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INTRODULCTION

Satellite measurements of low-trequency radio emissions
have shown that the carth 15 u very antense emitter of
clectromagnetic radiation with peak intensities 1 the fre-
quency range from about 100 1o 300 kM7 [Dunchel et al |, 1970,
Brown, 1973, Gurnet, 1974]. This radiation s generated at tre-
yuencies shove the local plusma frequency in the sonosphere
and can propagate freely away from the carth. Since the
wavelength of this radiation at peak intensity s in the
kilometric range, 1t s calted kdometnie radiation. The carly
satelhite measurements by Benedihtor et al {1965, 196K] of
radio  emissions  at 072323 MU/ correlated  with
geomagnetic activity probahly represent the first observations
of auroral kilometric radiation, since this rudiation often has
measurable intensities extending to frequencies as high as 2.0
MH/,. Kilometric radio emissions are observed o oceur
sporadic ‘storms” lasting for penods from “half an hour to
several hours with power fluxes at 30 R, ranging from about
10 10 10 * W m 2 Hz ', At peak intensity the total power
emitted by the earth in this frequency range is very large, of the
otder of 10° W. The occurrence of these sporadic bursts ot
kilometric radiation is closely correlated with the occurrende
of discrete auroral arcs detected opucally by the low-ultitude
polar-orbiting DAPP reconnaissance satelhte. Figure | shows
an example of the close association observed between kilo-
metric radio emissions und auroral arcs. The photographs
this itlustration are from the DAPP satellite und show the
distribution and occurrence of aurora over the northern polar
region for two dawr-dusk (left to nght) passes through the
local midnight region. The north magnetic pole s located near
the top center of each photograph. The top panel shows the
intensity of kilometric radiation at 178 kHz detected by the
Imp 6 satellite far from the earth during this same period.
The occurrence of an intense Kilometric noise hurst during
orbit 831 is clearly related to the occurrence ot the bright
auroral arcs in the corresponding DAPP photograph. More
examples of this correlation can be found in Gurnert [1974],
This correlution strongly implies that the radiation s gen-
erated by the electrons which produce these uuroral ares.
Measurements of the apgular distribution of the kilometric

Copynight & 1975.by- the Amenican Geophysical Union,

radraton [Gurener, 1974] also indicate that the noise is gen-

crated at Jow alutudes of 10-1.5 R, along auroral tield
lines an the local evening region To distingwish the inense
aurora-related klometnic radio emissions from other weiker
radiation from the carth 4t kilometer wauselengths, such as the
coninuum  emission discussed by Brown {1973}, Frankel
[1973]. und Gurnert [1973), we will refer to this nowse s
auroral kilometric radistion,

Although both the angular distribution of the nense
auronal kilometric radistion und the correlation of ths rudia-
non with auroral arcs indicate that the noise is generated in the
locu! eveming auroral region. no direct measurements have
been made confirming that the radiation comes from this
region. In fact. some evidence to the contrary nas been
presented using direction-finding measurements with the Imp
6 spacecraft. Stone [1973) comments that a sporadic compo-
nent at 250 kH7z appears to be coming from the tail-region of
the magnetosphere and that this radiation may be ¢aused by
particle precipitation into the auroral region. Luter Stone er al,
{1974}, using measurements from the Imp 6 und RAE 2 sutel-
hites, identified a spatially compact source on the day side of
the carth with a sporadic time structure which seems to cor-
respond in il basic respects w the intense auroral kilometric
radiation. The das side location of this source is not, however,
consistent with the local time and angular variation of inten-

sity repurted by Gurnett [1974]. The purpose of this paper is

to- establish the region of generation of the auroral kilometric
radiation. ’

DIRFCTION-FINDING MEASURFMENTS WITH HAWKEYE |

Instrumenmtation description.  The Hawkeye | spucecratt
was launched on June 3, 1974, into a highly eccentric polar or-
bit with initial perigee und apogee geocentric radial distances
of 6,847 und 130,856 km. respectively. orbit inclination of
89.79°. and period of 49.94 hours, The initial drgument of

L pengee is 274,6° so thit the apogee is Jocated almost directly

over the north pole as shown in Figare 2, The spacecralt s spin
statilized and has a rotation period of about 11.00 s, As in-
dicated in Figure 2, the spif axis is oriented paralie!to the or-
bital plane and approximately perpendicular to the spacecraft-
cifth_line when the spacecraft is at apogee.

The plasma wave expeniment on Hiwkeye 1 uses an electne
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Fig. |

Simultancous observations of auroral kilometnic radiation far from the earth by Imp 6 and low-altitude auroral

photographs obtained on two polar passes with the DAPP satellite. The intense burst of 178-kHz noise during orbit 831 is

seen to be closely

dipole antenna with a tup-to-tip length of 42.45 m for electric
field measurements. The electric antenna is extended perpen-
dicular to the spin axis as shown in Figure 2. Electric field
spectrum measurements are made in 16 frequency channels
extending from 1.78 Hz to 178 kHz. "and magnetic field
spectrum measurements are made in ¥ frequency channels
extending from 1.78 Hz to 5.62 kHz. Wide band measurements
can also be obtained from either the electric or magnetic
antennas. The wide band recever can have a bandwidth of
either 10 or 45 kHz. depending on the mode of operation

issoctated with discrete auroral arcs in the local eveming and midnight regions of the auroral zone

Method of analysis.  The intensity of the auroral kilometric
radiation detected by Hawkeye | pronounced
modulation caused by the rotation of the electric antenna. The
angular position of the nuli in the spin modulation can be used
to determine the direction of propagation projected into the
plane of rotation of the antenna. Since the electric field of an
clectromagnetic wave in free space is always perpendicular to
the direction of propagation, the null in the spin modulation
occurs when the antenna axis is parallel to the directior of
propagation. The deepest nulls, and the best accuracy for

shows a
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Fig 2 The Hawkeye | orbit and spin axis orientation relative to
the orbit plane. The angle 4, 1s the angle between the antenna axis and
the projection of the satellite-earth direction into the spin plane of the
antenna. The angle 8, at which a null occurs determines a meridian
plane through the spin axis on which the source must be located.

direction finding, occur when the prop:gation vector lies ex-
actly in the spin plane of the antenna. When the propagation
vector lies out of the spin plane, the null depth decreases, and
the directional determination becomes increasingly subject to
errors caused by polarization effects as the angle between the
propagation vector and the spin plane increases. For the
Hawkeye | orbit the angular position of the earth is relatively
close to the spin plane of the antenna over the entire high-
altitude portions of the orbit, so that deep nulls and good ac-
curacy (~+1°) for direction-finding measurements of kilo-
metric radiation are possible over most of the orbit.

The antenna orientation angle used in the Hawkeye |
direction-finding analysis is the angle 8, between the projec-
tion of the spacecraft-earth line into the spin plane and the
antenna (y) axis, measured in the right-hand sense with respect
to the spin vector as shown in Figure 2. This angle is deter-
mined by measuring the angle ¢, between the projection of the
spacecraft-sun line in the spin plane and the y axis of the
spacecraft using the spacecraft optical aspect system and by
computing the angle ¢ between the spacecraft-sun and
spacecraft-earth vectors projected into the spin plane. In addi-
tion to the strictly geometric determination of the antenna
orientation, the angle 4, must also be corrected for the phase
shift caused by the nonzero time constant of the receiver. For
the Hawkeye | experiment the phase shift due to the receiver
time constant is quite small, about 1.3° £ 0.2° for the nominal
spin period.

Because the sampling rate for each frequency channel is
comparable to the spin rate (one sample every 11.52 s), many
rotations are required to determine the null direction. Since
the noise intensity often fluctuates considerably on a time scale
comparable to the spin period, the null direction can be
strongly affected by these fluctuations unless some signal
averaging technique is used. The signal averaging technique
employed is to sort the intensity measurements according to
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the antenna onientation angle and then average the intensities
within each angle interval. Since the modulation pattern re-
mains the same on successive spins, the error introduced by the
intensity fluctuations decreases as more and more measure-
ments are averaged Usually averaging intervals of 1 hour or
more are required to reduce the error in the null direction in-
troduced by these fluctuations to an acceptable level. During
the averaging process the field strengths are periodically nor-
malized by dividing by a short-term average over a ime inter-
val corresponding to one complete cycle of the angle sampled
through 360°.

Figure 3 shows the normalized electric field strengths ob-
tained for a l-hour averaging interval during a period for
which intense auroral kilometric radiation was being detected
by Hawkeye | at a radial distance of about 18.9 R;. The nor-
malized field strengths in this example are sorted into eighteen
10° intervals in the angle 4,, from -90° to +90°. Because of
the symmetry of the dipole antenna pattern, angies in the
range 90° < 4, < 270° are shifted into the range —90° < §, <
90° by subtracting 180°. The 1.3° phase shift correction due
to the receiver time constant has already been taken into ac-
count in computing é,.

A clearly defined null is evident in the normalized field
strengths when the antenna axis is pointed toward the earth. A
precise determination of the null direction & is obtained by
finding the best fit of the measured normalized field strengths
E/E, 10 a theoretical expression for the modulation envelope
given by

& -(-9-3
EJ 2 2
The modulation factor m provides a quantitative measure of
the null depth: m is zero for no spin modulation, and m is one
for the maximum possible modulation. Standard technigues of
Fourier analysis ave used to obtain the best fit values for m and
é. For the case shown in Figure 3 the best fit is obtained when

cos [2(8, — &)] (1
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Fig. 3. The average normalized electric field amplitude parallel 1o
the antenna axis of auroral kilometric radiation at 178 kHz detected
by Hawkeye | as a function of the antenna orientation. A distinct null
is evident when the antenna is pointed near the earth. The precise
angle at which the null occurs is determined by Fourier analysis.
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the null angle 15 4 = 34% + 14° The statistical zncertanty
of +1.4% is evaluated from the mean square error in the best
it

Other sources of systematic error may be present which
could add to the uncertainty in the null angle Four sources ol
svstematic error have been considered (1) errors in the
recerver phase shift correction, (2) errors in the optical aspect
determination of @, (3) errors in the carth-sun angle ¢, due to
either orbital errors and’ or errors in the spin axis determina-
ton, and (4) errors caused by musulignment of the clectnic
antenna axis with respect to the y anis of the spacecraft. Of
these errors the uncertainty of the ahignment of electric anten-
na axis i1s considered to be the dominant error for the Hawkeye
direction-finding measurements. Investigations of the mis-
alignment of the flight spare electric antenna and calculations
by the antenna manufacturer indic iie that the misahgnment of
the electric antenna axis relative te the y axis of the spacecraft
should not exceed 2°.

Results.  To reduce the statistical uncertainty in the null-
carth angle to of the order of +1.0° or less, only auroral
kilometric radiation events lasting for | hour or more are used
in this analysis. Normally, several such events occur in each
orbit. Since auroral kilometric radiation usually has the max-
imum intensity in the 178-kHz frequency channel of Hawkeye
1, this channel is used for all measurements presented in this
paper. To insure that the low-level continuum radiation dis-
cussed by Frankel [1973] is not included in this study, only
events which have a power flux continuously exceeding 10
W m ?Hz 'at 178 kHz are used. Since the direction-finding
technique only provides a one-dimensional determination of
the source position, many orbits with spin axis orientations at
various local times must be used to obtain a two-dimensional
determination of the average source position. Figure 4 sum-
marizes a series of direction-finding measurements of
kilometric radiation at 178 kHz obtained from two orbits
which have their orbit planes. hence spin axis directions, ap-
proximately at ngit angles (using sun-referenced coordinates).
The null directions measured for the various events observed
on these two orbits are shown as straight lines drawn outward
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Fig. 4. Two representative orbits showing the null directions for
auroral kilometric radiation at 178 kHz observed at various points
along the orbit. Orbit 42 shows a clear tendency for the radiation to
originate from the night side of the carth.
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big. 5 An equatonial plane projection of the average null direc-
tons of auroral kilometric radiation at 178 kHz for a senes of
Hawkeye | orbits at various local imes. The shaded region for each
orbit gives the rms spread (plus or minus the standard deviation) in
the distribution of null positions for all events analyzed during that or-
bit. The average source position is located in the late local evening at a
local ume (L.T) of 22.7 hours and at a distance of 0.65 R, from the
polar axis

from the spacecraft at the point along the orbit where the
measurement was obtained. These lines are shown as viewed
from a direction parallel to the spin axis (edgewise to the or-
bital plane).

Considerable variability is evident in the null directions
determined during these two orbits. This variability is due to
actual fluctuations in the position of the centroid of the source,
since the statistical errors in determining the null direction are
typically much less than the scatter in the observed null direc-
tions. Since the averaging interval for the direction finding is
typically 1 hour or more, the fluctuations actually observed are
necessarily at time scales greater than | hour. It seems quite
likely that the fluctuations in the source position extend to
even smaller time scales which cannot be resolved by
Hawkeye. For orbit 5 the average source position is very close
to the orbitai plane, with a slight tendency for the average
position to lie to the left of the orbital plane, toward local
evening, as viewed from point B. For orbit 42 the average
source position is shifted very distinctly to the right of the or-
bital plane, again toward local night, as viewed from point A.
Projecting the average source positions obtained from these
two orbits into t e equatorial plane, the average source posi-
tion would be located on the night side of the earth at about 2
hours LT and about 1.2 R, from the polar axis.

To provide a better determination of the average source
location, direction-finding measurements of auroral kilometric
radiation at 178 kHz have been made for the series of orbits
spaced at approximately even intervals in local time. The
results of this analysis are illustrated in Figure 5, which shows
the projection of the average null position into the geographic
equatorial plane for each orbit (or pair of orbits) analyzed.
Pairs of orbits are used in some cases because too few events
sometimes occurred on a single orbit to provide 4 meaningful
analysis. The average null position consists of a straight line in
this diagram because the null determination 1s one dimen-
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stonal, and the source could in principle hie anywhere along
this line and still be consistent with the null angle observed at
the spacecrait The width of the shaded region shown for cach
orbit gives the rms spread (plus and minus the standard
deviation) in the distribution of the null positions observed
duning that orbit

The average location of the auroral kilometrnic radiation
source pojected into the equatornial plane can be gualitatively
estimated from the intersections of the average null hines tor
cach orbit, taking into account the fact that hines which in-
tersevt at nearly right angles provide a better position deter-
mination than hines which intersect at a shallow angle. Almost
all of the intersections oceur on the night side of the carth. The
average position of all intersections . withot regard to the
angle at which the intersection occurs, is in the late local even-
ing at a local ume of 22.7 hours and at a distance of 065 R,
from the polar axis. The approximate range of vanation in the
source position from this @ _-age position can be seen from
the shaded regions in Figure S Evidently, considerable
vanability, of the order of 1.0 Ry, exists in the source position
averaged over | hour relative to the source position averaged
over a complete orbit.

DigEcTION-FINDING MEASUREMENTS WiTH [Mp ¥

Instrumentation description. The Imp 8 spacecraft was
launched on October 26, 1973, into a low-eccentricity orbit
with initial perigee and apogee geocentric radial distances of
147434 und 295,054 km, respectively, orbit inclination of
28.6°, and period of 11.98 days. The spacecraft is spin
stabilized with a nominal rotation period of 2.59 s. The spin
axis is oriented perpendicular to the ecliptic plane.

The University of lowa plasma wave experiment on Imp ¥
uses an electric dipole antenna with a tip-to-tip length of 121.%
m for electric field measurements and a triaxial search coil
magnetometer for magnetic field measurements. The electric
dipole is extended outward, perpendicular to the spacecralt
spin axis, by centrifugal force. Electric field spectrum measure-
ments are made in 15 frequency channels extending from 40
Hzto 178 kHz, and magnetic field spectrum measurements are
made in 7 frequency channels extending from 40 Hz to 1.78
kHz.

Method of analysis. The method of analyzing the Imp 8
data to provide direction-finding measurements is essentially
identical to the method used for Hawkeye 1. except that the
null angle measured is in the ecliptic plane. Long averaging
periods, of an hour or more, must also be used on the Imp 8
data to reduce statistical fluctuations to an acceptable level.
Since Imp 8 is at larger distances from the earth than
Hawkeye, greater accuracy is needed in the directional deter-
mination. However, much more data is currently available
from Imp 8, and since the orbital period of Imp ¥ is much
longer than Hawkeye, it is possible to use very long averaging
periods (of the order of 12 hours or more) to provide smaller
statistical errors in the null direction.

The largest sources of systematic error in the Imp 8
direction-finding measurements are thought to be the uncer-
tainty in the phase shift correction caused by the receiver time
constant and the antenna misalignment. Because of the higher
spin rate of Imp ¥ the phase shift due to the receiver time con-
stant is relatively large, approximately 7.16°. The uncertainty
n this phase shift is estimated to be about +2.0°. Since com-

iwrable errors may also exist in the antenna alignment and

crall accuracies of +1° are needed., it is absolutely essential
* some method be used in flight to calibrate the overall
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systematic error in the direction determination. The method
used » 1o require that the average null-carth angle lor
measurements obtaned on opposite sides of the carth (cor-
recting for radial distance vanations) be zero. This averaging
condition has been applhied to a large number of direction-tind-
ing measurements of auroral kilometric radiation, and the nest
estimate of the phase shift correction is 11.96° This phase shilt
correction includes the phase shift due to the receiver time con-
stant and s used for all Imp 8 direction-tinding measurements
presented in ths paper. As will be pointed out. however, the
position of the source can be determined independent of this
phase shift correction

Results. Figures 6 and 7 show two Imp 8 direction-finding
measurements of auroral kilometnic radiation at 178 kHz ob-
tamed from positions near the equatonial plane on approx-
imately opposite sides of the carth (local times of 2.76 and
16.85 hours. respectively). In both cases the measurements
were made duning an exceptionally long and steady auroral
kilometnic radiation event lasting for over 12 hours and at
times when the angular position of the earth was very close to
the spin plane of the antenna, thereby assuring a deep null in
the spin modulation and a very small statistical error in the
null direction. The null directions at 2.76 and 16 85 hours LT
ared = 10° £ 04° and b = - 1.1° =+ 0.4°, respectively. The
positive direction for measuring the carth-antenna angle 8, for
Imp ¥ 15 shown in the sketches in Figures 6 and 7 as viewed
looking down from the north ecliptic pole. The measured null
directions are seen to be consistent with a source located in the
local evening region.

Other similar measurements, all u ing averaging intervals of
several hours and restricted to events “=ith large modulation
factors (m > 0.766), to assure small statistical errors, and in-
tensities greater than 10 * W m * Hz ', have been made at a
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Fig. 6. The average normalized electric field strength as a function
of the antenna orientation for a period during which intense auroral
kilometric radiation at 178 kHz was being detected by Imp 8 at a local
time of about 2.76 hours. The averaging period in this case 1s made
very long, 14 hours, to reduce the statistical error in the null deter-
mination to only £0.4°. The null position in this case is slightly to the
left of the earth’s polar axis and on the night side of the earth as viewed
from the spacecraft.
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g Another null determination using Imp 8 similar to the case
n Figure 6, except at a local time of about 16 85 hours. The null posi-
ton in this case is shghtly to the nght of the carth’s polar axis, again
on the night side of the earth, as viewed from the spacecraft

variety of local imes. Figure 8 shows the null directions ob-
tained from these events as a function of local ume. A very
clear trend is evident in these data with the null-earth angles
negative in the local afternoon and positive in the local morn-
ing, consistent with a source located on the night side of the
earth. The local time position of the source and the approx-
imate offset from the polar axis cai 5o determined completely
independent of the constant phase shift correction to 8. Since é
is always small for the Imp 8 orbit, the ocal time and distance
of the source from the polar axis 2;¢ compietely determined by
the phase and amplitude of the best sine wave fit to 8 as a func-
tion of local time, appropriately correcting é for radial dis-
tance effects. This sine wave anal sis technique has been ap-
plied to the data in Figure 8 and gives an average source posi-
tion, projected into the equatorial plane, of 21.25 + 0.41 hours
LT at a distance of 0.84 = 0.09 R, trom the polar axis.
The null directions shown in Figure ¥ are plotted as seen
from above the northern polar region in Figure 9 to provide
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Fig % A series of null directions for auroral kilometric radiation
at 178 kHz obtained by Imp 8 as a function of local time. The null
angle in all cases is larger in the local morning than in the local even-
ing. This dependence places the source on the night side of the earth
independent of any systematic errors which may be present in deter-
mining the null direction.
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Fir. 9. A view from above the northern polar region of the null
directions given in Figure 8. The arrows indicate the direction from
the spacecraft to the source. These null direction measurements place
the average source position in the late local evening at a local time
of 2125 hours and at a distance of 0835 R, from the polar axis.

a qualitative indication of the scatter and distribution of null
directions observed by Imp 8. The arrows on each line indicate
the direction from the spacecraft to the source. Considerable
variability from the average source position is also evident in
the Imp 8 direction-finding measurements. Both qualitatively
and quantitatively, the Imp 8 direction-finding measurements
of auroral kilometric radiation are seen to be in close agree-
ment with the Hawkeye | results.

Discussion

Evidence has been presented showing that the intense bursts
of auroral kilometric radiation (>107"* W m ? Hz ') detected
by Hawkeye | and Imp 8 originate from the local evening side
of the earth. At a frequency of 178 kHz the average position of
the source, projected into the equatorial plane, is at a local
time of about 22.0 hours and at a distance of about 0.75 Rg
from the polar axis. These results strongly support the
previous evidence presented by Gurnett [1974] indicating that
the auroral kilometric radiation is produced at relatively low
altitudes (1.0-1.5 Rg for 178 kHz) in the local evening auroral
zone.

Simple geometric considerations and reasonable estimates
of the altitude at which the auroral kilometric radiation is
generated appear to be in good agreement with the observed
offset of the average source position from the polar axis. As
discussed by Gurnett [1974], the radiation must be generated at
an altitude above the propagation cutoff surface for the mode
of propagation in which the radiation is generated. Since
wave-particle interactions cannot occur at frequencies sub-
stantially above the local plasma frequency or gyrofrequency
and since these frequencies are relatively close together in the
region of the ionosphere where this noise is generated. the
radiation must be generated rather close to the propagation
cutoff surface. For a frequency of 178 kHz the propagation
cutoff surface, and hence the generation region, is located at
an altitude of about 1.0 Rg [Gurnett, 1974]. If we follow a




20 Kowmm o1 A

represematis e Luroral field hine at 70° myvanant latitude up 1o
o0 altitude of 10 R, and assume that the source s located at
this point, the source position prosected into the equatorial
plane would be 096 R, from the polar axis These estimates of
the source location are i good guantitative agreement with
the observed distance of the source from the polar axis and
with previous models of the source location [Gumerr, 1974,
Figure 14]

The observed time- and space-averaged local ume position
of the centrond of the emitting region in the late local evening »
consistent with the location expected from the known associa-
tion between auroral kilometric radiation and auroral arcs It
1s well known that the most intense auroral electron precipita-
tion and the brightest auroral arcs occur in the local evening
[Akasofu. 1968; Snyder et al . 1974) The observed source posi-
yon is also consistent with the angular distnibution of the
kilometric radiation, which shows a broad maximum centered
on about 220 hours LT [Gurnetr, 1974]. More recer.. studies
by Kaiser and Stone [1975] now indicate that the day side
source discussed by Stone er al. [1974], although in the same
frequency range and gvahtatively smular to the auroral
kilometric radiation, s actually at much lower intensities
(<10 W m ? Hz ') and probably represents a distinctly
different source. Because of the close association of the auroral
kilometric radiation with geomagnetic activity the observed
temporal variations in the source position are thought to be as-
sociated with the westward traveling surge and other spatial
evolutions which occur during auroral substorms. Since the
time scale of substorm variations is usually much less than the
averaging periods used, the detailed temporal vaniations in the
source position probably cannot be resolved with either the
Hawkeye or Imp 8 experiments.
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