.25
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- 1.0 5. We believe that the primary cause for this scale-length dependence is the presence of
Alfvén waves.
3) On the nightside, there is a large difference between the observational ratio and the Zp,(;

based on the model, which we interpret as being an effect of auroral particle precipitation.



Chapter 4

Quantitative Relationship Between the Auroral
Luminosity and the Ionospheric Conductivity in the
Polar Region

4.1 INTRODUCTION

The distribution of the ionospheric conductance (height integrated conductivity) is a control-
ling factor in the ionosphere-magnetosphere interaciion. However, it is difficult to obtain ob-
servationally a “snapshot” of the two-dimensional conductance distribution. Owver the past
two decades many attempts have been made to construct conductance models from data ob-
tained by incoherent scatter radars in the polar regions [Mehta,1979; Senior,1980; Vickrey et
al.,198¥1; de la Beaujardiere et al.,1982; Robinson and Vondrak,1984; Schlegel, 1988; Rasmussen
et al.,1988; Brekke and Hall,1988; and Senior,1991]. However, the polar radars do not oper-
ate for long enough periods to obtain a full two-dimensional distribution of the conductivities.
In addition, radar observations are limited in latitude. Wallis and Budzinski[1981] and Spiro
et al.[1982] showed statistical results on the two-dimensional distribution of conductance de-
duced from particle data obtained by polar orbiting satellites. Fuller-Rowell and Evans[1987]
have investigated ionospheric Pedersen and Hall conductivities inferred from the particle influx
obtained by TIROS-NOAA satellite observations.

Several studies attempted to deduce a “snap-shot” of the jonospheric conductance distribu-

tion from auroral luminosity obtained by photometers on board polar orhiting satellites. Craven
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et al.[1984] showed the relationship between ionospheric conductance and auroral luminosity
on a global scale, where the conductance was estimated from data obiained by ground-based
magnetometers. [Kamide et al.[1986] also calculated the ionospheric conductance and compared
it with the auroral image obtained by DE 1, introducing the following relationship between the
height-integrated Pedersen conductivity Zp and VUV (vacuum ultraviolet) auroral luminosity
Iin kR;

Sp ~ K% mhos (4.1)
where K is a constant. This result was improved in Kamide et al.[1989] by including the electric
fields deduced from the jon drifts measured along the DE 2 orbit. Rebinson et al.[1989] obtained
the following quantitative relationships between the auroral luminosity observed by the DE 1

auroral imaging photometer and the ionospheric conductance estimated from Chatanika radar

measnrements:

EP = 3.8(]]2311-’)0'511']1103 (42)
¢ Eg = (1.8F ~ 0.8)(Jy23w )**mhos (4.3)

whete Ijgmy represents auroral luminosity in kilorayleighs obtained by the auroral imaging
photometer with 123 nm pass-band filter (Frank et al.,1981), and where E tepresents the average
energy of precipitating particles in keV. From this empirical relation, they concluded that the
relation between the auroral luminosity and the height-integrated Pedersen conductivity is not
sensitive to the energy of precipitating particles, while the relation between the luminosity and
the height-integrated Hall conductivity is very sensitive to the particle energy.

Some researchers have attempted to deduce the ionospheric conductances from muliispectral
auroral images. Father and Mende [1971], and Rees and Luckey [1974] deduced energies of

precipitating electrons using ground-hased multispectral auroral image data. Rees et al.[1988],
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Lurmmerzheim et al.[1991] and Rees{1992] applied this method to construct maps of auroral
energetic electron parameters from the DE 1 multispectral auroral images.

In this study, we investigate the quantitative relationship between the auroral luminosity
observed by DE 1 [Frank et al.,1981] and the height-integrated Pederser conductivity deduced
from the ratio between the ecast-west component of the magnetic perturbations (AB,) and the
north-south component of the electric field (£;) obtained by DE 2. The new point of this study
is that the height-integrated Pedersen conductivity, Zp, is deduced not from the precipitating
particle data but the magnetic and electric field perturbation data. Since the DE 1 and 2
satellites are in the same meridian plane, there are many cases where DE 1 and 2 are favorably
situated to observe simultaneously the same aurora without problems of angle in field of view.
In addition, these satellites can observe auroras at various latitudes, while a ground-based radar
can observe the electron density distribution only near the radar site.

Numerous attempts have been made to clarify the electrodynamics in the field-aligned cur-
rent region from the magnetic and electric field perturbations obtained by polar orbiting satel-
lites [éugiura,lQStL; Sugiura et al,1982,1983; Gurnett et al.,1984; Weimer et al,,1985,1987;
Israclevich et al,1988; Berthelier et al.,1989; Dubinin et al,1990; Knudsen et al.,1990,1992;
Lysak,1991; Matsuoka et al.,1991; Forget et al.,1991; and Ishii et al.,1992]. From these stud-
ies, it was found that the correlation between the orthogonal components of the magnetic and
electric field perturbations is generally high in the field-aligned current region, and the ratio
AB/AE has a scale (or frequency) dependence. These results were interpreted by two different
models: (1) static structures of smali-scale field-aligned currents and (2) Alfvén waves. Ishii et
al.[1992] showed that the large scale (>> 8.0 s or 64 km) magnetic and electric field perturbations

L
observed by DE 2 can generally be interproted as static structures. In these cases the ratio

A B, /pE, represents the height-integrated Pedersen conductivity, Ip.
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In that follows we show some case studies and statistical results on the quantitative rela-

tionship between the auroral luminosity and ¥p.
4.2 TECHNIQUE

The Dynamics Explorer (DE) satellites were launched on August 3, 1981, into coplanar polar
orbits. The initial apogee and perigee altitudes of DE 1 were 24,875 km and 675 km, and those
of DE 2, 1003 km and 299 km, respectively.

Auroral image data were obtained by the spin-scan auroral imaging instrumentation (SAI)
on DE 1 [Frank et al.,1981]. Each image frame was assembled from a two-dimensional array
of picture elements (pixels) obtained by 120 rotations of the satellite. For the satellite’s 6 s
spin period, 120 scan lines of an image were obtained in 12 min. The spin axis was oriented
normal to the orbital plane with individual scan lines in each image aligned parallel to the
orbital plane. The angular dimension of each pixel was ~ 0.29°, for a linear dimension of ~ 32
km per Earth radius of altitude.

The imaging instrumentation on DE 1 comprised three distinct photometers and a variety
of visible and vacuum ultraviolet (VUV} filters. In this study, we use the data obtained with
the VUV photometer and filter 123W, which means that the ~ 30-nm wide pass-band of filter
extended to a short-wavelength cutoff at ~ 123-nm. Photometer response to the aurora was
dominated by emission from OI (130.4, 135.6-nm) and the LBH bands of Ny, and allowed global
imaging of the auroral oval in both the dark and sunlit ionosphere (Frank et al.,1931).

‘The instrumentations of the magnetic and electric field data on DE 2 are shown in Chapter 2.
From the results of Chapter 2, the ratio of the magnetic and electric field perturbations, AB,/
#oEy, represents the heighi-integrated Pedersen conductivity, Ep, for large scale sizes (typically

in § to 32 s periods or 64 to 256 km in spatial scale). We caleulate the “dynamic” correlation
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(see Ishii et al.[1992]) to investigate the variation of the ratio, AB./ucE;, along the orbit of
the spacecraft. To reduce the influences of high-frequency perturbation where the Alfvén wave
component would be large, and also to reduce the variations in the magnetic field data caused
by inaccuracies in the spacecraft attitude data, a high-pass filter with a 20-s cutoff period is
used for both half-second average magnetic and eleciric field data. The correlation coefficient
between AB, and E, and the ratio of AB; to E, are calculated in a sliding “data window”
of 10-s. Interpretation of the value AB,/uoE; is difficult when the correlation coefficient is
low, and those intervals in which the correlation coefficient is below 0.5 are not included in the
analysis except when specifically indicated. The estimation of the Pedersen conductance, Zp,
by the ratio, AB,/poE;, 1s only valid in the field-aligned current region where the amplitudes of
the magnetic and electric field perturbations are relatively large. Therefore we did not analyze
the data when the fluctuation of the magnetic field did not have enough amplitude. We used
the data with the standard deviation of AB. greater than 3nT. In addition to these criteria,
we added another threshold on the current structure. That is, we estimated Ep only when
the cﬁi‘rent structure can be approximated by infinite current sheets. Unless the fluctuations
are caused by sheet currents, it is generally difficult to interpret the ratio, AB, [uoE., as the
Pedersen conductance.

Fung and Hoffman [1992] studied the finite geometry effects of the field-aligned currents.
In their study, they showed that the relationship of two horizontal components of the magnetic
perturbation should be proportional in a “sheetlike” structure, while it is not linear in an
“endlike” structure. They concluded that the high correlation between the two horizontal
components of the magnetic field is a suflicient condition for making the “infinite” sheet current

approximation except for the cases of Alfvén waves. For this reason we omit the intervals where

the absolute value of the correlation between the two components (i.e., AB; and AB; )} is less



4.2 TECHNIQUE 40

than 0.5 in a data window strictly speaking, this criterion is not applicable to the case in which
the satellite crosses the sheet current perpendicularly, because in that case the amplitude of
A B, becomes zero. However, there are generally finite perturbation in AB; in the polar region
and this problem can be ignored.

We analyzed 32 cases obtained in the period from September 1981 to January 1982, Of
these, eleven cases were in the morning sector, one near the midnight sector, and the other 20
in the evening sector. We avoided data which might contain the influences of a reflection of
the solar radiation from the earth (near the terminator). Since the DE satellites’ orbit plane
is inertially fixed, the local time of the orbital plane depends on season. Thus all the data in
the morning sector were obtained after November 1981 and the evening data, from September
1981. Therefore, from this data set it is difficult to investigate the influence of season.

Several corrections are necessary to analyze the auroral luminosity when viewing the aurora
obliquely because of the van Rhijn effect and/or atmospheric absorption. To minimize these
effects and to make the observing conditions as uniform as possible, we use only those data
obtainid from viewing directly above the aurora or nearly so.

Figure 17 shows a schematic view of the observational geometry. We call the luminosity
at pixels along the DE 2 orbit as “center” data, and call “right” and “left” those pixels one
scan line to the right and left of the “center”, respectively. In this study, we compare the ratio,
AB, [upE;, calculated from the DE 2 observations with the average luminosily data for the
“center”, “right” and “left” obtained by DE 1.

Plates 1 - 3 show examples of auroral images obtained by DE 1 observation with the 123W
filter. A magnetic projection of the DE 2 trajectory to aurcral altitudes and the universal time

along the trajectory are indicated on each plate.

For 24 cases we used the energetic particle data simulianeously obtained by DE 2 in addition
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to the magnetic and electric field data and the auroral images. In its basic operating mode, the
low altitude plasma instrument (LAPI} provided a 32-point energy spectrum of positive ions
and electrons from 5 eV to 32 keV and from 0° to 180° in pitch angle every second [Winningham
et al., 1981].

We should be careful about the time differences between observations of DE 1 and 2. If
the time difference between them is large, the relation between the auroral luminosity and the
Pedersen conductance cannot be investigated because of the temporal and spatial variations in
the aurora. The DE 2 satellite takes 4 - 10-min to cross the auroral oval while observing the
magnetic and electric field perturbations, while DE 1 takes less than 18 s (i.e., three scans,
“right”, “center” and “left”) to obtain the luminosity data along the DE 2 trajectory. We
selected the data so that the observation-time difference is minimized in each case. However,
some time difference cannot be avoided (the maximum time difference being 12-min). A dis-
cussion of the influence of the observation-time difference in our analysis is given in Section

4.4,
¥

4.3 REsuLTS

4.3.1 (ase studies

Figures 18 - 21 show the results of comparison of the ratio, AB, /o F., with auroral luminosity
for the three cases of Plates 1 through 3. Figures 18 and 19 correspond to the morning- and
evening-side events shown by Plate 1, and Figures 20 and 21 correspond to the evening-side
events of Plates 2 and 3, respectively.

Panel (a) of each figure shows the magnetic and electric field perturhations obtained from
the DE 2 observations, correlation coefficients between AB, and E, (thick line) and those

between AB; and AB, (thin line) for data window of 10-s, and the ratio AB,fugE;. The
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horizontal axis of this panel indicates universal time. The ratio AR, /ugE; is plotted only
when both the correlation coefficient between AB, and E, and that between AR, and AB,
are higher than 0.5, and when the value of standard deviatior of AD, is greater than 3 nT.

The upper four traces of panel (b) of each figure present the auroral luminosity near the
trajectory of DE 2. The horizontal axis indicates the invariant latitude. The time shown at
upper right of each panel indicates the time when DE 1 scanned the “center” which is along
the trajectory of DE 2. The bottom two traces show the ratio AB. /o E, and the coefficient of
correlation between AL, and £:. The ratios are shown by asterisks, and their averages within
each luminosity pixel are shown as bar chart. A vertical broken line in Panel (b) represents
the boundary between the region 1 and 2 field-aligned current systems deduced from magnetic
field perturbations. Panel (c) in Figures 18-20 presents the correlation between the auroral
luminosity and AB./ugE, on a log-scale. Solid and open circles represent data obtained in
regions 1 and 2, respectively. Each solid or open circle represents the o3-S p relation in one
pixel. The error bars of luminesity indicate the standard deviation of three values of luminosity
along :he DE 2 orbit, “center”,“right” and “left”. The error bars for ratio AB,/uoE, show the
standard deviation of the ratio &B, /0 F, from the average over each pixel. Two thin and thick
solid lines present the regression lines of the data obtained in regions 1 and 2, respectively, and
a dotted line shows the relationship obtained by Robinson et al.[1989].

For these examples, the characterislics of the precipitating particles are also investigated
(Plates 4- 6). The upper panel of each plate gives the variations in the number flux of high
energy (>35 keV) electrons with pitch angle 0° (blue line) and 90° (yellow line) observed by
Geiger-Mueller tube assemblies (GMT). The number flux s given in units of particles/cm?-s-sr.
The middle and lower pancls show the energy fluxes for jons and electrons averaged over all

pitch angles observed hetween 0° and 90°, respectively.
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Case 1: Nov. 25, 1981

Plate 1 and Figure 18 show an example on the morning sector observed at 03:25UT (DE
1) and 03:26:00-03:33:00UT (DE 2) on November 25, 1981. This is about one hour after the
abrupt onset of a brief auroral substorm (maximum AE ~ 750 nT), and well into the recovery
phase. The hourly value of the AE index was 160 nT. The time difference between the DE 2
observations of the magnetic and electric fields and the DE 1 auroral imaging along the DE 2
orbit plane was 1 min at the low latitude end and 8 min at the high latitude end of the oval.
2 p was not calculated for the period 03:29:00-03:29:30 UT because of the criteria mentioned
above (see Figure 18(a)).

Differences between the profiles for auroral luminesity and AB, o E, are clearly seen (Fig-
ure 18(b)). Neither the “center” nor the “average” luminosity profile has a clear peak, while
the profile of AB, /upE, has a distinct peak at 70° invariant latitude.

Figure 18(c) shows a scatter plot between AB,/uoFE. and auroral luminosity, with different
symbols used to distinguish between measurements made in the region 1 and 2 current systems.
The b:unda,ry between these two regions was crossed at 03:29:30 UT; this boundary coincides
with the boundary between the central plasma sheet (CPS) and the boundary plasma sheet
(BPS) regions in this case. Open and solid circles in Fig. 18(c) present data obtained at lower
and higher latitudes than this boundary at 74.9° invariant latitude, respectively. The open
and solid civcles arve divided into two nearly parallel clusters. The coefficients of correlation
between luminosity and AB,fuoF, for the data points in regions 1 and 2 are 0.788 and 0.510,
respectively.

We also investigated the dependence of the relation between auroral luminesity and A B,/
tto £, on the energy of precipitating electrons. To investigate this energy dependence we calcu-

late the characteristic energy By (= (1/2) f Ef(E)dE/{ [ f(E)dE where f(E) is the differential
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downward electron flux). To reduce the influence of photoelectrons, £y is calculated only for
particle energies greater than 20 eV. The average of characteristic energies of precipitating
electrons is 1484 €V in CPS, and 173 €V in BPS, respectively.

A characteristic property of this case is the existence of large ion flux {03:29:00-03:29:30UT).
Correlations between AB, and E, and between AB; and AB: both become poor in this region.

Figure 19 presents observations on the evening side during the same orbit as that for Fig-
ure 18. The differences between the time of observation of the magnetic and electric field
perturbations and that of auroral luminosities are 4 min at the poleward side and —3 min at
the equatorward side of the auroral oval. In this case, profiles of the auroral luminesity and
AB, [upE, are similar to each other (Fig. 19(b)). The peak in the aureral luminosity nearly
corresponds to that of AB,/uoFE, (invariant latitude ~ 73°). The boundary between the region
1 and 2 current systems is at 73.5° INV (invariant latitude). It is noticed that the precipitating
particles on the evening side have lower energies than those on the morning side as seen in
Plate 4, and that it is difficult to determine unambiguously the boundary between BPS and
CPS 1;1 this case, but this boundary may be placed at 03:37:10 UT the same as the boundary
between regions 1 and 2. The average of characteristic energies of precipitating electrons is 290
eV in BPS, and 625 eV in CPS. The correlation coefficient between AB,/uoE, and auroral
luminosity is 0.948 in region 1, and 0.934 in region 2 {Fig. 19(c}). The data at lower latitudes
(high energy electron region) show lower luminosity for the same conductance than those at
higher latitudes (low energy electron region). This result agrees well with that of Robinson et
al.[1988], who analyzed data from the same local-time sector as in the present case.

Case 2: Nov. 21, 1981

Plate 2 and Figure 20 show another case of simultaneous ohservations of auroral luminosity

and magnetic and electric fields. These data were obtained in the evening sector at 12:30:00 -
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12:34:00 UT (DE 2) and at 12:30 UT (DE 1) on November 21, 1981. In this case, the difference
between the times of abservation of DI 2 and 1 is nearly zero at the poleward edge of the
auroral oval and is 4 min at the equatorward edge of the auroral oval. Geomagnetic activity
was decreasing in the recovery phase of a substorm which was followed by another substorm in
close succession (hourly value of AE=364 nT).

From Figure 20(b), it is seen that the correlation between AB, and E. is rather poor in
the region where the aurcral luminosity is very high (i.e., 71° <INV <T73°). Plate 2 shows that
the surge head is at the poleward boundary of the aurora. The peak of AB,/uoF, 18 at about
66.0° INV, while there is no significant enhancement in auroral luminosity.

In this case, the boundary between the region 1 and 2 current systems corresponds to the
boundary between the BPS and CPS (at about 12:30:30 UT, 70.7° INV in Plate 5). Figure 20{c)
shows a scatter plot between luminosity and AB, fgoE, for the two latitude groups divided by
this boundary; their regression lines are almost parallel. The average of characteristic energies
of precipitating particles is 1690 eV in BPS, and 2293 eV in CPS. As in the previous examples,
data orl.)ta.inecl at lower latitudes (high energy electron region) tend to have lower luminosity or
higher conductance than those obtained at higher latitudes (low energy electron region).

Case 8: QOct. 20, 1951

Plate 3 and Figure 21 show another case in which the auroral luminosity and the magnetic
and electric fields were observed almost simultaneously. This example was obtained in the
evening sector at 19:18:00-19:23:00 UT (DE 2) and at 19:14 UT (DE 1) on October 20, 1981.
Magnetic activity during this period is very high (hourly value of AE index = 735 nT) compared
with the previous examples. The difference in time of observations of DE 2 and 1 is 4 min at
the poleward edge and 11 min at the equatorward edge of the auroral oval. The equatorward

edge of the auroral oval near mic_laight was around 55° INV in this case, which is unusually low.
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Figure 21(a) shows that the z-component of the magnetic field perturbation has large scale
structures, while the electric field oscillates without large scale structures. Such a tendency is
generally seen during disturbed periods on the night side. This large difference between the two
field profiles makes the correlation between AB, and E, poorer during disturbed periods than
that during quiet periods. It should be noted that the invariant latitude dependence of the
relation between auroral luminosity and AB,/uE- is opposite from the results in Cases 1 and
2. The data obtained at lower latitudes have higher luminosity or lower conductance than those
obtained at higher latitudes. The average of characteristic energies of precipitating electrons is
1172 eV in BPS, which is higher than that in CPS {1ﬁ2 eV). Thus the energy dependence is
consistent with the previous cases in which the region of lower energy electrons shows higher

luminosity and lower conductance than the region of higher energy electrons.

4.3.2 Statistical results

We analyzed 32 cases in all and were able to compare these results with particle data for 24 of the
cases. Jt was found that the relation between auroral luminosity and AB,/uyE., is dependent
on invariant latitude and/or energy of precipitating particles. In this section, statistical results
are presented for the dependence of the Is31--Sp relation on invariant latitude and energy. In
addition to these analyses, the importance of the time difference between observations with DE
1 (auroral luminosity) and 2 (magnetic and electric field perturbations) is examined.

Figure 22 shows scatter plots for the entire data set classified by the time difference between
measurements of auroral luminosity and the magnetic and electric fields. The format of the
scatter plot is the same as that of panel (c) of Figures 18 - 21. In Figure 22(a), the data points
are widely scattered and any relation between the auroral luminosity and AB.[/poE; is difficult

to discern. Figures 22(b) and (c) show results sorted by the time diflerence; ohservations with
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time difference less than and more than 30-s are plotted in Figure 22(b) and (c), respectively.
The result shows that the selection of cases with smaller time differences does not improve the
correlation.

We also analyzed these data for ranges of the AE index, but no significant dependence was
found.

Next, we analyzed these data as functions of invariant latitude and local time. As the data
points near midnight are few, we divided the data into two groups: data obtained in the morning
sector and those in the evening sector. For the division by invariant latitude, the boundary
between the region 1 and 2 current systerns is used. While the results shown in Figure 23 are
complicated, we see a tendency that in both local time sectors, the higher latitude group tends
to bave smaller values of AB,/upE; than the lower latitude group for the same luminosity.
This tendency is clearer on the morning side than that on the evening side.

Another noticeable point in this figure is the local time dependence of the relation at the
lower latitudes. On the evening side, the correlation coefficient is relatively higher (0.580) than
that ol;;n the morning side (0.138), and the distribution of points is consistent with the results
of Robinson et al.[1989]. The distribution on the morning side is almost random.

Figure 24 shows the results of comparison of the relation between auroral luminesity and
AB.[poE; with energies of precipitating electrons in 24 cases. The dotted line in each panel
shows the result of Robinson et al.{1989] for comparison, and the broken lines in panel (b), (c)
and (d) of Figure 24 represent the model by Rees et al.[1988], which will be discussed in the
next section. Two solid lines represent regression lines for our data set. Figure 24(a) shows the
distribution of points with characteristic energy less than 100 eV. Figures 24(b), (c) and (d)
represent plots for characteristic energies of 100-500 ¢V, 500 eV-1 keV and greater than 1 keV,

respectively. In using the Rees model, we adopted the characteristic energies of 250 eV (b), 750
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eV (c), and 1 keV (d). Points scatter in the same way as in Figure 23, but the center of scatter
shifts towards higher conductance (towards right in these plots) with increasing particle energy.
The results of Robinson et al.[1989] have the best agreement with the relation for higher energy
particles (i.e., Figure 24(d)), whtle the model of Rees et al.[1988] appears to agree better with

the cases of lower energies (i.e., Figure 24(b)}.
4.4 DISCUSSION

One of the new findings in this study is the invariant latitude dependence of the f2aw-Zp
relation. In most cases, Zp decreases with increasing invariant latitude for the same luminosity.
However, in some cases, this relation is reversed (e.g., Figure 21(b) and (¢}). According to
Kamide et al.[1986], the relation between f1z3v and IZp can be expressed as equation (4.1).
Our results suggest that the proportionality coefficient A has an invariant latitude dependence.

Rees et al.[1988] estimated the DE 1 UV imager response (in counts/pixel) due to the auroral
luminosity for an electron energy flux of 1 ergrem=%.5~! as a function of the characteristic
energy of an assumed Maxwellian distribution. They also calculated the Hall and Pedersen
conductances as functions of characteristic energy and electron energy flux. They noted the
following points. (1) The auroral luminosity as given in DE 1 counts per unit energy flux ¢
obtained with the 123W filter decreases monotonically with increasing characteristic energy
of precipitating electrons. This decrease in the emissions is due to increasing absorption by
O; above the region of auroral emission. (2) The ratio Ep/c®* has a peak at a characteristic
energy of about 2 keV, because the Pedersen mobility reaches a maximum at an altitude of
about 140 km. Robinson et al.[1989] explained why the Jipai-Zp relation is insensitive to
the characteristic energy of precipitating electrons by pointing cut that both luminosity and

Lp decrease with increasing electron energy when the characteristic energy is greater than 2
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keV. It follows that the relation between the luminoesity and Pedersen conductance will be
sensitive to the characteristic energy of precipitating electrons when it is less than 2 keV; in
this energy range, Xp increases while luminosity decreases with increasing characteristic energy.
This explanation is consistent with our results shown in the previous section ,e.g., the cases
included in Figure 21 and the statistical result presented in Figure 24.

The result calculated from the Rees et al.[1988] model {broken lines in Figure 24(b), (c)
and (d)} is close to one of the regression lines when the characteristic energy of precipitating
electrons is 100-500 ¢V (Figure 24(b)}. In Figure 24(c) and (d), the result from Rees et al.[1988]
overestimates Lp in the J1o3u-Ep relation of our results, and the empirical relation of Robinson
et al.[1989] is closer to our results. The discrepancy of our result with that of Rees et al.[1988]
at high energy may be explained by taking into account the scattering of 130.4-nm emissions.
As mentioned in Robinson et al.[1989], the 130.4-nm lines of atomic oxygen suffer multiple
scattering and self-absorption, and if these emissions are the dominant contributors to the de-
tector response with the 123W filter, the model calculation must be different from the observed
value;in the Tiagy-Zp telation. In addition, the 123W filter for the DE 1 VUV imager provides
images of primarily optically thick OI emissions at 130.4 nm. Thus the relationship between
the total column emission and the characteristic electron energy is not straightforward. Their
model calculation without 130.4-nm shows the tendency that the observed [y is greater than
the model at the same Ip, and this is consistent with our results.

Robinson et al.[1989] estimated the jonospheric conductance from data obtained by the
Chatanika radar. These observations covered fvom 62° to 69° of invariant latitude, and four
of the six cases they used in their study were taken from the observation on the evening side

{other two cases were obtained near midnight and from the early morning sector). Therefore it

is reasonable that their result agrees well with our result for the lower latitude of evening side
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(i.e., Figures 19(c} and 23(c)).

The local time dependence of the relation between the auroral luminoesity and ionospheric
conductance might be explained as follow: According to the characteristics of auroral display
obtained by Akasofu[1981], diffuse auroras in the evening sector have smooth displays, on the
other hand, those in the morning sector have complex shapes. It is speculated that the pre-
cipitating electrons of diffuse auroras in the morning sector have various energies and therefore
the relation between luminosity and conductance is complicated in the morning sector.

Even if the energy dependence of the [jza--Zp relation is taken into account, this relation-
ship is still too complicated to be described with a simple formula. Possible sources of this
complexity in the fjp3w-Zp relation other than the invariant latitude and energy of the precip-
itating electrons are: (1) time differences between observations at DE 1 and 2, (2) the decay
constant for ionospheric conductivity, and (3) the spatial resoluiion of auroral observations.

As to the first possibility, the distribution of the points for observations within 30-s of
time difference (Figure 22(b)) does not necessarily show a smaller scatter than for points for
obser:ations more than 30 s apart (Figure 22(c)). Even for the group of smaller time differences,
there is a significant scatter in the distribution. The error due to the difference between the
times for luminosity and Zp may be related to the phase of magnetic activity, because the
temporal and spatial variations are higher under disturbed conditions. Therefore the time
difference in observation could be one of the causes for the scatter. We have shown an example
for which a clear difference exists in the profiles of auroral luminosity and conductance while
there was no time difference (e.g.,Figure 20(b)). In addition, Figure 22 shows that the Jiasw-
Zp relation ie almost independent of difference in time of observation. Therefore, we conclude
that the time difference is not likely to he the main cause for the observed invariant latitude

dependence in the J1zawv-Zp relation.
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To examine the second possibility, we need to know the lifetime of electrons in the E-region
and the lower F-region. Jones and Rees [1973] calculated the decay of electron density following
the cessation of ionization. It was shown that the electron density decreases from 10° 1o 103
em~? at 100 km altitude within 60-s after cessation of ionization, while it decreases from 2x10°
to 10% at 200 km altitude within 600-s. If the ionospheric conductivity is estimated from the
electron density near 120 km altitude, the time constant of the conductance is estimated to be
about 60-s. The effect of the time history of auroral activity on the conductivities would be of
the same order of magnitude as the effect of 60-s of observation-time difference between DE 1
and 2. Especially, one reason why the fi;aw-Ep relation is complicated in the lowest energy of
precipitating electrons (Figure 24(a)) is speculated that the background Ep varies significantly
by time constant of lonizations.

For discussions on the third possibility, error bars are indicated in panels (c) of Figures 18-
21. The length of the error bars for measurements of luminosity is a measure of the difference
in luminosity at the “right”, “center”, and “left” pixels, while the error bars of the ratio AB, /
JoFrr Jenote the standard deviation of the ratio within a region defined by a pixel of the auroral
image. When the standard deviation of AB,/uoF; is large as is indicated for some points in
panels (c) of Figures. 18-21, it is deduced that the aurora has fine structures with scale length
less than one pixel (~ 32 km of spatial scale per earth radius of altitude), and this possibility
can be a cause of the complication in the relation between luminosity and conductance.

Possible artificial causes of the invariant latitude dependence of the J115w-Zp relation shown
in (b) of Figures 18, 20 and 21 are: (1) an error in the mapping of the DE 2 orbit on the
auroral altitude, and (2) the relatively large field of view of the imager (i.e., spatial resolution).

The former possibility can be divided into two different subjects: (la) differences between

the model magnetic field of the earth and the actual field during a substorm, and (1b) the
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difference between the assumed height of auroral emissions and the actual height. However,
these possibilities are quantitatively not enough to explain the invariant latitude dependence
of the Iiz3w-Zp relation. For example, there is a difference of about 4° of invariant latitude
between the peak of auroral luminosity and the peak of AB,/upE, in Fig. 18(b). If this
difference arises from an inaccurate mapping by the geomagnetic field model (i.e., possibility
(1a)), the disturbance in the horizontal component of magnetic field near the DE 2 spacecraft
must be about 30000 nT (earth’s main field} x tan4® ~ 3000aT, but such a possibility is
unlikely. About possibility (1b), in plotting panei (b) in Figures 18-21 we varied the assumed
heights of the aurera from 100 to 300 km; but no significant difference was found in the location
of the peak in aurcral luminosity.

We discuss the possibility (2) as follows. Equation (1) shows that the relationship between
Lp and I paw is not linear. On the other hand, the luminosity and the conductance are averaged
linearly in a pixel. For example, if half the area of a pixel is occupied with an aurora whose
luminosity is uniform, the measured luminosity and the estimated conductance at this pixel
will afso be one half of the value it would be if all the area of the pixel is occupied with an
aurora of the same luminosity. However, the conductance inferred from this Juminosity is 1 / V2
times that for the case in which the whele area of the pixel is occupied by aurora. The results
is that the actual conductance averaged over the pixel is lower than that estimated from the
luminosity. Thus we overestimate the conductance in the case when the aurora is non-uniform
in a pixel. Robinson et al.[1989] also mentioned that there are some points which have higher
luminosity and lower conductance at high latitudes than at low latitudes, and they explained
this by the resolution of the imager. The large error bar for Lp suggests the existence of a

non-uniformity in the anrora distribution, and this effect must be taken into account, However,

the spatial non-uniformity cannot explain the energy dependence shown in Figure 24, unless it
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is proved that an aurora produced by higher energy electrons has smalier structures than an
aurora produced by lower energy electrons.

We conclude that the invariant latitude dependence of the relation between auroral lumi-
nosity and conductance is due to the different energies of the precipitating electrons.

It iz shown that the correlation between the magnetic and electric field perturbations is
poor in a region where the auroral luminosity is very high (i.e. Figure 20(b)). We speculate
that this poor correlation comes from a strong temporal and spatial variations of luminosity

.and conductance associated with such regions as the westward iraveling surge.
4.5 CONCLUSIONS

We have investigated the gquantitative relationship between the auroral luminosity obtained
by the DE 1 imaging photometer at VUV wavelengths and the height-integrated Pedersen
conductivity, Xp, deduced from magnetic and electric field perturbations observed by DE 2.
We obtained the following results:

1. *The relation between the auroral luminosity and the jonospheric conductivity has a
latitude dependence. In most cases, for the same luminosity, £p decreases with InCreasing
invariant latitude. However, this tendency is reversed in some cases. This latitude dependence
of the luminosity-Zp relation can be explained by the difference in energy of the precipitating
electrons. That is, Tp decreases with decreasing energy of auvoral particles for the same
luminosity.

2. In the region of lower energy electrons, our result is consistent with the model results
calculated by Rees et al.[1988]. On the other hand, in the region of higher energies, our result is
consistent with the result of Robinson et al.{1939] and not with the model of Rees et al.{1988].

We specuiate that the discrepancy between the Rees model and our result is due to the influence
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of the 130.4-nm emissions of atomic oxygen.

3. There is a clear difference in the relationship between the results on the morning side
and those on the evening side. In the equatorward part of the aurcral oval on the evening side,
the results are similar to those of Robinson et al.[1989]. In contrast, for the equatorward part
of the auroral oval on the morning side, the correlation between the auroral luminesity and
conductivity is rather poor. [t is speculated that the reason for the pocr .51~ Zp correlation
is that the precipitating electrons on the morning side have wider variations in energy than on
the evening side.

4. The correlation between the magnetic and electric fields becomes poor in strong auroral
luminosity regions.
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Figure Captions

Plate 1 Image data obtained by DE 1 satellite with 123V filter at 03:37 UT, November 23,
r
1981. The scale in plot and number beside it are the trajectory of DE 2 satellite and
the untversal time of DE 2 passage. The characters “M™ and *N™ are the magnetic and

geographic north pole.

Plate 2 Image data obtained DE 1 satellite with 123W filter at 12:30 UT, November 21, 1981.

The format is the same as Plate 1

Plate 3 Image data obtained DE 1 satellite with 123W filter at 19:14 UT, Qctober 20, 1981.

The format is the same as Plate 1

Plate 4 The result of patticle energy observed simultaneously with the first example.(i.e.,

Plate 1} Upper panel shows variations of number flux of high energy particle (E > 35K ¢V)
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whose pitch angle is over (blue line) and less{yellow line) than 90°. Middle and lower panel

show energy flux of ion and electron, respectively.

Plate 5 The result of particle energy observed simultaneously with first example.(i.e., Plate 2)

Format is the same as Plate 4.

Plate 6 The vesult of particle energy observed simultaneously with first example.(i.e., Plate 3)

Format is the same as Plate 4.

Figure 1 A surnmary of the disiribution and flow directions of large-scale field-aligned cur-
rents determined from data obtained on 493 passes of Triad during weakly disturbed

conditions(] AE |< 100 nT) {from Iijima and Potemra, 1976)

Figure 2 Column emission rate ratios as functions of characteristic electron energy. (from

McEwen and Bryant, 1978)

Figure 3 Example of magnetic and electzric field perturbations, showing a gocd correlation
between the north-south component of the electric field E, and the east-west component
of the magnetic field AB,. ILAT is invariant latitude, MLAT and MLON are Magnetic

latitude and longitude, and GLAT and GLON are geographic latitude and longitude.

Figure 4 Correlation between AB, and E; values plotted in Figure 3. The correlation coeffi-

cient i1s 0.96.

Figure 5 The relation between the ratic AB./ioE; and the filter cutoff period. The ratio

decreases with decreasing cutolf period.

Figure 6 Twenty examples observed on the dayside, showing a scale length dependence of

the ratio AB, [pgf,. The data points for which the correlation coefficient between the
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magnetic and electric field perturbations js under 0.5 are not connected. The dotted
lines on the right and left sides show comparisons of the ratio with the Lp deduced
from the IRI-86 model (average values in these orbits) and witl: the Alfvén wave velocity
calculated from the observed plasma density and total magnetic force data (assumed O

ion dominant), respectively. A case labeled (a) is observed near the terminator.

Figure 7 Twenty examples observed on the nightside. The format is the same as in Figure 4.

The case labeled {I;) was observed during a magnetically disturbed period (AE=918 nT}.

Figure & {2 and ) Comparison between the calculated Pedersen conductivity from the IRI-S6
madel and the observed ratio AB.fypF,. (c) Comparison between the calculated Alfvén
wave and the ratio E,/AB, In Figures Sa and 8b the vertical axis represents the ratio of
the observed AB, to &, and the abscissa represents the value based on the model. The
horizental bars for the IRI-86 model values show the range of Zp along the orbit duving
the observing period. In Figure 6c the vertical axis represents the ratio E; to AF,, and
the abscissa represents the value calculated from the observed particle density and the

magnetic field magnitude. The asterisk represents the values for large scales, and the

caret represents values for small scales (see the text).

Figure 9 An exampie of the "dynamic” correlation. The upper panel shows that the ratio,
AB_fuo . and the lower panel shows the coelficient of correlation between the magnetic

and electric fields. The ratio increases along the orbit from the nightside to the dayside.

Figure 10- Comparison between the ratio AB, /o Ey in 20 examples and the Pedersen conduc-
tivity based on published modecls. The ratios for which the correlation coefficient is over
0.75 are averaged with in intervals of 0.5° in zenith angle (irregular curve), and these av-

erage ratios are plotted with dots in this figure. The model presented by de ja Beanjardier
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et al. (Model 4) agrees well with the lower envelope of our results.

Figure 11 Hodograph of the X and ¥ components of magnetic perturbation on a small scale.

The vector rotates four times in the anticlockwise direction.

Figure 12 An example of conductivity profile based on the IRI-86 model and the effective
height-integrated Pedersen conductivity Sp.s; calculated from the TRI-86 model. The
parameters for the IRI-86 model (season, time, location, and solar activity) are those at

the time and location at which the magnetic and electric fields were observed.

a) Conductivity profile of the IRI-86 model. The bold, thin, and dotted lines represent
parallel, Pedersen and Hall conductivities.

b) The ionospheric potential profile for each spatial scale-length. It is assumed that
@, =1 at 1000 km and &, =0 at 0 km altitude.

c) The scale-length dependence of the effective height-integrated Pedersen conductivity

Ypess calculated from the potential profile in (b).
y

Figure 13 The plots of 20 satellite passes use. Coordinates are invariant latitude and invariant
MLT. Pass 19 is in darkness period, and pass 12 crosses the terminator. Other passes are

sunlit passes.

Figure 14 The scale-length dependence of the ratio AB, /jo B, , Alfvén velocily, and Pedersen
conductivity for the 20 cases. (a) was observed near the terminator (pass 12), (b) was
observed in darkness (pass 19). The abscissa represents cut-ofl periods of high-pass /band-

pass filters. The number on each curve corresponds to that in Figure 13.

Figure 15 The scale-length dependence of the difference between the ratio A8 f1aE; and the

effective Pedersen conductivity Sp,yy .
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Figure 16 The scale-length dependence of the normalized difference hetween the ratio AB,/

tpf; and the effective Pedersen conductivity Lip.;s .

Figure 17 A schematic figure of the analysis. DE 2 (low altitude satellite) observed the mag-
netic and electric field data along the orbit indicated “center”. Simultaneously, DE I
(high altitude satellite) obtained the auroral image data, including “left”,*center” and

“right”.

Figure 18 The results of comparison between the ratio, AB./poE;, and the height-integrated
Pedersen conductivity, Zp, on the morning side case of Plate 1. (a) the magnetic and
electric field perturbations obtained by DE 2 observation, variations of correlations be-
tween AB, and L, , and variations of the ratio, AB,/no .. Horizontal axis of these plots
present universal time of DE 2 passage. r and : components represent the North-South
and East-West components, respectively. (b) auroral luminosities near the orbit of DE
2, and the ratio, AB, /ip&,, in the same invariant latitude, Values of AB./uoE, is pre-
sénted by circles and is averaged in the same bin of “average” luminosity (bar chart in the
fourth panel). The vertical broken line represents the boundary between regions 1 and 2.
{c) scatter plot of the relationship hetween auroral luminosity and the ratio, AB,/uoEx.
The dotted line represents the model of Robinson et al.[1989). The thin and thick lines

are the regression lines of data obtained in regions 1 and 2, respectively.

Iligure 19 The results of comparison between the ratio, AF,/1ef,, and the height-integrated

Pedersen conductivily, Ep, on the cvening side case of Plate 1. Format is same as [ig. 18.

Figure 20 The results of comparison hetween the ratio, AB. fjioE ., and the height-integrated

Pedersen conductivity, Sp, on the casc of Plate 2, Format is the same as in Fig. 13,
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Figure 21 The results of comparison between the ratio, AB,/uoE;, and the height-integrated

Pedersen conductivity, Zp, on the case of Plate 3. Format is the same as in Fig. 18.

Figure 22 The total plot of 32 case (a) and their classification by time difference between DE
1 and 2.((b) and (c)) Format is the same as in Fig. 18(c), except for error bars which are

removed for clarity. The regression lines are piotted for total data.

Figure 23 The statistical result of the relationship between the auroral luminosity and the ratio,
AB,fpoE., arranged as per the local time and relative locations of auroras. (a)Morning
side of region 2, (b)Moraing side of region 1, {c)Evening side of region 2, and {d)Evening
side of region 1. Format is the same as in Fig. 22. The boundaries of invariant lati-
tude between poleward and equatorward are determined from profile of magnetic field

perturhations.

Figure 24 The statistical result of the relationship between the auroral luminosity and the ratio,
AB.[uoEy, classified by the chavacteristic energy of precipitating particles. The charac-
:eristic energies are {a)less than 100 €V,(h)100-500 eV, (¢)500 eV-1 keV, and (d)greater
than lkeV, respectively. The broken lines in panel (b)(c) and (d) are the model values
calculated from Rees et al.[1988], and the dotted line in each panel represents the same

by Robinson et al.[1989)].
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TABLE 1. Filter Cutoff/Passband Periods

High Resolution Data

0.5-s Average

Cutofl/Passband Period,s Filter Passband Period,s  Filter
-0.25 high pass 1.0 - 20 band pass
0.25- 0.5 band pass 2.0-40 band pass
0.5- 1.0 band pass 4.0- 8.0 band pass
1.0-20 hand pass 8.0 - 16.9 band pass
20-4.0 band pass 16.0 - 32.0 band pass
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Table 2. Investigations on the ratio of the magnetic to electric field perturbation in the

high-latitude field-aligned current regions

Table 2
Spacecraft Authors
ICB-1300 Israelevich et al. 11988]
Dubinin et al. [1990]
HILAT and rocket Knudsen et al. [1950]
EXOS5-D Matsuoka et al. (1991)
AUREQL-3 Berthelier et al. [1989]
Forget et al. [1991]
Dynamics Explorer 1 /2 Sugiura [1984]
Sugiura et al. [1982,1983]
Gurnett et al. [1984]

Weimer et al. [1965,1987]
Ishii et al. [1992]
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