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A Technique for Studying Density Gradients and Motions

of Plasmaspheric Irregularities *

D. Jones

British Antarctic Survey, NERC, Madingley Road, Cambridge CB3 OET, U.K.

Abstract. Terrestrial myriametric radiation (TMR) is re-
ceived by spacecraft in the magnetospheric cavity beyond
the plasmasphere. There is now general agreement that the
radiation emanates mainly from the plasmapause and a
technique is under development which allows information
on the source regions to be extracted. The method is based
on the theory that the radiation has passed through a radio
window, this being one mechanism for producing TMR
which is receiving considerable attention at present. With
accurate direction-finding measurements in which wave po-
larisation effects must be considered, it is shown how the
radial and local-time positions of the TMR sources can
possibly be determined, thereby allowing the tracking of
plasmapause irregularities and regions of detached plasma
which move around from the night side. If additional infor-
mation is available such as an estimate from banded emis-
sions of the source gyro-frequency, it is shown how it may
also be possible to determine the latitudinal positions of
sources.

Key words: Terrestrial myriametric radiation — Non-ther-
mal continuum — Remote sensing — Plasmapause — Radio
window — Direction finding — Wave polarisation

Introduction

Terrestrial myriametric radiation (TMR), also called non-
thermal continuum, is electromagnetic radiation in the fre-
quency range 10-100 kHz (Gurnett, 1975). Its free-space
wavelength is of the order of 10* m; hence the adoption
of the term myriametric (Jones, 1980).

There is evidence that TMR is produced in the left-hand
ordinary (L-0) mode (Gurnett and Shaw, 1973; Jones,
1980; Okuda et al. 1982; Kurth, 1982) although Etcheto
et al. (1982) have reported the observation of what appears
to be a predominantly right-hand extraordinary (R-X) con-
tinuum event on the ISEE spacecraft.

It is becoming well established that the main source
of TMR lies in upper hybrid waves at the plasmapause,
with a possible secondary source at the morning magneto-
sheath. Gurnett (1975) noted the close association between
continuum radiation and intense bands of electrostatic

* Based on a paper given at the Symposium on Plasma and Ener-
getic Particles in the Magnetosphere, EGS Meeting, 23-27 Au-
gust 1982, Leeds, U.K.
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Fig. 1. Wave spectrogram from GEOS 1 showing spin-modulated
TMR observed on 4 March 1978

noise observed near the electron plasma frequency at the
plasmapause. Kurth et al. (1979a; b) showed an example
of intense upper hybrid waves near 43Ry at 5-6 h LT that
were apparently causing emission in the TMR frequency
band. Further evidence that the two types of emission are
intimately linked has been presented by Jones (1980; 1981a;
b; 1982), Kurth et al. (1981) and Kurth (1982). Since the
most intense electrostatic emissions, at least during relative-
ly quiet geomagnetic conditions, appear to be very tightly
confined to the geomagnetic equator (Gough et al., 1979),
it has been reasonable to suppose initially that the most
intense TMR, such as that which can be observed by space-
craft at relatively large distances from a plasmapause
source, also emanates from the magnetic equatorial plane.

Two examples of TMR recorded by the wave experi-
ment (Jones, 1978) on the GEOS 1 and 2 spacecraft are
shown in Figs. 1 and 2 respectively. These examples were
selected to illustrate the different types of TMR which can
be observed. Many other examples have appeared in the
literature which further illustrate the wide variety of TMR
which can exist (Kurth et al.,, 1981; Jones, 1982; Gough,
1982; Kurth, 1982; Etcheto et al., 1982).

In Fig. 1, the striated emissions seen in two relatively
wide bands are TMR, the stronger straddling ~30 kHz
and the weaker lying just above 45 kHz. The narrow line
at ~48 kHz is instrumental and should be ignored. The
striations are indicative of spin-modulation of the wave
electric field received by the 40 m tip-to-tip dipole antenna
and lead to the conclusion that the source region is relative-
ly compact. The inclination of the striations is due to the
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Fig. 2. Wave spectrogram from GEOS 2 showing multi-banded
TMR observed on 25 April 1980. The arrows on the ordinate are
at 0033 UT and 0057 UT (see text)

beat between the sweep period (22s) of the on-board fre-
quency analyser and the spin period (6s) of the spacecraft.
It is clear that the spin modulation contains information
on the direction of the source. In the past, source directions
have been determined from the spin modulation without
any consideration being given to the effect of wave polarisa-
tion (Gurnett, 1975; Kurth et al., 1981; Gough, 1982; Et-
cheto et al., 1982), but it has been shown that this approach
can introduce large errors (Lecacheux et al., 1979; Manning
and Fainberg, 1980; Jones, 1982).

Attention is drawn to other characteristics of TMR visi-
ble in Fig. 1. The frequency and bandwidth of the lower
band varies as the spacecraft moves, whereas for the upper
band the parameters remain fairly constant. The spin mod-
ulation of the lower band varies between unity (no spin
modulation) and a figure of ~4, depending on the time
and on the frequency. Thus, since it is the power that is
being displayed in the Figure, the electric field modulation
lies between 1 and 2.

The manner in which the various items of information
contained in Fig. 1 can be used for remote sensing of the
plasmapause requires a brief discussion of what has been
proposed as a source mechanism of TMR. This is given
in the next section and is followed by a detailed discussion
of possible source positions of the TMR shown in Figs. 1
and 2. The main thrust of the paper is firstly to draw atten-
tion to the problems of direction-finding and secondly to
show how the work of Jones (1982), which assumed sources
confined to the magnetic equatorial plane, can be general-
ised to allow remote sensing of non-equatorial sources.

TMR Generation Mechanism

Barbosa (1982) has recently presented a good review of
the characteristics of TMR and has considered the three
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leading theories which have been proposed for its produc-
tion. The synchrotron mechanism proposed by Frankel
(1973) apparently falls short of the required power level
by a factor of 102-10%. The linear theory of Jones (1976a;
b) which invokes UHR/Z mode to L-O mode conversion
is also too inefficient by a factor of 107, although Barbosa
adds that if some efficiency-saving mechanism can be
found, this theory could achieve a paramount position and
be universally accepted. The third theory, non-linear wave-
coupling suggested by Melrose (1981), can achieve the re-
quired efficiency, but, again according to Barbosa, it lacks
credibility because of the ad hoc nature of its assumptions
and the lack of observations of the requisite ingredients
(low frequency waves cospatial with upper hybrid noise).
Lembege and Jones (1982) have considered the ray paths
relevant to the linear theory and have suggested an effi-
ciency-saving mechanism. On the basis of this, and of Bar-
bosa’s comments, it is suggested that the linear theory and
its possible implications for remote sensing of TMR sources
deserves a more thorough investigation.

Following the observation by Gurnett (1975) that con-
tinuum radiation seemed to be closely associated with in-
tense bands of electrostatic noise observed near the electron
plasma frequency at the plasmapause, Jones (1976a) pro-
vided the first theory relating the continuum to upper hy-
brid waves. This is the linear theory which invoked the
generation of Z-mode waves by the Cerenkov mechanism,
and the subsequent propagation of the waves in a density
gradient so as to access a radio window which exists where
the wave frequency equals the plasma frequency f,. Z-
mode waves have since been observed in the generation
regions of TMR (Jones, 1982; Kurth, 1982) and the Ceren-
kov mechanism is undoubtedly the source of some contin-
uum. However, the observation of more intense, banded
TMR, whose frequency spacing satisfies the relation fa
(n+4) f..~fyur Where £, is the electron cyclotron frequency
and fyur=(f,.> +/..2)% has led to the conclusion that elec-
trostatic upper-hybrid waves play the most important role.
Since these electrostatic waves lie on the same dispersion
branch as the Z-mode radiation (Oya, 1971), it was sug-
gested by Jones (1980) that their propagation in the density
gradient at the plasmapause will naturally convert them
into Z-mode waves, with mode conversion to the L-Q mode
again occurring at the radio window. In parallel, it was
becoming evident that the most intense electrostatic (e.s.)
emissions were located at the magnetic equator (Gough
et al., 1979) and this would allow the best access by energy
in the e.s. waves to the radio window via the Z-mode. Lem-
bege and Jones (1982) have shown detailed ray paths of
the electrostatic and electromagnetic waves at the magnetic
equatorial plasmapause and have commented on the char-
acteristics required of the source e.s. waves if the window
theory is to be sufficiently efficient. Their suggestion re-
quires additional observations and theoretical work, which
are beyond the scope of this present paper, but a brief
summary of the proposal will be given here since, as stated
by Barbosa, this factor is crucial if the linear theory is to
be elevated to a paramount position.

Figure 3 is a three-dimensional representation which en-
deavours to portray simultaneously both refractive index
space and ‘real’ space. The elements of the latter are the
magnetic field vector By, the magnetic equator lying perpen-
dicular to By, and the plasmapause shown as the cross-
hatched surface which, for clarity, has been limited to one
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Fig. 3. Three-dimensional sketch of refractive index space overlaid
on the magnetic equatorial plasmapause. 4, is the radio window
which, when projected into the electrostatic wave domain, is com-
pared with the areas 4, _;

side of the magnetic equator. The density gradient vector
V' N,, which is assumed to control wave propagation in cases
where f,,> f.., points downwards. Thus for simplicity one
can define three basic domains — the plasmapause surface,
the high density plasmasphere below, and the low density
magnetospheric cavity above. The magnetic field and den-
sity gradient are two vectors which are also normally dis-
played in cases where refractive index space is under consid-
eration. Therefore, in Fig. 3, refractive index space has been
overlaid on ‘real’ space for illustrative purposes. In refrac-
tive index space for a wave of frequency f the radio window
Ay 1s a small area whose plane is perpendicular to VN,
and which is located on the magnetic field line B, at a
distance from the origin of n=[f/(f,.+/..)]* (see Budden,
1961), where f=f,.. From Snell’s Law, it is clear that if
the energy in electrostatic upper hybrid waves, whose re-
fractive index » may be of the order of 200 (Horne, private
communication; Lembege and Jones, 1982), are to escape
through the window A, their wave normals must initially
lie approximately within the area A4, at the end of the refrac-
tive index vector n=200 shown in Fig. 3. It is thus possible
to compare the window area A, to certain areas 4, A4,,
A, corresponding to hypothetical electrostatic wave distri-
bution functions (WDF). In this way one may endeavour
to determine what type of WDF is required in order that
the observed conversion efficiencies can be achieved. It
should be added that when the wave energy has passed
through the window A,, it will, in ‘real’ space, propagate

away from the plasmapause into the magnetospheric cavity.
In refractive index space, as required by Snell’s Law, this
involves a rotation of the wave normal, from being parallel
to B, at the window level where n=[f,/(f,.+/..)]* to an
angle arctan (/“pe/fce)Z where n~1. Alternatively, the radla-
tion can be said to be beamed at an angle x=arctan (fce/fpe)
with respect to the magnetic equatorial plane (Jones, 1982).
It is this beaming property of the theory that allows remote
sensing of sources by a satellite in the magnetospheric cavi-
ty.

The radio window is an area in refractive index space
whose dimensions can be calculated (see Budden, 1961;
1980; Jones, 1982). Using a very modest density gradient,
the area of the window is found to be rather small, leading
to the conclusion that only a restricted cluster of Z-mode
wave normals can be converted to L-O mode radiation;
it is this which has led to the criticism that the mechanism
is perhaps not efficient enough to yield the levels of TMR
observed. The approximate area of the window A, can be
taken from Jones (1982) and is compared with three areas
labelled 4,, 4, and A5 in Fig. 3, the last being included
only for comparison and having, perhaps, little physical
significance. The percentage ratios so obtained are 4,/A4, =
0.13%, Ay/A,=6.4% and Ay/A;=0.6%. Clearly, if the e.s.
waves are gyrotropic, the ratio will be much smaller than
the smallest of these. It should be noted, however, that
if one is considering the total transfer of energy, the above
numbers need to be doubled, due to the presence of the
second window which lies in the direction antiparallel to
B, in Fig. 3. However, it is more probable that a spacecraft
will make measurements when in the beam from a single
window, unless, of course, it happens to be in the source
region.

Few spacecraft measurements of the relative intensity
of TMR and its source UHR waves have been made. One
requires special conditions for a spacecraft to remain in
the TMR beam and also to pass through the source region.
Okuda et al. (1982) reported a ratio of between 107 2%
and 4.1072%, but the spacecraft may not have been any-
where near the centre of the beam. Kurth (1982) arrives
at a value of 3% for another event. It may be premature
at this stage, therefore, to compare these sparse and widely
differing observed values with those obtained from the hy-
pothetical wave-normal distributions considered in Fig. 3.
It should be added, however, that some of the density gra-
dients reported by Kurth (1982) are more than two orders
of magnitude larger than those used in the window compu-
tations of Jones (1982). Such large gradients would have
the effect of greatly increasing the window dimensions. In
fact, the gradients encountered by Kurth are so large that
it is no longer possible to compute the window dimensions
on the basis of the approximate equations of Budden (1980)
and it is necessary to resort to full-wave calculations, which
will be reported separately.

A question which arises naturally from the foregoing
discussion is: are the source e.s. waves gyrotropic, or are
they predominantly in the direction of the density gradient?
Jones (1980) and Lembege and Jones (1982) suggest that
if the basic instability is of a convective nature, the plane
containing B, and the density gradient is that in which
the ray paths have symmetry. Thus, a feedback mechanism
can be set up in that plane, whereby energy not escaping
as TMR is fed back into the particles in the source region.
It is clear that there are a number of unresolved questions



concerning the e.s. instability and these also require a sepa-
rate investigation. Observations are needed of unambiguous
sources of TMR in which the gyrotropy or otherwise of
the e.s. waves can be further tested; preliminary results indi-
cate that the waves are indeed non-gyrotropic (W. Kurth,
private communication). In parallel, it is necessary to con-
sider the theory of the convective instabilities in a density
gradient in order to determine which k-vectors will tend
to grow preferentially.

Remote Sensing

Sources in Magnetic Equatorial Plane

Details of how the window theory allows TMR to be used
for remote sensing of the plasmapause if one assumes that
the sources are confined to within +1° in latitude have
been reported previously (Jones, 1981b; 1982) and only
a very brief summary will be given here. The confinement
of the intense e.s. waves to the magnetic equatorial plane
is most apparent during quiet magnetic conditions, such
as those which correspond to Fig. 1. In such cases, knowing
the magnetic coordinates of the spacecraft and assuming
the radiation propagates in the magnetospheric cavity from
the source to the spacecraft at the angle a=arctan (f;[,,/_)’;,e)'%
with respect to the equatorial plane, it is possible to deter-
mine the loci of possible sources in the magnetic equatorial
plane. Given additional information, such as the direction
of arrival of the radiation, one may then pinpoint the posi-
tion of the source in radial distance and in local time. Two
interpretations of Fig. 1 will be considered. In the first it
is assumed that the TMR source lies in a direction radially
inwards from the spacecraft; in the second that the source
lies nearly perpendicular to that direction. These two ex-
tremes will serve to illustrate the importance of determining
the azimuth from which the radiation is arriving at the
spacecraft. In the former case one can, in theory, determine
the density profile in the source region, whereas in the latter
it is shown how it may also be possible to detect motion
of the source region.

If it is assumed that the source of the TMR in Fig. 1
lies radially inwards from the satellite, the plasma frequency
profile obtained by remote sensing is shown in Fig. 4 (see
Jones, 1982). The frequency change with time of the lower
TMR band in Fig. 1 is due to the spacecraft’s orbit being
such that it encounters beams of different frequencies as
it moves. In contrast, the upper frequency band in Fig. 1
is relatively stationary indicating that GEOS 1 remained
within the beam during the time shown. Examples of the
TMR ray paths for this event are given in Fig. 8 of Jones
(1982).

Gough (1982) has published the directions of electric
field minima detected by the spinning dipole on GEOS-1
for this event and these are found to lie within 20° of the
radial direction. At first sight, this seems to imply that the
source was indeed approximately radially inwards from the
satellite. Unfortunately, however, Gough did not consider
the effects of wave polarisation on his measurements and
hence, as Jones (1982) has shown, the difference between
the spin modulation nulls and the direction of the source
may differ by up to z/2 if the radiation is in the L-O mode.
At this stage, therefore, it is of interest not to limit the
discussion to the radial direction, but to discuss the more
general case which is depicted in Fig. 5.
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Fig. 4. Plasma frequency profile obtained from the spectrogram
in Fig. 1 by remote sensing, assuming that the TMR emanates
from a source located at the magnetic equatorial plane radially
inwards from the satellite
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Fig. 5. The thick line represents the portion of the GEOS 1 orbit
during which the spectrogram in Fig. 1 was recorded. Positions
of the spacecraft at 0230, 0300, 0330 and 0400 UT are indicated
by the different symbols. Source loci of 27 kHz TMR for each
of these four positions are shown. Along these loci are marked
the angle between the perpendicular to the magnetic field vector
at the satellite and the satellite-source line. The short dashed line
through the satellite position at 0230 UT represents the direction
of the minimum wave electric field detected by the spinning space-
craft

Figure 5 shows the positions of GEOS 1 at half-hourly
intervals during the observation of the TMR shown in
Fig. 1. Also shown are the corresponding loci in the mag-
netic equatorial plane of possible sources of 27 kHz TMR,
which is a frequency visible to the satellite from 0230 UT
until just after 0350 UT. On the loci are marked the angle
between the ray direction and the plane perpendicular to
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the magnetic field direction at the satellite, assuming a di-
pole magnetic field model. This angle is of the utmost im-
portance when considering the spin modulation and the
latter’s use in direction-finding. For example, if at 0230 UT
the source of TMR lies at the point marked 0° on the
corresponding source locus, then at the satellite, the wave
normal direction, assuming it to be parallel to the ray direc-
tion, is perpendicular to the magnetic field and thus the
wave’s electric field will be nearly linearly polarised along
the magnetic field. Since the spacecraft spin axis is not par-
allel to the magnetic field, the dipole antenna will therefore
observe a null when it makes the largest angle with B,
and in general this bears no relation to the direction of
the source. It is interesting to note that the direction of
the null obtained at 0230 UT by Gough (1982) makes ex-
actly an angle of n/2 with the direction of the *0° source”
at 0230 UT. This would, therefore, be compatible with a
source of 27 kHz TMR at 5.5Rg, 0100 LT at 0230 UT,
if the projection of the magnetic field direction on the spin
plane of GEOS 1 makes an angle of ~20° with the radial
direction at that time. Similar arguments may be made at
the other times shown since the angles over most of the
loci, except for those at 0400 UT when the radiation is
not observed at 27 kHz, are of the order of 10° or less,
implying that the electric vector at GEOS would be quite
highly elliptically polarised nearly parallel to B, for any
source position. It should also be noted that the magnitude
of the maximum electric field of the TMR detected on
GEOS will be an underestimate of the wave electric field.

It is of interest, therefore, to consider the other extreme
where it is assumed that the true directions of the TMR
sources, at least for the lower frequency band in Fig. 1,
are perpendicular to those determined by Gough (1982).
One may then plot their positions at the different times
as shown in Fig. 6. Where possible, i.e. at 0300 and
0330 UT, the sources of a lower frequency, 25 kHz, and
a higher frequency, 32 kHz, are shown. At 0230 UT only
TMR having a frequency of ~25 kHz is observed, whereas
at 0400 UT only frequencies 'in the vicinity of ~32 kHz
are recorded. Figure 6 thus shows how sources rotating
around from the night side at a speed greater than that
of corotation with the Earth could, in theory, produce the
TMR appearing in Fig. 1. The average supercorotation
component is found to be approximately 3 km/s which is
compatible with the plasma flow speeds computed from
measurements made from the GEOS DC electric field ex-
periment in the post-midnight sector (A. Pedersen, private
communication), and also in agreement with the values de-
rived by Lemaire and Kowolowski (1981). Clearly, how-
ever, before one can attach significance to the motions de-
termined from Fig. 6 one must be able to determine the
azimuth of the source.

It is unfortunate that the GEOS magnetometer was mal-
functioning over a period including that shown in Fig. 1.
It may be possible, however, that other experiments on
the spacecraft could yield the information necessary to de-
termine accurately the direction of the magnetic field at
this time, and this possibility is being explored at present.
Without such information it seems impossible to determine
where, between the two extremes considered, the sources
actually lie. The importance of obtaining an accurate field
direction whenever direction finding measurements are
made is emphasised by the example shown in Fig. 7, which
shows the effects of wave polarisation on the depth of spin
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Fig. 6. Source positions of 25 kHz and 32 kHz TMR corresponding
to the four times considered in Fig. 5, and assuming the sources
are perpendicular to the directions of the null wave electric field
detected on GEOS

R-X MODE

SPIN MODULATION

(b)

ERROR ANGLE

FRYVTT TYVTYTTINY PYRTIPYORY PRTET PPPPY PPN L

o° 0° 45° 90° 135° |80°

ANGLE (8) BETWEEN SPIN AXIS AND E,,
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a function of y (see text) for wave normal angles of 70°-90°. b
Direction of wave electric field null compared with direction of
k vector in spin plane (——-) as a function of y for wave normal
angles 70°-90°

modulation and on the direction of the minimum electric
field detected. The wave normal k and spacecraft spin axis
make angles 6 and y respectively with B, and the azimuth
of the spin axis from the k—B, plane is assumed to be 30°.

The wave frequency is taken to be 30 kHz and the plas-
ma and gyro-frequencies are set at 15 kHz and 6.5 kHz
respectively, corresponding approximately to conditions at
0320 UT in Fig. 1. The five curves in each frame correspond
to angles & of 70° to 90° in 5° steps as labelled. The frames
on the left of Fig. 7 relate to the L-O mode and those
on the right to the R—X mode. The general case, in which
arangeofy, 0,9, /, f,. and f,, are considered will be reported
separately.

The parameters considered in Fig. 7 are the depth of
spin modulation and the difference between the antenna
direction when it observes minimum electric field (full lines)
and the direction of the projection of k in the spin plane
(dash-dot line). On the basis of a magnetic field model,
for illustrative purposes, the angle y corresponding to Fig. 1
can be assumed to be ~30°. Thus, the depth of spin modu-



lation for the L-O waves is <2 except for wave normal
angles 6 between 80° and 90°, when the spin modulation
can become very large. The difference between the direction
of the modulation null and that of the projection of k in
the spin plane, which will be called the “error angle”, is
seen to be ~60° for all wave normal angles §=70°. The
parameters of the R—X mode are shown on the right merely
for comparison. Until accurate values of y and @& corre-
sponding to Fig. 1 are available, no concrete conclusions
can be drawn, but the results serve to emphasise the very
large errors in source directions which could arise unless
wave polarisation is considered.

In summary, therefore, it has been shown that the TMR
event reproduced in Fig. 1 may contain more information
on the positions and movement of sources than was pre-
viously believed. Two interpretations of the data have been
considered, one in which it is assumed that the source lies
radially inward from the spacecraft and the other where
the source is nearly perpendicular to that direction. In the
latter case, the remarkable possibility of observing plas-
masperic irregularities or cold plasma islands (Chappel,
1974) moving around from the night side has been demon-
strated. When accurate magnetic field measurements be-
come available it is believed that, in conjuction with DF
measurements and information on the depth of spin-modu-
lation, the technique of remote sensing considered here will
allow a better understanding of the plasmapause and of
the convection of associated irregularities.

TMR Sources not Restricted
to Magnetic Equatorial Plane

The previous section dealt with the case of TMR sources
restricted to the magnetic equatorial plane, as would be
expected, for example, under quiet geomagnetic conditions.
When magnetic activity increases, the intense electrostatic
waves believed to be responsible for TMR are no longer
rigidly confined to the magnetic equator (Gough et al.,
1979) and the remote sensing technique must therefore be
extended to accommodate such cases.

Figure 2 is an example of a short-lived continuum event
recorded during 00-01 UT on 25 April 1980 by the GEOS-2
spacecraft which is in geostationary orbit at 6.6Rg. The
event is characterised by an intense emission appearing at
~20 kHz at ~00 UT which spreads in frequency upwards
so as to cover the band 2545 kHz by 0020 UT. The emis-
sion then splits into four or five discrete bands whose fre-
quency and frequency separation increase as time pro-
gresses, the event coming to an abrupt end at ~01 UT.
The frequency spacing between bands is estimated to be
~6.5kHz at 0033 UT and ~8kHz at 0057 UT. The
spacing in such events as this have been related to the elec-
tron cyclotron frequency f,, at the source (Kurth et al.,
1981; Gough, 1982; Kurth, 1982). At the plasmapause, the
plasma frequency and hence the upper hybrid frequency
funr may increase rapidly compared to the electron cyclo-
tron frequency, so that fyyr may cross several gyro-har-
monic bands in a short distance. The most intense electro-
static emissions occur where fygr~(n+3)f., and hence it
is natural to expect the resultant TMR to be similarly
banded. Thus, from Fig. 2 it is possible to deduce the value
of f., at the source from the spacing between the emission
frequency bands and hence to obtain the f,, harmonic lines
as drawn. Since Fig. 2 was recorded during a period of
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moderate magnetic activity (K=4 at Kiruna, which is lo-
cated near the foot of the GEOS 2 field line) it is probable
that the TMR sources were not restricted in this case to
the magnetic equatorial plane.

The remote sensing technique has now been generalised
to include non-equatorial sources (Jones, Gapper and
Herring, private communication). It is still assumed that
the plasma density gradient is perpendicular to the magnetic
field vector, but the restriction that the TMR source must
lie at the equator has been removed. Thus, the source locus
is no longer a line in the equatorial plane but a three-dimen-
sional surface in space, certain longitudinal cuts of which,
for example, are given in Fig. 8. The upper five frames
in this Figure correspond to a wave frequency f of 30 kHz,
whereas the lower frames are for f=69 kHz, these being
chosen to represent approximately the lowest and highest
frequency bands at ~01 UT in Fig. 2. Concentrating on
the first frame, two dipole field lines are shown for refer-
ence, one at L=4 and the other at L=8.5. At the time
when Fig. 2 was recorded the electron gyrofrequency at
the spacecraft was found to be ~1.65 kHz (B. Higel, private
communication). The position of GEOS 2 is represented
by the radius vector to 6.6Rg at —3° latitude. The two
quasi-elliptical lines are the contours of f=1.4f,, and f=
2f.., and will not be considered further in the present paper.
The lines of symbols in the first frame are the loci of possi-
ble sources of 30 kHz TMR which would be visible to
GEOS 2 assuming the TMR emanates from field-aligned
plasma density enhancements via the radio window. The
symbols are coded so that the angle between the wave k-
vector and B, at the spacecraft is known. On the original
computer plots the symbols are colour-coded to allow one
to distinguish between 5° and 50° for example, both of
which appear as the symbol 5 in Fig. 8. The first frame
is for loci in the same meridian plane as the spacecraft
(6=0°) and the other frames show loci at 10° longitude
steps away from this meridian plane, the maximum longi-
tude difference considered in the present example being
0=40°. It is seen that no low-latitude sources of 30 kHz
TMR within 7Ry are visible to GEOS-2 when 6 =40°; the
low-latitude sources of 69 kHz TMR disappear from view
before J reaches 50°.

Concentrating on source loci in the same meridian plane
as the satellite and initially on sources in the Northern hemi-
sphere, i.e. in the hemisphere opposite to that of the satel-
lite, Fig. 9a shows the variation in f,, as a function of lati-
tude for sources corresponding to the frequency bands in
Fig. 2. At 0033 UT, the bands are observed to be at fre-
quencies of 30, 36.5, 43 and 49.5 kHz, yielding a frequency
spacing of 6.5 kHz. Assuming the latter to be the source
gyrofrequency, the emissions are seen from Fig. 9a to ema-
nate from magnetic latitudes covering 2.54-3.63° i.e. at
a latitude of ~ 6° with respect to the latitude of the satellite.
The corresponding radial distance of the sources, which
is shown in Fig. 9b, lies at 4.18 R¢. At 0057 UT, the bands
have frequencies of 30, 36.5, 45, 53, 61 and 69 kHz indicat-
ing a source f,,~8 kHz. Thus from Fig. 9a, the latitude
range of the sources at this time is 2.63°-4.56° and, from
Fig. 9b, the sources lie at 3.9R.. Hence, the effect of the
magnetic substorm which occurred just after 00 UT on
April 25 1980 is to cause the plasmapause to move to a
smaller radial distance, and the average speed of motion
is found from Fig. 9b to be 1.24 km/s. This is more clearly
illustrated in Fig. 10 which shows the positions of the plas-
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Fig. 8a and b. Loci of TMR sources visible to a geostationary spacecraft at —3” magnetic latitude. The upper a and lower b sets
of frames are for frequencies of 30 and 69 kHz respectively. The first frame in each set is for the meridian plane through the satellite;
the satellite position is shown by the line of length 6.6 R at —3°. The other frames are for loci in meridian planes at 10°-40° longitudes
relative to that of the spacecraft. The symbols on the loci are coded to yield the direction of the wave normal with respect to the

magnetic field at the spacecraft (see text)

mapause at the two times considered, with a sketch of the
most intense TMR at f~(n+3)f,, being beamed away into
the magnetospheric cavity, the beaming angles with respect
to the magnetic field being given by arctan (f/f,,)} (see Jones,
1982).

A number of other important conclusions can be drawn
from Figs. 9 and 10. It can be deduced from Fig. 9 that
the TMR wave-normal at the spacecraft makes an angle
of ~85° with B, for f=30kHz and ~88° for f=69 kHz.
Thus the wave electric field will be quite highly elliptically
polarised along B, and it is again of the utmost importance
to know the spacecraft orientation with respect to By if
one is to arrive at meaningful source directions from spin-
ning dipole DF measurements. An added complication in
the present example, where the spacecraft is near to local
midnight, may be the relatively rapid temporal and spatial
variation of the local magnetic field direction due to mag-
netic activity. This could result in a change in the position
of the electric field nulls detected by the dipole antenna,
even if the source remains fixed relative to the spacecraft.
This will to some extent also affect the remote sensing
which, at present, is based on the assumption of a dipole

magnetic field. In the present example, the magnetic latitude
of GEOS-2 is assumed to be —3° as is shown in Fig. &,
but clearly the exact latitude of the spacecraft when the
magnetic field is changing is unknown. Had the latitude
been assumed to be 0°, the difference between the latitude
of the sources and the satellite latitude is found to be re-
duced by ~1.3° from the 6° deduced from Fig. 9. However,
the radial positions at 0033 and 0057 UT of the sources
are both decreased by ~0.68Rg, thereby resulting in the
same value for the speed of inward motion of the plasma-
pause.

The constancy of the frequency separation with fre-
quency in Fig. 2 implies that the plasmapause is very steep,
the gradient being far larger than the value obtained from
Fig. 4 corresponding to the event in Fig. 1. Such a large
density gradient has the effect of greatly increasing the win-
dow dimensions compared to those computed by Jones
(1982). This will, in turn, render the TMR beam wider and
hence the remote sensing technique less accurate; this is
an effect which will be the subject of further study.

Sources in the same hemisphere as the satellite and those
out of the satellite’s meridian plane (see Fig. 8) show very



lar
69 kHz
13+
53
12+
49-5
4
i
43
10
N
I 365
x
s OF
2
Bos7! 30kHz
50
O0O57UT
30kHz
36'5
43
35F 45
49-5
53
61
69kHz
30 s s L )
) 20 30 40 50

MAGNETIC LATITUDE

Fig. 9. The upper frame shows the variation of the source gyrofre-
quency f., as a function of latitude for the Northern equatorial
sources derived from computations similar to those shown in
Fig. 8. The TMR frequencies (3069 kHz) are taken at two times,
0033 UT and 0057 UT, from Fig.2. The spacings between the
TMR bands are taken as indicative of the source f,,=6.5 kHz
and 8.0 kHz respectively. The lower frame shows the variation
of the source radial distance as a function of latitude corresponding
to the upper frame

similar characteristics to those discussed above. Clearly the
gyrofrequency spacing restricts the source radial distance
to quite strict limits if latitudes <10° only are considered
and hence the speed of inward motion of the plasmapause
is close to 1.24 km/s in all cases. However, the angle be-
tween the magnetic field and the k-vector at the spacecraft
does change, but is within 10° of being perpendicular except
when the longitude difference between source and space-
craft is £ 30°, i.e. close to the limit of observation.

In conclusion, it has been demonstrated that it may
be possible to obtain both the radial distance and latitude
of the sources of TMR which exhibit harmonic structure
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Fig. 10. Variation of the gyrofrequency f,, fundamental (n=1) and
its harmonics (n=2 to 8) as a function of radial distance. The
lines labelled 0033 UT and 0057 UT indicate the positions of the
plasmapause at the two times. The sources of the banded TMR
are as shown.

of the form shown in Fig. 2. The broadband nature of the
event shown prior to 0020 UT may indicate that another
mechanism, such as the Cerenkov production of Z-mode
waves, may be operating in parallel with the (n+3)f,, e.s.
instability during this period. The abrupt termination of
the event at 0.1 UT could be due to a number of effects,
such as a switching off of the source instability, the move-
ment of the TMR source from the vicinity of the spacecraft
meridian plane, or the swinging of the TMR beams away
from the spacecraft by a change in the direction of the
density gradient at the source.

Discussion

The technique of remote sensing of the plasmapause and
its associated irregularities by TMR is still very much in
its infancy and it is clear that a number of problems remain
to be solved.

The first problem concerns the TMR emission mecha-
nism itself. Although the linear theory outlined here appears
to be the favoured candidate at present, it requires an inde-
pendent confirmation by some means or other. This could
come from measurements of the wave-distribution function
of the UHR source waves as is being done by Kurth (private
communication). If the k-vectors are found to be clustered
in the plane containing the density gradient and magnetic
field vectors, this would, as Barbosa (1982) puts it, ““elevate
the linear theory to a paramount position”. Indeed, the
non-gyrotropy of the waves may provide a means of deter-
mining the direction of the density gradient vector which
is a very difficult parameter to measure. Alternatively, or
in parallel, the convective behaviour of the e.s. instability
in the sort of density gradients encountered at the plasma-
pause needs to be investigated theoretically. It should be
added that it is becoming evident that the density gradient
does indeed play a crucial role in the conversion mechanism
and/or in the basic instability relevant to the type of plane-
tary emissions considered here (Kurth et al., 1981; Gurnett
et al., 1981). The gradients observed by Kurth (1982) and
inferred from Fig. 10 in the present paper are far greater
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than those used in the window calculations of Jones (1982)
with the result that the window dimensions are expected
to be considerably larger; full-wave calculations are under-
way to investigate this. It may also be possible to test the
window theory by using two spacecraft such as ISEE-1
and 2 which are not too far apart. If the TMR is beamed
as predicted by the window theory, dual spacecraft mea-
surements could obtain valuable information on the beam-
width. Etcheto et al. (1982) have endeavoured to investigate
this effect using GEOS-1 located at 6.9Rg, 23° magnetic
latitude, 6.26 magnetic local time (MLT) and ISEE-1 at
8.7Rg, —4.2° magnetic latitude, 8.03 MLT. TMR with sim-
ilar spectra were observed on both spacecraft and this was
taken as evidence of no beaming. Surprisingly, however,
the wave intensities were greater on ISEE which was at
the larger radial distance, and this seems to be more com-
patible with a magnetosheath source, in which case the
beam characteristics cannot be as easily defined since the
source magnetic field and density gradient orientations are
not well-known. It should also be added that the direction-
finding measurements of Etcheto et al. (1982) which indi-
cated a plasmaspheric source were made without consider-
ing wave-polarisation effects.

The remote sensing technique at present assumes a di-
pole magnetic field for the Earth. It is believed that this
is sufficiently accurate for plasmaspheric sources under
quiet geomagnetic conditions, in which case it may also
be sufficient to assume that the source e.s. waves are con-
fined to the magnetic equatorial plane. Under geomagneti-
cally active conditions, however, especially on the night-
side, it may be necessary to introduce a more complicated
magnetic field model if one requires more exact source loca-
tions.

The importance of taking wave polarisation effects into
account when performing DF measurements cannot be
over-stressed. When accurate magnetic field measurements
for GEOS-1 and 2 do become available it should be possible
to pinpoint the sources in radial distance, local time and
possibly in latitude and hence to track their motion, thereby
obtained valuable information on plasma convection in the
magnetosphere.
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