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TERRESTRIAL KILOMETRIC RADIATION: 2 - EMISSION FROM
THE MAGNETOSPHERIC CUSP AND DAYSIDE MAGNETOSHEATH

Joseph K, Alexander and Michael L. Kaiser
Planetary Sciences Branch
Laboratory for Extraterrestrial Physics
NASA/Goddard Space Flight Center
Greenbelt, Maryland
ABSTRACT

Measurements of the location of sources of terrestrial kilo-
metric radiation obtained with the lunar orbiting Radio-Astronomy-
Explorer-2 satellite have revealed a class of emission associated
with the cusp and dayside magnetosheath., At frequencies near 250
kHz this emission is observed at radial distances between 2 and
20 RE at magnetic latitudes of 75° to 80° and is most often de-
tected during periods of auroral activity (AE Z 250) and southward
orientation of the interplanetary magnetic field vertical component,
During very disturbed times, the emission at the lowest frequencies
(5 200 kHz) appears to come from the dayside magnetosheath at
distances < 12 Ry Whenever the geomagnetic dipole is tilted
significantly with respect to the ecliptic pole 63 100) the cusp
emission is confined to the hemisphere containing the sub-solar
point, The measurements also suggest that the region of cusp

emigsion is rather narrowly confined in longitude to within + a

few hours of the noon meridian,




I, INTRODUCTION

Recent satellite measurements of intense, nonthermal, kilometer
wavelength radiation from the terrestrial magnetosphere suggest that
this emission may amount to a significant fraction (perhaps as much as
17) of the energy dissipated by the entire solar wind - magnetosphere
interaction (Kennel, 1975). Although there is mounting indirect evidence
that the terrestrial kilometric radiation (TKR) is a manifestation of
magnetospheric substorms, our understanding of the role of the radio
emissions mugt be preceded by the resolution of such basic properties
as the physical location of the source, Studies by Gurmett and co-
workers (Gurnett, 1974; Kurth et al., 1975) and by Kaiser and Stone
(1975) showed that the most intense and most frequent TKR events were
associated with the nighttime magnetosphere at auroral latitudes., A
subsequent survey of the two-dimensional source position distribution
as observed from lunar orbit (Kaiser and Alexander, 1975; Alexander
and Kaiser, 1976) demonstrated that TKR could apparently originate
from a wide range of locations and distances from the Earth and that
a substantial portion of the emission is generated at high latitudes
in the dayside hemisphere.

In this paper, we report on a more detailed study of the TKR sources
in the dayside magnetosphere, This component of the emission appears
to emanate from the polar cusp and adjacent regions in the dayside
magnetosheath, Our objective is to provide an overview of the cusp
emission which, when taken together with the results of correlative
in situ measurements from other spacecraft, may eventually contribute

to our understanding of the interaction of solar wind fields and

particles with the terrestrial magnetosphere,




II. OBSERVATIONS

The technique for measuring two-dimensional source positions
using RAE-2 lunar occultation observations was described in detail
by Alexander and Kaiser (1976, hereinafter referred to as paper 1).
Occultations of the Earth occur during every 222.-min lunar orbit
for a period of about one week every other week, Since the Earth
is obscured from view by the lunar disk for ~ 40 min during the
occultation, the position determination derived from emission dis-
appearance and reappearance times gives a ''snapshot' of the source based
on two brief "exposures'' taken about 40 min apart in time. The source
position is then displayed by projecting it onto the plane through the
Earth at right angles to the Earth-Moon line, We attempt to deal with
uncertainties in the occultation positions due to possible source
motion or evolution during that ~40 min interval by (1) requiring that
the radio fiux level be approximately the same at both the disappearance
and reappearance ends of the occultation and (2) by looking at patterns
in the source position distributions obtained from statistical com-
pilation of a number of obgservations all obtained with the same
viewing geometry in lunar phase. Repeatable patterns in such com-
pilations demonstrate that there are clearly preferred regions of the
magnetosphere from which the TKR is most often observed in spite of
any uncertainties in the absolute location of individual sources (see
paper 1),

The present study is based on the two-year survey of 250 kHe

source locations described in paper 1. In order to insure that each
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position determination was made at the frequency with greatest dynamic
range, we re-analyzed each of these occultations at the frequency chanmnel
which showed the highest received power. This procedure resulted in a
set of pogsition measurements whicn are about equally distributed between
observing channels at 210, 250 and 292 kHz, This frequency selection
was influenced somewhat by instrumental effects since the RAE-2 re-
ceiver has slightly greater dynamic range and sensitivity below 300
kHz, the average frequency of peak TKR flux (paper 1). As we reported
in paper 1, there is a tendency for the geocentric distance of TKR
sources to increase with increasing wavelength, and hence, our selec-
tion of frequencies below the flux density peak will tend to slightly
emphasize emission at large radial distances.

From the resultant set of occultations, we used only those ob-
servations that were obtained within + 2.5 days of first quarter or
last quarter moon so that RAE-2 was observing from a location within
+ 3 hr of the dawn-dusk meridian plane, Consequently, the source
positions derived from the lunar occultation events are projected on
a plane that is approximately the noon-midnight meridian plane., From
those observations, we have identified TKR sources that are unambiguon:ly
asgociated with the daytime hemisphere on 37 occasions between July
1973 and June 1975 representing about 15% of all TKR events observed
during this time interval,

The occultation events with dayside emission used in the present
study are listed in Table 1. The Universal Time for each event refers

to the mid-point of the occultation; the actusl immersion and emersion




times typically occur at + 20 min of the U.T, listed. The geocentric
radial distance given for each source can usually be determined with -
an rms uncertainty of + 1 R;. - In some cases more than one radial
distance is listed for an event because multiple emission components
could be unambiguously identified. The invariant latitute, A, for
each source was determined by projecting the occultation position onto
the Mead and Fairfield (1975) MF73D model of the magnetospheric magnetic
field in the noon-midnight meridian plane., The uncertainty in A of the
source derived by this method decreases with increasing radial distance;
for a source at the mean distance of 7 R, it is about i.So. Also listed
is the magnetic hemisphere (N = North, S = South) in which the source
appears to be situated. The sixth and seventh columms in Table 1
pertain to the geometrical orientation of the Ea¥th and Moon &t the
time of the obgervation, The local time (LT) at the sub-lunar point
is given to indicate in what meridian plane RAE-2 was located when
the position measurement was made., The tilt of the geomagnetic dipole
is determined by the dipole latitude (absolute value) of the sub-solar
point at the listed U,T, The last column lists the average value of
the auroral electroject index (AE) for the l-hr period centered on
the midpoint of the occultation for all events for which AE date
are presently available,

An example of a relatively simple occultation of a low-intensity
source is shown in Figure 1 which gives the intensity-time plots at
three frequencies (upper panel) and the source position geometry

(lower panel) for the May 27, 1974, event, At all frequency chsnnels




between 185 and 425 kHz this occultation gave essentially the same
source position with a radial distance centered between 5 and 7 RE and a
projected invariant latitude of 75° to 76°.

Figure 2 is an example of a more complex (and more typical)
occultation event observed on September 26, 1974, The primary com~-

ponent of the emission (A) leads to a source position at ~ 5 RE geo-

centric distance and a projected invariant latitude of 78°. There is

also evidence for a second, weaker component (B) at the lowest fre-

quencies which would result in a source at R = 15 RE in the magneto-
sheath,

In addition to those occultation events which show one or more

source components that are clearly located in the dayside hemisphere

within ~ 15 RE of the Earth, there are a number of occultation events

in which the emission region is apparently never completely occulted
even though the entire magnetosphere is obscured by the lunar disk,

These events, which occur most often at the lowest TKR frequencies,

provide strong evidence for a component of the dayside emission that
probably originates in the magnetosheath, Figure 3 is an example of
such an event observed from above the dusk sector on December 4, 1973,
At 250 kHz and at higher frequencies the most intense emission dis-
appears and reappears at time that would place the source near the
Earth, There is a weaker component to the 250 kHz emigsion that is
apparently occulted only between 0934 and 0942, and this component
must extend out to a distance of ~ 14 RE. The situation is most

dramatically illustrated at 185 kHez where the noise level remains




220 dB above the background throughout the entire occultation period!
As the arrow in the lower panel of Figure 3 indicates, there must be
a2 significant source of intense radiation at 185 kHz at a distance of
greater thaa 13 RE during thig event,

In Table 2 we have listed the circumstances for the occultation
events of the type illustrated in Figure 3 where there is unambiguous
evidence for source locations at magnetosheath distances. The table
lists events where the TKR intensity was 2 10 dB above background in
at least one frequency channel between 185 and 292 kHz during the
esntire occultation period. The mid-time of the occultation period
is given #n the second column. Since these events are all incpnplete
occultations at the lowest TKR frequencies, the distances given in the
third column are minimum distances to the source at frequencies leass
than or equal to the frequency listed in columm four. Also given are
the local time of the sub-lunar point and the tilt of the geomagne: =
dipole at the time of the observation., The average value of the AE
index for the 1-hr period centered on the occultation midpoint is
listed in the last column, The monotonic decrease in minimim distance
as a function of time on December 4, 1973, does not necessarily imply
inward motion of the source but is most likely due to the changing
geometry of the lunar occultations on that day,

III, RESULTS

As is illustrated in Figure 4, the dayside TKR sources listed

in Table 1 are apparently confined to projected invariant lstitudes

between about 64° and 80°, The mean value of A for the 50 individual




source regions identified in the occultation data is 74° (6° standard
deviation); however over 507, of the sources were observed at projected
latitudes between 75° and 80°. There is evidence for a bimodal latitude
distribution, but it may not be statistically significant in view of the
uncertainty in estimating A, On the other hand, the sharp high-latitude
cutoff at 80° is probably real. The source latitude distribution pro-
videa strong evidence that the dayside sources are associated with the
magnetospheric cusp, and we shall discuss this point in more detail
subsequently.

There is also evidence that the dayside emission is associated
with the occurrence of magnetospheric substorms. As Figure 5 shows, the
AE distribution for cusp emission events is markedly different from the
AE distribution for all times during the 1973 observing period. Based
on an analysis of the AE index for the first 20 of the 37 events in
Table 1 (AE data are only available through March 1974 at this writing),
we find that hourly averages of AE were greater than 250 y for 507 of
the dayside events and were below 150 7 on only four occasions.
Furthermore, we find that the vertical component of the interplanetary
magnetic field was directed Southward in 19 out of 28 events for which
interplanetary magnetic field dats were available, For the events with
unocculted emission at large radial distances listed in Table 2, AE
exceeded 250 7 in every case and had an average value of ~ 400 ¥,

The variation of radial distance and invariant latitude as a
function of AE for the dayside sources is shown in Figure 6. Although
there are no obviously strong correlations apparent in either dis-

tribution there is some evidence that the maximum radial distance at




which dayside source components can be observed is a function of AE,

We observe emission at magnetosheath distances only when AE exceeds
Extrapolation to times of very low AE would predict that the

"\'200 7.
emission would be observed only at distances less than ~ 2 RE. Recent

studies of the latitude dependence of the magnetospheric cusp as a

function of substorm activity (Kamide et al., 1976) would suggest that

g

we might observe the latitude of the cusp emission to decrease with

increasing AE, but there is no statistically significant trend in that

Th.s may not be too surprising since the

direction in Figure 6.
average equatorward motion of the cusp during typical substorms is

essentially equal to our measurement uncertainty in latitude.

The positions of all the sources listed in Table 1 are displayed
Recall that since all the

in the superposed projections in Figure 7,
occultation measurements were obtained when RAE-2 was within + 3 hr

of the dawn-dusk meridian plane, the projection plane in Figure 7
We have used the modified

is the noon-midnight meridian plane + 3 hr.
geocentric solar magnetic co-ordinate system described in paper 1 in
which the Z axis contains the projection of the geomagnetic dipole

axis, the +Z hemigphere contains the daytime magnetic pole, and the sun

is in the +X hemisphere. The source position compilations have been
sorted according to the tilt of the geomagnetic dipole,

The most remarkable feature of Figure 7 is the way the scatter
For events

in the source locations changeswith dipole tilt angle,

with low tilt (= 10°) the sources appear to be distributed over a
For events with intermediaste

wide range in latitude as well as distance.




(10° < tilt < 22°) and high (2 22°) tilt angles, however, the emission
appears to originate almost exclusively from the +Z hemisphere near
the latitude of the polar cusp. There is also some evidence that the
source latitude tends to decrease with decreasing radial distance.
This effect is probably the result of refraction of the radio waves in
the outer plasmasphere since sources at low altitudes will appear to
be shifted equatorward if significant refraction occurs along the ray
path through the plasmasphere,

Aside from the strong hemispherical asymmetry due to the sources
being situated in the magnetic hemisnhere associated with the daytime
pole and the small dispersion in latitude for events with high tilt,
there are no other obvious patterns in the position distribution.

As we noted in paper 1, emission at larger distances is generally
weaker and confined to lower frequencies thcn emission at low altitudes.
We also tend to observe the cusp emission more often when RAE-Z is
situated over the dusk side of the Earth rather than over the dawn
side, but the source location statistics seem to remsin the same for
either viewing geometry.

IV. DISCUSSION

To facilitste our discussion of the implications of the dayside
TKR messurements we will first recapitulate the key points of the
preceding section. The principal observational properties of the
enission may be summarized as follows:

1) dayside sources are concentrated at 'suroral" latitudes (74o -

80°) and have a sharp high-latitude cutoff at A = 80°;
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2) emission is observed to ori, .aate from geocentric radial
distances ranging from S2¢t>15 RE;
3) dayside TKR events are most often associated with periods of
enhanced AE (3 250 7) and Southward B_; and
4) during times of significant dipole tilt with respect to the
ecliptic pole, the emission is associated only with that magnetic
hemisphere that inclades the sunlit magnetic pole,
As we have already noted, the latitude distribution of the dayside
TKR sources argues strongly that they are associated with the polar
magnetospheric cusp. Furthermore, those occultation events which
show emission far from the Earth at magnetosheath distancer are all
consistent with a source location in the region of the cusp-magnetcsheath
interface, The 80° cutoff in the latitude distribution provides evi-
dence that the longitude or local time extent of the cusp emission
region is rather narrow. In our survey, any sources at cusp latitudes
that were located significantly out of the noon meridian plane, would
appesar to be at latitudes greater than 80° vhen shown projected onto
the noon-midnight meridian plane, Since we see no evidnece for such
foreshortening effects, we can estimate that the local time extent
may not exceed ~ + 2 hr,
The occurrence of cusp emission preferably in the magnetic hemi-
sphere that includes the daytime pole may be important evidence that
the dayside emission is a consequence of the processes of entry of

particles into the magnetosphere from the solar winu. Fnr example,

if magnetic field line merging occurs near the vicinity of the subsolar




point in the magnetosphere when the interplanetar, field is Southward,
then particles which enter (and are possibly accelerated) there will
iow back toward the cusp., When the dipole tilt angle is large, those

particles on field lines originally connected to the merging region

may have more direct access to the cusp in the +Z hemisphere due

perhaps to the closer proximit: of the subsolar point to the +Z cusp or
to & more favorable magnetic field geometry in that hemisphere,

There have been a number of important in situ observations of waves
in the viecinity of the polar cusp prior to the remote survey by RAE-2,
rnd it is appropriste to consider the dayside TKR as one element of a
complex ensemble of wave phenomena which can be observed in that region
of the megnetosphere. Using 0GO-5 plasms wave dats at ULF snd VLF
frequencies, Scarf and co-workers ubserved intense wave levels during
a major geomagnetic storm both in the low altitude cusp (Scarf et al.,
1972) and in the interface region between the cusp and the magnetosheath
(Scarf et .., 1974)., In sumarizing subsequent work to interpret the
0G0=5 observacions, Fredericks (1975) discussed the irplications of the
cusp wave measurements in terms of field-line merging nesc the subsolar
point as sn energy source for field-aligned currents in the cusp that
could flow into the deyside auroral ionosphere. Measurements at
VLY snd MF frequencies on 0GO-4 (Laaspere and Hoffman, 1974) and
ISIS-2 (Hartz and James, 1974) have alzo shown that a variety of
emissions at frequencies up to ~0,5 MHz can be observed in the polar
cusp. Although good progress has been made in accounting theoretically

for the origin of the VLF emigsions, the physical relationship between

12




the waves observed in situ and the high frequency TKR emissions
observed remotely is not yet clear., The problem is a compelling one,
however, because the rich collection of wave phenomena in the dayside
magnetosphere should provide effective disgnostic signatures for
physical processes that are important not only in the terrestrial
magnetosphere but in many astrophysical plasmas,
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Table 1. RAE-2 Magnetospheric Cusp Emission Observations

Date U.T, R/Ry A Hem LT Tilt AE
1973
Sept. 23 0050 3.0 67° s 8.9 hr 6° 438
Oct. 19 1259 2.7,5.6 69,67 N,S 6.5 3 400
20 0351 2.6 65 s 7. 21 509
Nov. 5 2120 15,2 77 s  19.7 11 272
6 0442 4.4 75 s  20.1 27 79
6 1208 9.7 77 s  20.3 11 147
6 1933 5.2,10.6 76,78 s 20,5 7 474
6 2317 2.7 68 S  20.6 14 280
15 0836 3.3 64 S 4.3 23 260
15 1215 6.9 75 S 4.5 13 188
15 1943 2,5 66 S 4.8 10 199
16 0652 5.0,12,2 75,79 s 5.1 27 210
Dec. 3 2235 3.3 67 N 18.5 20 289
4 1323 2.2,5.8,9.8 80,76,77 S  19.0 14 425
13 0951 7.0 78 S 3.2 25 145
13 1714 4.5 68 S 3.4 11 9%
30 0313 9.0,16.0 80,79 s  15.8 3% 222
31 0853 2.1 65 N 17.2 27 249
31 1618 2.7 73 s 17.1 11 283
1974
Mar. 3 0908 4,0 71 S  19.5 11 178
Apr. 30 1144 4.1 72 N 19,2 17
30 2252 5.2 72 N 19.6 14
May 27 0719 5.1 78 N 17.1 11
June 10 0951 8.4 80 N 4.1 19
Sept. 23 0505 15,3 77 s 17.8 11
25 1624 8.7 78 s  19.7 10
25 2008 5.2 77 S 19.8 6
26 1058 5.7 78 s 20.3 0
26 1440 9.2 73 s 20.4 8
26 1821 6.6,14,7 83,77 s  20.5 8
Oct. 7 1500 4.3 63 S 4,8 5
22 0815 12.5,16.8,21.2 78,78,78 S  17.4 17
23 0632 2.8 90 s 18.1 21
1975
Maxr., 3 1328 3.2 66 N 4.9 1
6 1156 4.8 64 N 7.4 1
21 0127 3.0,16.8 64,77 N 18.3 7
May 14 2255 2.8,6.4,8.4,11,2 64,68,74,78 N  15.1 18
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Table 2. Incomplete Occultation Events

Date U.T. Min. R/Rp Frequency LT Tilt AE
1973
Nov. 7 0259 16 250 KkHz 21.0 hr 25° 284
7 0640 14 185 21.1 26 330
Dec. & 0214 18 210 18.8 31 284
4 0939 14 250 19.0 25 582
4 1323 12 210 19.1 14 425
4 1704 10 210 19.3 10 739
1974
Sep. 25 2350 25 210 19.9 3
26 1440 18 250 20.2 8
26 1821 16 250 20.3 8




Fig. Captions

Fig. 1.

Fig. 2.

Example of an occultation of a source of kilometer wavelength
emigsior from the dayside hemisphere. The upper panels are
intensgity vs. time displays for the l-hr period centered

on the occultation mid-time. The lower panel shows the source
location projected on the plane perpendicular to the Earth-
Moon line. The disappearance and reappearance times denoted
by the hatched bars in the upper panel result in a source
position given by the cross-hatched area in the lower

panel. In the lower panel, the dashed lines show the projected
position of the lunar limb at 2-min intervals and the

solid lines show magnetospheric magnetic field lines near

the polar cusp as given by the Mead-Fairfield MF73D

magnetic field model.

Example of a typically complex occultation event of dayside
emission displayed in the same format as Figure 1. The most
intense sowr ce (A) disappears at time A, and reappears at
time A,. At frequencies near 200 kHz, a second, weaker
component (B) is apparently occulted between times B and

By. In the lower panel the lunar limb positions are
projected at 5-min intervals (dashed lines), and nominal
magnetospheric cusp and bow shock locations are shown

(solid lines) for reference.




Fig. 3.

Fis. 4,

Fig. 5.

Fig. 6.

Example of an occultation event in which the source region

at frequencies below 250 kHz is apparently never completely
obscured, The dashed lines in the upper panels show the
background levels to which the signal level would fall during
a complete occultation event. The arrow in the lower panel
shows the limit to the source location (minimum distance) required
at frequencies < 200 kHz. The magnetospheric magnetic field
lines are again from the Mead-Fairfield MF73D model and are
shown along with a nominal bow shock for reference.

Invariant latitude distribution (in 3° increments) of the day-
side sources listed in Table 1 derived from projection onto the
Mead-Fairfield MF73D model in the noon-midnight meridian plane.
Distribution of l-hr averages of the auroral electrojet

index (AE) for dayside emission occultation events (lower
histogram) compared with the AE occurrence distribution for
all times during 1973 (upper histogram). The gap in the oc-
currence of cusp events for 300 < AE < 400 is presumably due
to the small statistical sample.

Variation of AE (l-hr average) for the times of dayside TKR
occultation events as a function of projected geocentric
radial distance to the source (upper plot) and projected
invariant latitude (lower plot). The open circles in the
upper diagram denote the minimum distances for the incomplete
occultations listed in Table 2, The dashed line in the radial

distance plbt indicates a possible variation of maximum

distance as a function of AE.




Fig. 7.

Projections of the dayside TKR source locations onto the

Mead-Fairfield MPT3D magnetospheric magnetic field model
in the noon-midnight meridian plane. The data are sorted
according whether the tilt of the geomagnetic dipole with
respect to the ecliptic pole was low (tilt = 10°), medium

(10° < tilt < 22°), or high (tilt > 229).
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