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Whistler-Mode Emissions on the OGO 1 Satellite

N. DunckEeL anD R. A. HELLIWELL
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Magnetospheric observations of whistler-mode emissions were made by the OGO 1 satellite
over the frequency range 0.3 to 100 kHz. Taken during the geomagnetically quiet period from
September 1964 through May 1965, the data cover geocentric distances from 2 to 24 Rg and
geomagnetic latitudes in the range +50°. Emissions are found within L ~ 10 at all local
times except for L > 5 in the midnight-to-dawn sector, with intensity peaking at L ~ 4
and L ~ 9 near 10 hours local mean time. Their spectra resemble those of chorus and mid-
latitude hiss observed on the ground. An important new result is the observation that the
upper-frequency limit of most of these emissions is proportional to the minimum electron
gyrofrequency along the magnetic fieldline passing through the satellite. This is interpreted to
mean that the source of these emissions lies close to the equatorial plane. Estimates of the
average intensity of these emissions agree with the intensity required to explain the precipita-
tion of electrons through pitch-angle scattering by whistler-mode waves. Emissions observed
on the dayside beyond L = 8 are burst-like, and their occurrence tends to decrease with
increasing radial distance. The location of the maximum intensity in this region agrees with
that found for 1-kev electron fluxes, giving strong support to theories of generation based
on electron cyclotron resonance. No emissions were observed beyond the estimated position
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of the shock boundary.

INTRODUCTION

The Stanford University/Stanford Research
Institute VLF experiment on the OGO 1 satel-
lite provided the first opportunity for detailed
measurements of VLF emission spectra and in-
tensity at high altitudes near the equatorial
plane where certain classes of these emissions
are believed to be generated. Until recently,
low-frequency waves from the magnetosphere
have been observed either with ground stations
[ef. Helliwell, 1965, and references therein] or
with low-altitude satellites [Barrington et al.,
1963; Barrington, 1969; Gurnett and O’Brien,
1964, Jgrgensen, 1968; Scarf et al., 1968; Taylor
and Gurnett, 1968]. Ground observations are
largely limited to signals traveling in ducts
(field-aligned enhancements of ionization) since
reflection and absorption prevent nonducted
signals from penetrating the ionosphere [Helli-
well, 1965]. Low-altitude satellites provide ac-
cess to nonducted signals but do not observe
downward-propagating emissions that have been
reflected or absorbed at higher altitudes.

Here we describe the occurrence, intensity,
and spectra of emissions observed by OGO 1
at frequencies below the local electron gyro-

frequency. The spectra resemble those observed
on the ground and include hiss, random chorus,
periodie chorus, and triggered emissions. A new
and important spectral feature is a marked
upper cutoff that is proportional to the mini-
mum gyrofrequency on the fieldline through
the satellite. From this result we conclude that
the region of the observed emissions lies close
to the equatorial plane.

The present study provides the first direct test
of the Kennel and Petschek [1966] theory, which
states that the maximum flux of trapped par-
ticles is limited by pitch-angle diffusion due to
interaction with whistler-mode waves. A con-
sequence of the theory is that the emissions
must have a certain field strength. Previous
measurements, by low-altitude satellites, were
made too far from the generation region to
be reliable. The average wideband noise inten-
sities near the equator estimated from the data
reported are comparable to the fields required
by the Kennel-Petschek theory.

Closely related to the present work is a
companion study of a VLF emission form called
banded chorus, observed on OGO 1 and OGO 3
[Burtis and Helliwell, 1969]. In addition to
confirming that the frequency of the chorus
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TABLE 1. Receiver Characteristics
Band 1 Band 2 Band 3 Broadband
Parameter Receiver Receiver Receiver Receiver
. Frequency range 0.2-1.6 kHz 1.6-12 kHz 12-100 kHz 0.3-13 kHz
Background 4 X 1075y Hz™!2 2 X 10~6y Hz 12 4 X 1077y Hz™ 12 2 X 104y Hz 12
noise intensity at 0.8 kHz at 6.0 kHz at 55 kHz (0.3 kHz)
to
2 X 10—ty Hz /2
(12.5 kHz)
Bandwidth 40/450 Hz 160/1300 Hz 600/4500 Hz
—3db/—60db
AF /Step 5.4 Hz 43 Hz 344 Haz
Output time 14/110/880 msec 4.4/49/340 msec 2/18/150 msec
constant at
64/8/1
kilobit/sec
Sweep time 2.3/18.4/147 sec
at 64/8/1
kilobit/sec

depends upon the minimum gyrofrequency
along the fieldline passing through the satellite,
this separate study led to a new result regard-
ing the frequency of generation. It was found
that when the deviations of a nonducted ray
path from the fieldline were considered, the
frequency of generation was close to one-half
the gyrofrequency in the equatorial plane.
In addition to the VLF emissions that exhibit
a high-frequency cutoff below the local elec-
tron gyrofrequency, OGO 1 observes two types
of noise extending in frequency to the upper
limit of the receiver (100 kHz) [Dunckel et al.,
1969]. One is called ‘highpass’ noise and exhibits
a variable low-frequency cutoff above about
20 kHz. The other is called ‘broadband’ noise
and covers the entire frequency range of the
receiver. Both types are observed within the
magnetosphere in association with polar sub-
storm activity. Virtually never do they occur
simultaneously with whistler-mode noise.

EXPERIMENT

A single-turn loop antenna (diameter = 2.9
meters) and preamplifier feed four receivers
with logarithmic response. (For further details
see Rorden et al. [1966].) For circularly po-
larized waves of random orientation the re-
sponse is within 6 db of the maximum 869 of
the time. Thus only rarely should the direc-

tional response of the loop antenna markedly
affect the intensity measurements.

Three of the receivers are simultaneously
stepped in frequency to produce an amplitude
spectrum over the effective range 0.3 to 100
kHz in three bands. Each sweep of 256 steps
requires 2.3 seconds or longer depending upon
the rate of data transmission. Pertinent details
appear in Table 1. (The noise bandwidths of
receivers of similar design (OGO 4) were found
to be 14 the 3-db bandwidth. Intensities based
on the 3-db bandwidth should be increased by
3 db to account for the different effective band-
width.) The dynamie range of each receiver is
at least 80 db. An alternative mode of opera-
tion permits the three receivers to be stopped
at any given step to produce the amplitude at
three fixed frequencies versus time. A fourth
receiver, called the broadband receiver, pro-
duces the amplitude-limited waveform of sig-
nals in the range 0.3-13 kHz for detailed spec-
tral analysis on the ground. All receivers are
periodically calibrated by a 1-kHz sawtooth
wave of known harmonic content inserted

periodically at the antenna. Two transmitters

in the satellite provide the analog and pulse-
code modulation telemetry used by the broad-
band and sweeping receivers, respectively.

The data from the sweeping receivers have
been computer-processed and recorded on 16-
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mm film [Ficklin et al., 1967], so that one frame
represents a sweep of each of the three sweep-
ing receivers as shown in Figure 1b, to be dis-
cussed in detail later. The background noise
level, determined by the receiver noise plus
spacecraft interference at 0.4 kHz, 2.46 kHz,
and their harmonies, has been derived from
quiet-time data and is shown as a light dashed
line.

The waveforms from the broadband receiver
have been spectrum-analyzed as shown in Fig-
ure la. The nonlinearity of the receiver causes
its output to be dominated by the strongest
signal in its passband, as illustrated by the
whistler near the right-hand edge of Figure la.
Strong fields below 1 kHz may appear only
faintly in the broadband data, as in Figures 1a
and 2a, since the broadband receiver weights
the magnetic intensity by a factor approximately
proportional to frequency.

The OGO 1 satellite itself is described in the
literature [IG Bulletin, 1965]. The satellite
exhibits an unintended rotation about an axis
that lies within about 7° of the axis of the
loop antenna. Hence modulation of whistler-
mode signals at the period of rotation is not
expected, nor has it been observed.

REesuLTs

Types of observations. The emissions dis-
cussed here are observed below the estimated
local electron gyro- and plasma frequencies,
and thus are called ‘whistler-mode’ emissions.
Hiss appears as a continuous spectrum showing
little change over several seconds as shown in
Figure la. Discrete emissions appear on a spec-
trogram as forms isolated in frequency and
time as illustrated by the rising elements in
Figure 2a, or as bursts such as that shown in
Figure 2c¢. Often hiss and discrete emissions
occur together as in Figure 2q. The appearance
of these emissions in the output of the sweeping
receivers (Figures 2b, 2d) differs markedly from
that of whistlers and manmade signals. In the
regions where all three phenomena occur, emis-
sions are either of long duration or have an
appreciable bandwidth so that their identifica-
tion is unambiguous.

Typical emissions. From L = 2.5 out to the
vicinity of the plasmapause (usually near L =
4), a strong band of hiss of relatively constant
intensity often appears from the low-frequency
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limit of observation, 0.3 kHz, to as high as
3 kHz. An example of this hiss extending to
relatively high frequencies (~2 kHz) is shown
in Figure 1. Part (a) shows the spectrum-
analyzed output from the broadband receiver,
and part (b) shows for the same interval the
amplitude spectrum from the sweeping receivers
in db below one gamma. The position of the
satellite appears in terms of R, the geocentric
distance in earth radii; MLAT, the dipole
magnetic latitude; L in earth radii based on
a Jensen-Cain magnetic field model; LMT,
the local mean time in hours; SEP, the sun-
earth-probe angle in degrees; and f,, the mini-
mum f along the fieldline passing through the
satellite, where f = electron gyrofrequency in
kHz based on a magnetic field model (discussed
later) which includes the compression effects
of the solar wind. The background level is
shown as a light dashed line in the upper two
graphs of Figure 1b. The locus of the sweeps
of the band 1 and band 2 receivers has been
drawn on the spectrum of part (a). A whistler
of low dispersion ( D =~ 13 sec*®) appears in
the spectrum (a) near the right-hand edge. The
emission spectrum shows no obvious structure,
but slowly decreases in intensity from 0.2 kHz
to 2 kHz; from 2 kHz to 2.5 kHz the intensity
drops rapidly through 30 db to the threshold
level.

In the vicinity of the plasmapause, a narrow
band of hiss-like emissions often appears at
frequencies above 0.4 faz, and persists over AL
= 0.1 to 0.5. Unpublished data from the OGO
1 ion mass spectrometer [Taylor et al., 1965]
has confirmed that these emissions oecur near
the plasmapause.

From the plasmapause out through the trans-
ition region the emissions often become more
discrete and their upper-cutoff frequency de-
creages with increasing I value. Figures 2a¢ and
2b show the dynamic and amplitude spectra,
respectively, of emissions at L = 9.5 in which
discrete elements near 0.7 kHz are superimposed
on hiss below 0.6 kHz. A sharp upper cutoff
oceurs at 0.7 kHz, or 028 fz. (In the dynamic
spectra of Figures la and 2q the apparent low-
frequency cutoff is caused by the broadband
receiver response, not by a lack of signal.)

Outside the plasmapause the spectra of the
emissions vary considerably. In the present
study of data recorded before June 1965, it
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Example of emissions received by OGO 1 inside plasmapause. (a) High-resolution

spectrum from broadband receiver. (b) Amplitude spectrum from three sweeping receivers;
vertical axes are labeled in terms of equivalent intensity of a single frequency signal in db
below one gamma (20 db corresponds to a ten-fold change in magnetic intensity) ; horizontal

axes represent frequency in kHz;

dashed lines represent background level. Noise band cuts
off at 2.3 kHz. The two upward-sloping lines in (a) were drawn to represent locus of sweeps

corresponding to upper two graphs of (b). Faint horizontal lines are interference. Lack of
pronounced discrete elements and smoothly decreasing intensity with increasing frequency
are characteristic of this region. Note whistler in right-hand part of (a).

was found that the speetrum of most emissions
extended from below 0.3 kHz to the upper-
cutoff frequency. Measurement of a few cases
indicates that the wave magnetic field strength
tends to vary as the mth power of the fre-
quency, where n varies between —1 and —3.
However, Burtis and Helliwell [1969] noted
that emissions observed by OGO 1 and OGO 3
outside the plasmapause during the latter half
of 1966 occurred primarily in a narrow band
of frequencies. Hence a secular variation may
exist.

In the distant magnetosphere, the emissions
become more sporadic. Figures 2¢ and d show
the spectra and intensity of an event recorded
at a dipole L of 13.3. The emissions occur be-
tween 450 and 800 Hz, and consist of a short

burst and a relatively long (>10 sec) burst.
Similar events on the same pass occurred every
few minutes.

The intensity and the occurrence of the
emissions decrease when the radial distance
of the satellite exceeds 10 to 15 Rjy; this is
the approximate radial distance of the magneto-
pause on the dayside as indicated by the OGO
1 search-coil magnetometer [Holzer et al,
1966]. At the location of the shock boundary
on one pass [Holzer et al., 1966, Figure 1c],
weak emissions up to several kHz were obsetved
by our experiment. No emissions were obsetved
when the satellite was clearly outside the shock
boundary.

Inside the plasmapause the emissions received
on passes through the night magnetosphere are
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similar to those on the dayside. Outside the
plasmapause, particularly in the post-midnight
period, strong emissions of the type seen on the
dayside are seldom observed. Highpass and
broadband noises are common, and noise re-
sembling auroral hiss observed at ground sta-
tions [Martin et al., 1960] is sometimes ob-
gerved.

Upper-cutoff frequency. A characteristie fea-
ture of the whistler-mode emissions observed
on the OGO 1 satellite is an upper-cutoff fre-
quency that varies with the position of the
satellite and tends to be proportional to fue.
This upper cutoff is quite abrupt, as shown by
Figure 1, where the intensity decreases at the
rate of about 45 db/octave in the vicinity of
the cutoff. Discrete emissions also have a
marked upper cutoff as shown in the Figures
2a-b, where rising discrete elements display a
common upper cutoff somewhat above that of
the hiss. The emission of Figure 2¢ shows nearly
symmetrical upper and lower cutoffs.

Systematic variation of the upper-cutoff fre-
quency with position of the satellite is illustrated
in Figure 3, which shows the dynamic spectrum
recorded on an outbound pass from L = 5.9 to
L = 8.7. The lower panel shows three samples
of data on an expanded time scale. The emis-
sions congsist. of discrete risers superimposed on
a broadband continuum, the discrete elements
becoming less pronounced as the satellite travels
outward. In the upper record the value of fao
based on a Jensen-Cain field has been drawn in
lightly for comparison. The upper cutoff, de-
fined as the frequency above which no external
noise can be detected, lies between about 0.45
and 0.65 fx during all but the last minute of
the record. (Note the following effects produced
by the equipment: the band just above fuo
representing the third harmonic of the emis-
sions; the vertical striations at the end of
the upper panel caused by telemetry fading;
and the apparent variation of the lower-cutoff
frequency.)

The amplitude spectra in the region of the
upper-cutoff frequency are shown in Figure
4 for portions of the same pass as shown in
Figure 3. The frequency has been normalized
by fm, and the amplitudes have been normalized
to a 1-Hz bandwith. The range of normalized
cutoffs was significantly reduced by employing
a compressed field model (discussed later) of
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the earth’s magnetic field to determine fu,. In
the range 55 < L < 7 the graphs shown were
averaged from three frames of 64 kilobit/sec
data to provide a smoother curve. Data from
higher L were taken at 8 kilobits/sec and re-
quired no further averaging. In the vicinity of
the upper-cutoff frequency the emissions have
a normalized spectrum that is relatively inde-
pendent of the location of the satellite. The
sample showing the most deviation, that taken
at L = 9.0, was recorded when the emissions
were dying out. Attenuation rates in the region
of the upper-cutoff frequency range from 20
to over 70 db per octave.

Magnetic field model. The upper-cutoff fre-
quencies have been compared to local (f«) and
minimum (fx,) electron gyrofrequencies based
on a magnetic field model in which the effects
of compression by the solar wind and of a tail
field are included [Williams and Mead, 1965].
Henceforth this model is referred to as the
W-M field. (The following parameters were
employed: B, = 10 Ry, R: = 40 Rg, r, = 10
Rz, B., = 40 v, where Bz = 1 earth radius.)
Integration of the vector field from the posi-
tion of the satellite determines where the field-
line intersects the magnetic equator. R, the
geocentric distance in earth radii of this inter-
seetion, would be equivalent in a simple dipole
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Fig. 4. Amplitude spectra normalized by fuo
(Williams-Mead model) for the pass shown in
Figure 3. Dots at right designate point at which
intensity reaches background level. Note typically
rapid decrease of emission intensity with increas-
ing frequency in vicinity of f/fme = 0.3.
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Fig. 5. Distribution of upper-cutoff frequency
(fmax) normalized by minimum gyrofrequency
(fao) for dipole and Williams-Mead models. Values
greater than 2.0 are not shown; these account for
13% of the total for the dipole model and 3%
for the W-M model. Values of fmax between 0.2
and 0.6 fuzo are most common. Reduced spread of
data with Williams-Mead model is indicative of
generation near equatorial plane.

field to L value. The local mean time is also
measured with respect to this intersection. The
minimum gyrofrequency measured along the
distorted fieldline between the satellite and the
equator may differ by a factor of 2 or more from
that indicated by a single dipole field.

Measurement of the upper cutoff. The up-
per-cutoff frequency has been scaled from all
the amplitude spectrum data by first sub-
dividing the data into spatial sectors defined
by AL = 1 earth radius and ALMT = 2 hours.
The sectors are centered on integer values of L
and odd integer values of LMT. The inner
boundary was limited by the amount of avail-
able data to L = 2.5 and the outer boundary
to the closed fieldline region given by the W-M
field model as shown in Figure 7 (to be dis-
cussed later). For each pass through a sector,
represented by 10 to 450 frames of data de-
pending upon the bit rate, the highest value
of the upper-cutoff frequency was recorded
along with its corresponding L value. Thus
each pass through a sector generates one data
point. Data samples were rejected if they in-
cluded less than 05 Rz in L value. In this
manner 274 data points were recorded, each
representing 10 to 450 observations and span-
ning the range from 0.3 to 50 kHz. These data
appear in reduced form in Figure 6, to be dis-
cussed later.

DUNCKEL AND HELLIWELL

The upper-cutoff frequencies of whistler-mode
emissions generally show different distributions
inside and outside the plasmapause. Eighteen
data points likely to represent observations in-
side the plasmapause were selected on the basis
that the maximum Kp over the previous 24
hours was less than 3— and that L was less
than 4 [Carpenter, 1967]. These data points
are characterized by a mean value of fmax/fae =
0.1. The distribution of fm.:/fse for the other
253 samples, which represent observations
mainly outside the plasmapause, is shown by
the dashed curve of Figure 5 for a simple
dipole field model. The resulting distribution
has a broad maximum near fmaz/fazo = 0.6.

Use of the W-M model of the earth’s field
narrows and lowers the distribution of upper
cutoff frequencies, as shown by the solid eurve
of Figure 5. Thus the number of points for
which fumex/fue > 2.0 is reduced from 34 to 7.
With this model the upper-cutoff frequencies
of most emissions fall in the relatively narrow
range of 0.2 to 0.6 fm. The closeness of the
relationship between the emission spectrum and
conditions at the magnetic equator is thus
enhanced when the more accurate W-M field is
employed.

The upper-cutofl measurements indicate that
the cutoff is more closely related to the gyro-
frequency at the equator than the gyrofre-
quency at the satellite. This comparison is
illustrated in Figure 6, which shows the nor-
malized upper-cutoff frequency fm../fz versus
fuo/f=. The latter quantity is a function of dis-
tance along a fieldline; in a purely dipole field
it would be a simple function of the magnetic
latitude as shown at the top of the figure.

If the upper-cutoff frequency were under
local rather than equatorial control, the height
of the data points above the base of the graph
would not vary with position along the hori-
zontal axis. Instead the data points tend to fall
along a line of positive slope passing through
the origin, indicating that the upper-cutoff fre-
quency is proportional to fz,. The median com-
puted for 10 equally spaced intervals along the
z axis and shown by the dashed line lies near
fmax = 045 fro.

It is useful to consider those few points for
which fu.x is near or above fu,. Most have been
categorized as one of the following: (1) emis-
sions occurring at a discrete frequency close to,
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and moving with, the local gyrofrequency (these
points are shown boxed); (2) emissions as-
sociated with the plasmapause; (3) emissions
recorded on the dayside at great distances from
the earth where the estimates of the magnetic
field may be in error; (4) hiss-like emissions
observed on the nightside near or outside the
plasmapause that often display a lower cutoff
above 1 kHz. The latter may represent ob-
servations of auroral hiss.

The points in Figure 6 for which fu.x < 0.2
fuo probably represent observations within the
plasmasphere. For instance, the points shown
circled nearly all occur at low ratios of fmax/
fuo, and these points were selected as discussed

90°50° _ 40° 30°
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previously to mnsure that they occurred inside
the plasmasphere. Furthermore, values of fmax
< 0.2 fu are rare well outside the usual posi-
tion of the plasmasphere.

We conclude that the cutoff frequency ob-
served outside the plasmasphere tends to be
(1) independent of position along a given field-
line and (2) proportional to fz. The cutoff
frequencies outside the plasmasphere generally
lie between 0.2 and 0.6 fa,, whereas inside they
lie below 0.2 fa,.

Interpretation of the upper cutoff. The fact
that the cutoff frequency is proportional to fu,
does not by itself prove that generation occurs
at the equator. Generation at any fixed latitude

|MAG LAT|

1.4}

I.2F

1.Of

f 0.8

0.6}

0.4}

0.2}

20° 10° 0°

Fig. 6. Scatterplot of the upper-cutoff frequency fmax normalized by fz and plotted versus
fmo/fr, a function of distance along the fieldline. The Williams-Mead model was used to com-
pute fz and fmo. Equivalent magnetic latitudes for given fm/fz in a dipole field are shown at
top of figure. The dashed line representing the median of the data lies near fmsx = fmo/2,
indicating upper-cutoff frequency is proportional to fm rather than fz. Circled points represent
data most likely obtained within plasmasphere. Boxed points represent narrowband disturb-

ances associated with fz.
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¢ is possible since fz(¢p, L)/fu.(L) is constant
for all L. However, generation over a wide
range of latitudes is not compatible with the
observed invariance of the cutoff along a field-
line.

The latitude at which generation does oc-
cur may be inferred from the differences be-
tween the shapes of the distributions of fumax/fro
shown in Figure 5 for two different models of
the earth’s magnetic field. The W-M field
produces a narrower distribution than does the
dipole field. (A measure of the relative hreadth
of a distribution, the variance divided by the
square of the mean, is nearly twice as great for
the dipole field distribution.) This implies that
the correlation of the cutoff frequency is sig-
nificantly better with fz, based on the W-M
field than with fz, based on a dipole field. Sig-
nificant differences in the fields based on the
two models are confined to low magnetic lati-
tudes: near the noon meridian at B, = 9 values
of fa. predicted by the two models differ by a
factor of 5.5, whereas values of f at 40° lati-
tude differ by only 129%. Hence the improved
correlation of the cutoff frequency with fa,
based on the W-M field implies that the emis-
sions are governed by conditions near the mag-
netic equator.

We conclude that emissions are generated
near the magnetic equator. This conclusion is
supported by the fact that away from the equa-
tor no known features make any one magnetic
latitude more appropriate than any other. At
the equator, however, there occurs a minimum
in fz as well as a change in the topology of the
refractive index surface since there fmax/fz ~
0.5 [Burtis and Helliwell, 1969].

Burtis and Helliwell [1969] have shown that
the ratio of the center frequency of banded
chorus to the minimum gyrofrequency decreases
significantly with magnetic latitude. This is ex-
plained by an inward deviation of a nonducted
ray path from the field-aligned paths assumed
here. Similarly, ray paths of waves generated
at frequencies below fz,/2 tend to deviate out-
ward from the magnetic field [Thorne and
Kennel, 1967]. In the range of magnetic lati-
tudes traversed by OGO 1 (normally <45°),
both deviations are believed to be relatively
small. Hence these effects do not alter the con-
clusions of the present paper.

Intensity measurements. The intensity of
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whistler-mode emissions has been measured
from the OGO 1 amplitude spectra by subdi-
viding the data into L-LMT sectors in a manner
analogous to the measurement of upper-cut-
off frequencies. Within each sector the maxi-
mum intensity at frequencies f > 0.3 kHz was
recorded regardless of the frequency at which it
occurred. The spectrum below 0.3 kHz was
omitted because of the high background level
as shown in Figure 1b. If no emissions were ob-
served, the maximum background level (usually
at 300 Hz) was recorded. The background level
remained fairly constant except for easily
identified interference from another experiment.

Using the 3-db bandwidth of the receivers,
the levels were converted into the equivalent
magnetic field in a 1-Hz bandwidth. As in the
case of the upper-cutoff frequencies, each data
point represents from 10 to 450 individual
measurements (frames) within a sector. Each
pass produces one point per sector. Of the
recorded peak intensities 849 occur between
0.3 and 0.5 kHz, the largest proportion of which
lie at 0.3 kHz. From this we may conclude that
(1) the amplitude spectrum of whistler-mode
emissions tends to decrease with increasing fre-
quency above 0.3 kHz; and (2) the peak in-
tensity data are a good measure of the intensity
in the range 0.3 to 0.5 kHz. As discussed in the
Appendix, the average intensity may be derived
from these peak intensity measurements.

An analysis of the intensities for magnetic
latitude variations is considerably more difficult
than the corresponding analysis of the cutoff
frequency given earlier. The difficulty is due
to the irregularity of the intensity and the con-
sequent problems associated with comparing
data collected at different seasons of the year
and at different telemetry rates. We may sum-
marize our findings: (1) Intensity is inde-
pendent of magnetic latitude in the range 15°-
50°; (2) there may be a tendency toward
weaker intensities in the range 0°-15° except
in the region outside the plasmasphere at
06 < LMT < 14, where equatorial intensities
are similar to those at higher latitudes.

Equatorial map of intensity. For the pur-
pose of developing a map of the emission
intensity in the vieinity of the equatorial plane,
we assume that the intensity is independent of
magnetic latitude. We also assume that the
deviations of the ray from the W-M fieldlines
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are negligible. Lastly, we use local rather than
magnetic time, the difference between the two
being small at magnetic latitudes less than 50°.

The resulting distribution of peak emission
intensity near the magnetic equatorial plane is
shown in Figure 7. The numbers represent the
average peak intensity in db above 107 y Hz™*
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LIMIT OF SIMPLY
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within a sector. The average includes back-
ground levels in the absence of emissions and
was computed after the intensities in descibels
had been converted to their linear equivalent.
Values that include only background levels are
designated by <. (One particularly high back-
ground value of 3 db was produced by an un-

04

CLOSED FIELDLINES

22

24

LMT

Fig. 7. Intensity of whistler-mode emissions during solar minimum as mapped along

Williams-Mead fieldlines onto equatorial plane.

Each number represents the average of the

peak intensities in each pass through one LMT-R, block in db above 102 4 (Hz)Y2. Values
indicated by < contain no emissions above background level. Note two regions of intense
emissions near noon meridian and centered on Bo = 4 and 10. In region beyond Ro = 6, little
or no hoise is detected in thé midnight to dawn sector. Strong noise develops abruptly at

dawn.
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usually high level of interference from an in-
terfering experiment.) Sectors for which no
data are available appear without numbers and
are drawn with the predominant shading ap-
pearing at two or more sides. The thick dashed
line represents the approximate locus of the
maximum R, for a simply closed fieldline, de-
fined on the basis of the W-M field model as a
fieldline that crosses the magnetic equator on
the sun side of the tail sheet. Several values,
such as the 14 at 105 < R, < 115 and 12 <
LMT < 14 represent data recorded in the
shaded part of the sector although the numbers
themselves fall in an unshaded region. The
general consistency of the intensities in adjacent
sectors implies that the given values are repre-
sentative,

Smoothed contours at 10-db intervals were
generated by computing an average intensity
at each four-way intersection of sectors and
fitting the contours upon these averages. In
areas of little or no data, the estimated position
of the contour is shown dashed. Crowding near
the outer limit of data close to the noon meri-
dian forced the estimated contours to fall out-
side their correct position, which is within the
region of simply closed fieldlines.

Emission activity peaks near the 10 o’clock
meridian at R, ~ 4 and R, ~ 10 with a trough
of weaker activity lying between. This pattern
is also observed on individual passes. Intense
emissions similar to those of Figure 1 appear
on the dayside inside the approximate location
of the plasmapause (B, = 4); outside the
plasmapause there appear discrete emissions
which are similar to those of Figure 2a, but
which tend to be of relatively low intensity be-
low R, ~ 8. The outer region (8 < R, < 11)
of intense emissions shows an abrupt onset at
06 LMT where the intensity may change in
two hours from the background level to levels
close to the highest intensities recorded. By
contrast, the afternoon decrease in activity is
much more gradual. The intensities appear to
be somewhat higher with increased Kp during
morning hours in accordance with the occur-
rence observations of Burtis [1969], and some-
what lower with increased Kp from late after-
noon to midnight.

A broad region of space lying on the night-
side between the dusk and dawn meridians
and approaching as close as B, = 5 is charac-
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terized by emission intensities near the threshold
level. It is in this region that the so-called
highpass and broadband noises observed by the
same equipment tend to occur [Dunckel et al.,
1969].

The variation of intensity presented here as
a local-time variation could conceivably be
considered as a seasonal variation since a close
association exists between local time and the
season of the year. However, such an interpreta-
tion is unlikely in light of emission activity on
the ground, where there appear gross local-time
variations in occurrence but relatively little
seasonal variations for L < 2 [Laaspere et al.,
1964].

DiscussioN aND CONC_LUSION 8

Cyclotron resonance mechanisms. The up-
per-frequency cutoff data is, we believe, the first
direct experimental evidence that VLF emis-
sions are generated near the equatorial plane
of the magnetosphere. This finding supports
theories of emission generation that are based
on electron cyclotron interaction in the vicinity
of the minimum in the earth’s magnetic field
[Brice, 1964; Kimura, 1967; Helliwell, 1967].
From the resonance condition employed in
these theories, we can estimate the energy of
the resonance electrons. For the active region
shown in Figure 7 at B, ~ 9, 06 < LMT < 14,
where fu, ~ 2 kHz and plasma frequency ~15
kHz, we find for the observed frequency range
of emissions (0.3 to ~1 kHz) that the energy
of cyclotron resonant electrons with low pitch
angles ranges from approximately 10 kev down
to 1 kev. In the same region Vasyliunas [1968]
has found strong fluxes of electrons within this
energy range, giving further support to theories
based on electron cyclotron resonance.

Comparison with other VLF experiments.
In an investigation of the occurrence of ELF
emissions in the magnetosphere on OGO 3 [Rus-
sell et al., 1969], emissions are categorized as
either bursts or steady noise. Bursts are de-
fined as signals that rise and fall in less than
two minutes and reach a level >2 volts at
either 30, 100, 300, or 800 Hz. Steady noise is
defined as noise that persists (or changes in-
tensity slowly) over two minutes at either 100,
300, or 800 Hz. The long decay time of the
detector (30 sec) is likely to cause chorus with
closely packed elements or with a hiss back-
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ground to be identified as steady noise but no
high-resolution spectra are available to check
this possibility.

For burst noise the same conclusions are
drawn regarding equatorial eontrol as from the
present experiment. However, from the in-
creased occurrence of steady noise on the day-
side in the region 6 < L < 10 at magnetic
latitudes greater than 30°, Russell et al. con-
clude that steady noise is generated at a latitude
of about 45°. This conclusion differs from ours
based on the upper-cutoff data discussed here.

A peak in ‘steady’ noise intensity at 45° lati-
tude might also be explained in ways other than
in terms of local generation. If we assume that
generation oceurs at the equator, as suggested
by our cutoff data, the following interpretations
of the 45° peak seem possible: (1) Emissions
generated at the equator are amplified further
down the fieldline as proposed by Liemohn
[1967]; (2) an increase in the relative amount
of nonducted propagation from higher mag-
netic latitudes could concentrate the energy at
45°; (3) the scattering of ducted emissions
near the base of the fieldline could cause a maxi-
mum in occurrence at high latitudes.

Certain features in the intensity map of
Figure 7 also appear in the occurrence maps
reported by Russell et al. The region of intense
emissions near LMT ~ 10 and R, ~ 4, for in-
stance, is very similar to the active region of
steady noise shown in Russell’s Figure 4. The
major difference is an onset time ~06 hours in
Figure 7 compared with ~04 hours for the
Russell data. This discrepancy may result from
the higher level of magnetic activity that char-
acterizes the Russell data sample. A similar
shift to earlier onset times for disturbed mag-
netic conditions has been seen in emissions
recorded at high-latitude ground stations [Laas-
pere et al., 1964].

The occurrence of VLF emissions has been
measured at low altitudes by Injun 3 [Taylor
and Gurnett, 1968]. Many of the features dis-
cussed in connection with Figure 7 appear in
their map of invariant latitude versus local
mean time, including the sudden onset near 06
hours, the active day region from 06 to 14
hours, and the quiet nightside. However, little
activity is shown at invariant latitudes greater
than 75° or B, ~ 9 near the noon meridian.
One explanation is the diminished sensitivity
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of the Injun 3 receiver at the low frequencies
where the emissions at high R, are most likely
to occur. Another is that the burst-like nature
of the emissions at high R, will tend to reduce
the occurrence index even though the intensity
may be high.

Intensities from the two receivers have been
compared at L = 5, where a peak in intensity
appeared in Injun 3 data in the sector 06 <
LMT < 13 [Gurnett and O’Brien, 1964]. Com-
pensation for the frequemcy response of the
Injun 3 receiver and for the estimated refrac-
tive index at both satellites shows that both
OGO 1 and Injun 3 observe approximately the
same power denmsity at this L value. Because
of the strong convergence of magnetic fieldlines,
we might expect the power density to increase
markedly with latitude (by a factor of roughly
100 from the equator to 1000 km altitude at
L = 5). The fact that it does not may indicate
the presence of attenuation factors.

Modes of propagation. Tt is possible for
emission energy to be confined to field-aligned
irregularities (ducts) or to be loosely guided
along the magnetic field in the ‘nonducted’ mode.
Evidence for the latter hypothesis is the con-
tinuity of the emissions and the absence of
localized spatial variations in the spectrum, as
shown in Figure 3. Evidence for ducting is the
occurrence of localized variations in intensity
and spectrum. Enhancements of emission in-
tensity of as much as 13 db have been observed
over distances AR, ~ 0.06, the same equatorial
duct width estimated by Smith and Angerami
[1968] from whistler studies. We conclude that
propagation of emissions to the satellite prob-
ably occurs in both ducted and nonducted
modes, just as in the case of whistlers.

Wideband intensity. An average wideband
emission intensity may be obtained by integrat-
ing the magnetic spectral density over the
spectrum and over all local times. Based on the
previous conclusions, estimates of the measured
wideband intensity were made from Figure 7 as
discussed in the Appendix. The estimated ac-
curacy of the resulting wideband noise intensi-
ties is =10 db and their range is given in Table
2 versus R,. Also shown are the field intensities
required by Kennel and Petschek [1966] to
explain the maximum flux of trapped electrons.

At each radial distance the required intensity
falls within the range estimated from the data,
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TABLE 2. Integrated Emission Intensities

R, 4 5 6 7

Integrated
intensity,
milligammas

6to 60 1.7 to 17 1.5 to 15 1.4 to 14

Kennel and

Petschek

required 20 10 8 6
intensity,

milligammas

thus giving support to the Kennel-Petschek
theory. However, the range of uncertainty of
both the theoretical and experimental estimates
is too large to provide a convincing test. Simul-
taneous particle and wave intensity data should
be used in further comparisons of this type.

APPENDIX

Derivation of the wideband magnetic in-
tensity. (1) From Figure 7 the intensities at
a given R, were converted to linear values and
averaged over all local times, empty boxes be-
ing filled with estimates based on the surround-
ing values. (2) This average over local time of
peak values was then reduced to an average
intensity by subtracting 12 db at R, = 4 (as-
sumed to be inside the knee) and 17 db at
R, > 5 (assumed to be outside the knee) as
discussed later. (3) The contribution to the
wideband intensity for frequencies above 0.3
kHz was included by assuming that the emis-
sion intensity was measured at 0.3 kHz and
that the intensity in gammas was proportional
to (frequency)~®, the typical spectral shape as
discussed under ‘Typical Emissions.’ (4) The
contribution below 300 Hz was included by
assuming a constant intensity between 100 and
300 Hz, an assumption in accord with pre-
liminary data from the OGO 3 search-coil
magnetometer [Russell et al., 1968], which in-
dicates that signals are strongest in the range
100-300 Hz. (5) The resulting intensity values
were increased by 3 db to account for the dif-
ference between noise bandwidth and the as-
sumed 3-db bandwidth of the sweeping re-
ceivers. Note that assumptions 3 and 4 together
are equivalent to assuming a total effective
bandwidth of 300 Hz, which is also a not un-
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reasonable estimate of the bandwidth of a
discrete emission. This effective bandwidth is
not particularly sensitive to the choice of
spectral shape. Assuming the intensity to be
proportional to f™* rather than f~ results in &
change in wideband intensity of only 2 db.

Peak versus mean intensity. The relation-
ship between the peak and mean intensity may
be obtained from the distribution of the in-
tensity about the mean and the spatial and
temporal variations of the mean. Data were
obtained during a period when the mean was
approximately constant. The resulting number
of samples versus intensity decreases so rapidly
near the peak intensity that the difference of
8 db between peak and mean values is es-
sentially independent of the number of samples.

Spatial and temporal variations were esti-
mated from a satellite pass covering 2 < R, <
10 on the dayside. The maxima were found to
lie ~4 and ~9 db above the mean inside and
outside the plasmasphere, respectively. Conse-
quently the difference between mean and peak
values is ~12 db inside and ~17 db outside
the plasmasphere.
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