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An ELF hiss band with characteristics not previously identified has been observed in data
from the Stanford University VLF experiment on Ogo 4. The band exhibits the typical low-
frequency cutoff characteristic of downward-propagating hiss and also a peculiar upper cutoff
in the vicinity of 600 Hz, which is nearly independent of the satellite altitude (~430 to 900
km) and latitude above ~15°. This band-limited ELF hiss (BLH) is observed from ~10°
up to 55° dipole latitude, where the nearly constant upper cutoff and the increasing (with
latitude) lower cutoff merge. Around ~10° dipole latitude, the BLH exhibits a sloping upper
cutoff decreasing in frequency toward the equator (equatorial erosion). The BLH is seen most
frequently from ~0600 to ~2200 LT, although some examples have been found between 0200
and 0500 LT, with less intensity. In the range 0 to 3 kHz and up to ~55° dipole latitude, the
BLH is the strongest signal observed. Its peak amplitude may reach 2 X 10 4*/Hz between
40° and 50° dipole latitude during daytime (~1000 LT), After prolonged periods of low mag-
netic activity (Kp < 2), the upper cutoff may decrease to as low as 420 Hz but recovers
about one day after a sharp increase in magnetic activity, such as a sudden commencement.
The decrease and smearing of the lower cutoff of the background hiss, observed at latitudes
greater than about 58°, is an indication of the light ion trough. A source location in the
equatorial region near L = 4 was found adequate to explain the characteristics of the BLH,
as well as some of the observations of ELF hiss previously reported. Two possible generation
mechanisms are briefly examined (Cerenkov and Doppler-shifted cyclotron), but for either a
certain amount of emission coherency or amplification is necessary to obtain the observed
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power fluxes.

ELF hiss or continuous noise in the range of
a few hundred Hz up to about 2 or 3 kHz has
been observed in the magnetosphere and re-
ported by a number of authors [Guthart et al ,
1968; Taylor and Gurnett, 1968; Gurnett and
Burns, 1968; Russell et al , 1969; Dunckel and
Helliwell, 1969; Mosier, 1971]. Their work,
however, deals almost exclusively with high-
latitude or high-altitude events.

In this paper, we present and discuss observa-
tions of ELF hiss using data from the Stanford
University VLF experiment flown on the Ogo
4 satellite (~430- to 900-km altitude) and
covering the whole range between =+84° in-
variant latitudes. Analysis of real-time spectro-
gram data acquired at the Rosman, North Caro-
lina, and Quito and Santiago, South America,
telemetry stations from September 1967 to
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March 1968 revealed the occurrence of a hiss
band with characteristics not previously identi-
fied. The band is seen from low to medium
latitudes and will be referred to as band-limited
ELF hiss (BLH). Examination of several ree-
ords from the telemetry stations at Johannes-
burg, South Africa, and Orroral, Australia, also
revealed the same kind of hiss, but a more
thorough analysis of data from these stations
has yet to be conducted.

Furthermore, amplitude information from the
digital-stepping sweeping receivers of the same
experiment was gathered from 14 satellite passes
extending the range to =84° invariant latitude.
However, the results and conclusions from this
sample are to be considered preliminary until
a more extensive study can be undertaken.

On the basis of wave-propagation properties,
it is proposed that the BLH is generated at
large wave normal angles in the equatorial re-
gion near L = 4. This model can be used to
explain the characteristics of the BLH and also
to interpret previous observations of ELF hiss
reported by Russell et al. [1969] and Mosier
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[1971]. Two mechanisms for the generation of
the BLH based on radiation from energetic
electrons are considered. However, in order to
explain the observed intensities, some form of
wave growth or a coherency mechanism has to
be invoked.

OBSERVATIONS

The ELF hiss detected by Ogo 4 exhibits the
typical low-frequency cutoff described by Gur-
nett and Burns [1968] and attributed to the
two-ion cutoff in the dispersion relation. It also
shows the following remarkable characteristics
illustrated in the spectrograms of Figure 1:

1. A high-intensity hiss band is present at
low to medium latitudes below ~600 Hz (BLH).
Although there is hiss extending up to 2.0 or
30 kHz, it is not as strong or steady as the
BLH, at least in the latitude range shown.

2. The upper cutoff of the BLH, in the
vicinity of 600 Hz, seems to be independent of
latitude and is virtually the same in both hemi-
spheres.

3. The ‘equatorial erosion’ or sloping up-
per cutoff decreases in frequency toward the
equator, near +=10° dipole latitude. It affects
both the BLH and the hiss above its upper
cutoff.

Muzzio AND ANGERAMI

A similar equatorial erosion effect has been
previously observed in whistlers, but, according
to Scarabucci [1970], it is produced mainly by
absorption in the lower ionosphere. There are
examples of simultaneous occurrences of erosion
in the BLH and in whistlers, although the fre-
quency ranges are different. Also the BLH some-
times exhibits the erosion and the whistlers do
not.

The upper and lower cutoffs of the BLH
taken from the spectrograms shown in Figure 1
are plotted versus the absolute value of dipole
latitude in Figure 2. Although the lower cutoff
is markedly lower in the southern hemisphere
(because of the lower values of local magnetic
field near the South Atlantic anomaly), the
upper cutoff remains essentially the same at
both hemispheres.

Figure 3 depicts two other spectrograms simi-
lar to the ones in Figure 1 but recorded at
higher latitudes by the Rosman telemetry sta-
tion. Hiss and chorus up to ~2 kHz beyond 65°
invariant latitude can be seen. On this record,
the BLH is observed up to ~55° invariant
latitude, where the upper and lower cutoffs
merge. Above this latitude, the lower cutoff can
still be seen in the background hiss until its
gradual disappearance around 58° invariant

QUI PLUS SNT 0GO-4 18 FEB 1968

FREQUENCY (kHz)

ELF CHANNEL

ALTITUDE * 445 km

Fig. 1. Frequency versus time spectrograms of Ogo 4 ELF and VLF data recorded at Quito
and Santiago, showing the ELF band-limited hiss (BLH) at the northern and southern hemi-
spheres. The BLH is the strong hiss band below ~600 Hz. The lower panel (0-125 kHz) cor-
responds to the ELF receiver, which has a lower cutcff at ~15 Hz and a gradual upper cutoff
between 300 and 1000 Hz. The upper panel (0-3.125 kHz) corresponds to a part of the VLF
receiver bandwidth that covers the range 0.3-12.5 kHz. Clearly visible are the sloping upper
cutoff or equatorial erosion around =+10° dipole latitude and the upper cutoff of the BLH,
which is essentially independent of magnetic latitude and lies in the vicinity of 600 Hz. The
lower cutoff corresponds to the familiar two-ion cutoff for downward-propagating waves. For
this pass, the satellite altitude varied from 418 to 564 km. Interference lines from inverters
aboard the satellite are seen at multiples of 400 Hz.
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Fig. 2. Values of upper and lower cutoffs of
the BLH shown in the spectrogram of Figure 1
plotted versus the modulus of dipole latitude. Al-
though the lower cutoffs at conjugate latitudes are
markedly different, mainly because of differences
in the local magnetic field intensity, the upper
cutoffs are essentially the same.

latitude. This disappearance of the lower cutoff
is consistent with the reported decrease in the
H* relative concentration at high latitudes
[Taylor et al., 1969], which causes large varia-
tions in the polarization of the wave with height
and consequently greatly increases the proba-
bility of coupling of downcoming waves around
the crossover altitude [Wang, 1971; Rodriguez
and Gurnett, 1971; Gurnett et al., 1965; Jones,
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1969]. The same phenomenon is observed in
Figure 5 of Rodriguez and Gurnett [1971]. The
light-ion trough seems to be a manifestation of
the plasmapause. In this case, the decrease and
smearing of the lower cutoff of the ELF hiss
can provide a convenient way of determining
the plasmapause location.

In what follows, we will be discussing mostly
the properties and characteristics of the BLH.
Zxamination of 270 occurrences (from spectro-
grams of the Ogo 4 broadband receivers) of hiss
between September 1967 and March 1968 from
Rosman, Quito, and Santiago revealed the fol-
lowing characteristics:

1. The BLH was seen in nearly all passes
between 0600 and 2200 LT. It was not observed
in the broadband data after ~2300 L'T, although
a few examples were found in the digital data
(with smaller amplitude). Until a more exten-
sive examination of the digital data is com-
pleted, no definitive conclusion can be drawn
about the times of occurrence. At this point it
can be said that the phenomenon is more
common during local daytime.

2. The equatorial erosion is present in all
records that cover the region around =10°
dipole latitude, and there is a marked symmetry
in the phenomenon with respect to the magnetic
equator.

ROS 0GO-4 6 JAN 1968
2II£’>I uT

VLF CHANNEL

LLELEELRL

40° 35° INV. LAT.

| | | |

ELF CHANNEL

ALTITUDE : 876 km

2uio
> | | |
2 65° 60° 55°
w
3 I I I
w 1,250—
& =

0:

Fig. 3.

Spectrograms similar to the ones in Figure 1 but recorded at higher latitude in

Rosman, North Carolina. The BLH is again clearly visible up to ~55° invariant latitude,
where the lower and upper cutoffs merge. The gradual disappearance of the lower cutoff of
the hiss between 58° and 60° is probably due to the H* ion depletion reportedly observed at
the plasmapause and could provide an additional way of determining its location. The altitude

range in this pass is from 880 to 852 km.
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3. The upper cutoff of the BLH in the
vicinity of 600 Hz is nearly independent of
satellite latitude above ~15°, and its sharpness
shows variations from pass to pass. However, in
~409%, of the passes examined, the sharpness
is comparable to that in Figures 1 and 3. After
prolonged periods of low magnetic activity, the
upper cutoff frequency decreases to values as
low as 420 Hz but recovers about one day
after a sharp increase in activity (such as a
sudden commencement). Figure 4 illustrates the
change in upper cutoff after the quiet period
from March 7 to 9, 1968. The spectrogram on
the left (March 2) is typical of the period indi-
cated from March 1 to 6 and has an upper
cutoff of ~590 Hz. The spectrogram in the
center (March 10) shows the lowering of the
upper cutoff to ~470 Hz after three days of
low activity (Kp < 2), and finally the one on
the right shows the recovery of the upper cutoff
to ~550 Hz one day after a sudden commence-
ment. Similar decreases of the upper cutoff fre-
quency have been observed during other calm
periods (around November 18 and December
13, 1967).

Table 1 shows the average values of upper
cutoff from Rosman and Santiago data during
the months of January and March 1968 These
data were selected from the cases of sharpest
upper cutoff, excluding the periods of extremely
low magnetic activity, such as the days pre-
ceding March 10 (see Figure 4). The table also
shows the standard deviations (o) and solar
zenith angles (x) for two approximately con-
jugate points (*35° dipole latitude). The
months of January and March were chosen in
order to provide a variety of ionospheric 1llumi-
nation conditions at both stations (as can be
seen by the values of x). The closeness between
the resulting average values of upper cutoff
frequency, plus the fact that near Santiago the
geomagnetic field intensity 1s ~259% lower than
near Rosman, indicates a lack of control of the
upper cutoff frequency by the local 10nosphere.
Although the uncertainties involved in the de-
termination of the cutoff frequency from the
speetrograms are of the order of 3%, the aver-
age values for Rosman were consistently higher
than those for Santiago (2.9% in January and
3.79 1n March). This small difference may be
attributed to the slight increase in upper cutoff
with latitude, which will be discussed later.

Muzzio AND ANGERAMI

As was mentioned in the introduction, some
measurements of the amplitude of the signals
were made by using data from the sweeping re-
ceivers of Ogo 4. These receivers cover three
consecutive bands. Band 1, used here, has a
bandwidth of 40 Hz and sweeps through 256
steps in the frequency range 0.15 to 1.54 kHz
every 73.6 sec in the low bit rate (4 kb/sec).
This information is recorded on magnetic tape
aboard the satelhite and can be transmitted to
the ground on ecommand from the telemetry
stations, providing measurements along a full
orbit (for more details on the experiment, see
Rorden et al. [1966]). The quantity measured
is the magnetic field B of the waves, and Fig-
ure 5 shows an example of such a measurement
for the pass illustrated in Figure 1. The upper
panel shows part of the spectrogram of Fig-
ure 1 contaming the erosion on the northern-
hemisphere side. The time scale here is expanded
in relation to Figure 1, and the diagonal straight
line across the spectrum represents the sweep of
the band 1 sweeping receiver shown in the
lower panel. The corresponding amplitude, in
decibels below 1 y, versus frequency shows the
variation in signal strength across the two cut-
offs (A and B) and the erosion (C). The spikes
identified as interference appear usually at multi-
ples of 400 Hz and are caused by inverters
aboard the satellite. Along the sweep repro-
duced in the figure, the interference at 400 Hz
is not seen. However, in the spectrogram, the
lines at 400 Hz and 800 Hz can be easily identi-
fied. The noise level of the band 1 sweeping
receiver varies from —60 db y (2.5 X 107° y*/Hz)
at 200 Hz to —97 db y (5 x 107 y°/Hz) at
1500 Hz. The bump at 200 Hz seems to be real,
since it 15 only observed at low latitudes, but it
has not been interpreted yet.

In order to have a sample of how the ampli-
tude of the noise varies with latitude, measure-
ments were made along four orbits covering a
range of +84° to —84° invariant latitude. Two
of the passes were on February 18, and the
other two on Fcbruary 22, 1968. The result,
plotted in units of y°/Hz versus invariant lati-
tude, appears in Figures 6a and b. For each of
the orbits, the amplitudes at three sets of fre-
quencies were chosen for illustration: 600 Hz
(immediately above the BLH) represented by
dashed lines, 1000 Hz represented by continuous
lines, and the frequency of maximum intensity
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Fig. 4. Tllustration of the decrease of the upper cutoff of the BLH after periods of low
magnetic activity. The spectrograms (0-125 kHz) were made from broadband data recorded
at Santiago between —29° and—35° dipole latitude during March 1968. In the spectrogram
at the left, recorded during a moderately active day (March 2), the arrow indicates an upper
cutoff of ~590 Hz. Comparable values of upper cutoff were also found on March 1, 3, and 6,
as ig indicated by the vertical bars below the Kp index scale. The spectrogram in the center
(March 10) shows the decrease of the upper cutoff to ~470 Hz (also observed on March 9)
after three days of low activity (Kp < 2). Notice the time lag of approximately one day
between this spectrogram and the low Kp period. Finally, the spectrogram at right shows the
recovery of the upper cutoff to ~550 Hz one day after a sudden commencement.

in the BLH represented by dash-dot lines. Three
of the four passes in Figure 6 do not show re-
cordings of amplitude for the whole range of
latitudes covered by the satellite owing to
changes in the mode of operation of the space-
craft.

The equatorial erosion is clearly visible and
amounts to attenuations of 20 to 33 db (at 600
Hz) between two consecutive sweeps, corre-
sponding to a change in latitude of about 4°.
The maximum intensities at 600 Hz and 1000
Hz occur in the vicinity of =60° invariant lati-
tude and may be of the order of 10 y°/Ha.

TABLE 1.

Beyond =+70°, the intensities decrease quite
rapidly, and at approximately +=84° the back-
ground noise levels of the receiver are attained.
In the range of 0 to 3 kHz and up to ~55°
latitude, the BLH is the strongest signal ob-
served.

In Figure 6b the maximum intensity of the
BLH for the pass of February 22 in the south-
ern hemisphere increases from —30° to —46°
invariant latitude, where it peaks at ~2 x 10™
v'/Hz. A sample of the range of intensities at
10 kHz and at the frequency of maximum
amplitude in the BLH as a function of local

Upper Cutoft Frequency of the BLH

January 1968, 1330 LT

March 1968, 0800 LT

Avg. Upper Cutoff,
Hz

Avg. Upper Cutoff,

Station o, Hz x  No. Cases Hz g, Hz x  No. Cases
ROS 582 7 40° 13 591 12 63° 11
SNT 565 19 32° 13 569 15 70° 12




1162
Qul

1.25—

Muvuzzi0 AND ANGERAMI
0GO-4 I8 FEB 1968
l5‘.5|6 uT

FREQUENCY {kH2)

RERRRARNN

O

0 D
INTERFERENCE
<« (Inverters)

dBT

]
~
(@)

|

-=—INTERFERENCE

| | | !
02 04 06 08 1.0 .2
f (kHz)

Fig. 5. Measurement of the hiss amplitude from the band 1 sweeping receiver on Ogo 4.
The upper panel shows part of the spectrogram of Figure 1 containing the erosion on the
northern hemisphere side. The time scale is expanded in relation to Figure 1, and the diagonal
straight line across the spectrum represents the sweep of the band 1 receiver shown in the
lower panel. This receiver sweeps a frequency range of 150 to 1540 Hz in 736 sec in the
4-kb/s mode. Its bandwidth is 40 Hz, and the amplitude variation of the magnetic field B of
the waves is represented in decibels below 1 . The BLH is seen between cutoffs A and B, and
cutoff C illustrates the effects of the erosion on the higher-frequency hiss. The interference at
12 kHz, clearly visible in the sweeping receiver data, is above the upper cutoff of the ELF
broadband receiver and is not seen in the upper panel.

time was taken from 14 Ogo 4 passes between
December 27, 1967, and April 15, 1968, and is
shown in Figure 7. The four groups of values
correspond to longitude ranges of —40° to —84°
(values around 1000 LT and 2200 LT) and
115° to 128° (values around 0400 LT and 1600
LT). The four passes of Figures 6a¢ and b are
represented in the group around 1000 LT in
Figure 7. The amplitudes at 1.0 kHz were taken
in the same latitude range as the BLH in each
pass. This range is limited by the merging of the
increasing lower cutoff and the essentially steady
upper cutoff, already illustrated in Figure 3.

For a given satellite altitude, the lower cutoff
frequency inereases with latitude because of the
corresponding increase in local magnetic field.
(At higher altitudes, the lower cutoff should
occur at lower frequencies, and the observation
of the BLH would then extend to higher Iati-
tudes.)

Discussion

The symmetry of both the erosion and the
upper cutoff in relation to the magnetic equator
suggests that the BLH is generated near the
equatorial plane. Since the above properties are
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Fig. 6a. Intensity of the hiss in v*/Hz (which gives a measure of the power flux) versus
invariant latitude for two satellite passes in February 1968. Continuous lines correspond to
1.0 kHz, dashed lines to 0.6 kHz, and dash-dot lines to the maximum intensity of the BLH.
The gaps in the latitude coverage correspond to changes in the operating mode of the satel-

lite. The erosion (at ~10° dipole latitude) corresponds to attenuation of 20 to 33 db between
consecutive sweeps (~4° in latitude).
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Fig. 6b. Similar to Figure 6a for two other passes on the same days. The hiss above the
BLH peaks around +60° invariant latitude, but the BLH itself seems to peak between —40°
and —50° invariant latitude. In these four passes, the longitudes range from 40°W to 84°W,
where the South Atlantic anomaly decreases the gcomagnetic field in the southern hemisphere.
This decreases the lower cutoff of the BLH and permits it to be seen up to ~—>50° invariant
latitude, whereas in the northern hemisphere the limit is ~40° invariant latitude.
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Fig. 7. Variation of hiss intensity with local time taken from sweeping receiver data cor-
responding to 14 Ogo 4 passes. The dash-dot lines correspond to the range of maximum in-
tensity of the BLH (on both hemispheres), and the continuous lines represent the range of
intensities at 1.0 kHz in the same latitudes where the BLH is seen. The BLH seems to peak

may contain data from more than one pass).

independent of local ionospheric conditions and
satellite altitude, the source is expected to be
quite far away from the Ogo 4 orbit.

A comparison with the observations and con-
clusions of previous papers on ELF hiss is
restricted by the fact that most of them deal
with high-latitude and/or high-altitude hiss.
Guthart et al. [1968] interpreted the ELF hiss
observed on Ogo 2 in terms of electrostatic
waves. However, for an amplitude of —50 db y
(on a 40-Hz bandwidth), they need an electro-
static field of 40 v/m. On the other hand, our
data indicate maximum intensities of 2 X 10~
¥'/Hz (—21 db y on the same bandwidth; see
Figure 6a), which would require electric fields
of the order of 1000 v/m. Since electric fields of
this order have not been directly observed, it
seems appropriate to disregard that interpreta-
tion.

Gurnett and Burns [1968] report observa-
tions of ELF liss for invariant latitudes larger

around 1000 LT, where the four passes of Figures 6a and b are represented (each vertical line

than 35° and, from the description of the lower
cutoff mechanism, conclude that the source of
this kind of emission must be above 3000-km
altitude. Although these authors did not mention
the occurrence of the BLH, examination of their
Figure 3 suggests its presence below ~600 Hz.

Using data from Ogo 3, Russell et al. [1969]
studied the spacial extent of ELF noise and
concluded that steady noise is most common on
the dayside of the magnetosphere within L = 6.
Their strongest amplitudes of steady signal
(>4 volts in the 100-, 300-, or 800-Hz channels)
showed a marked day-night asymmetry and
were seen more frequently within L = 5, except
between ~40 and 50° dipole latitude, where
high rates of occurrence were found as far out
as L = 9 or 10. These authors did not report
measurements below L = 2. From the intensity
of these signals, they concluded that ‘on the
dayside at low L values, the steady signals may
be generated almost anywhere along a field line
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up to 40° magnetic latitude, but at high L
values on the dayside the signals must be gen-
erated in the range 40° to 50°’

Reporting on data from Ogo 1, Dunckel and
Helliwell [1969] observed ELF hiss of relatively
constant intensity from 0.3 kHz to as high as
3 kHz, and from L = 2.5 up to the vicinity
of the plasmapause (L = 4). Maximum inten-
sities in the vicinity of the equatorial plane
occur between 06 and 16 LMT from L = 2.5
up to approximately L = 4, extending to L =
5.5 in the sector between 10 and 12 LMT. These
maximum intensities are 16 db above 10° ¢
Hz™ On the basis of the variation of upper
cutoff with latitude, these authors concluded
that the signals are generated close to the equa-
torial plane.

Studying the direction of the Poynting flux
of ELF hiss with the Injun 5 satellite in the
region 677- to 2528-km altitude and 35° to 75°
invariant latitude (in the northern hemisphere),
Moster [1971] concluded that the hiss is gen-
erated outside the plasmasphere and propagates
across the plasmapause at altitudes probably
below ~2500 km. This conclusion is based on
his observations of upgoing hiss at L < 4.

The possibilities offered by an equatorial
source can be tested by using ray-tracing tech-
niques. The results, as described in the following
sections, are used to interpret the several char-
acteristics of the BLH, the observations of ELF
hiss outside the plasmapause between 40° and
50° reported by Russell et al. [1969], and also
some of the Poynting-flux measurements of
Mosier [1971]. In these ray tracings, the iono-
sphere model used is in diffusive equilibrium
along magnetic field lines and describes quite
well the daytime equatorial anomaly in the elec-
tron density.

Accessibility to low latitudes. Figures 8a, b,
and ¢ show ray paths for a frequency of 600 Hz
starting at L = 3 in the equatorial plane for
several values of the initial wave normal angle
¢« The wave normal angle ¢ is measured from
the magnetic field direction so that |¢| < 90°,
and is positive when the wave normal points
toward lower L shells. The field line represented
at L = 4 marks the position of a simulated
plasmapause obtained by smoothly decreasing
the electron density by a factor of 10 across a
AL = 023.

The lower hybrid resonance (LHR) frequency
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Fig. 8a. Ray paths of 600-Hz waves starting
in the equatorial plane at L = 3 for different
values of the initial wave normal angle y: (the
wave normal angle is counted from the geomag-
netic field direction and is positive when the wave
normal points toward lower L shells) obtained by
ray tracings. The field line at L — 4 marks the
position of a simulated plasmapause obtained by
smoothly decreasing the electron density by a
factor of 10 across a AL == 023. The rays cor-
responding to y: between 40° and 50° escape from
the plasmasphere.

at L = 3 in the equatorial plane is ~750 Hz,
and so the refractive index surface at 600 Hz
is closed. After the waves leave the equatorial
plane, the behavior of the wave normal angle
depends on its initial value, in a manner con-
sistent with that shown by Thorne and Kennel
[1967]. In the present case, if ¢, < 50° (Fig-
ure 8a), ¢ decreases continuously until it
reaches —90°, at which point the rays are re-
fracted upward.

For ¢, > 55°, ¢ first decreases, reaches a
minimum value, and then increases again. In
addition, with increasing y,, the minimum value
of ¢ also increases, and the point at which this
minimum occurs approaches the equator.

If ¢ > 70°, the minimum wave normal angle
is reached so close to the equator that ¢ may
be able to increase up to +90°, when the rays
will be refracted inward, producing the kind of
ray paths illustrated in Figure 8b. For these
ray paths, each time the equatorial plane is
crossed the wave normal moves closer to the
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geomagnetic field direction (i decreases) and it
may happen that, after a few zig-zags, the
equatorial value of ¢ will be so low as to cause
the next refraction to be upward (as for ¢, =
70° in Figure 8b after the first refraction). If
the initial wave normal angle is large enough
(¢« > 75° in the figure), the rays will bounce
back and forth across the equatorial plane on
their way down, and these are the only rays
capable of reaching latitudes less than ~30°
(Figures 8b and c¢; the wave normals corre-
sponding to ¢, = 70° and 75° are indicated by
arrows in Figure 8b). Although the initial wave
normal angles have to be large, the wave normal
angles at low altitudes will be influenced by the
ionospheric density gradients and can assume
different values.

Erosion. In order to understand the distri-
bution of energy around the equator, ray trac-
ings were made at intervals Ay, = 0.1° from

Fig. 85. Similar to Figure 8¢, but with initial
wave normal angles increasing from 70° to 85°.
The arrows represent wave normals in the ray
paths corresponding to ¥: = 70° and 75°, where
the decrease in wave normal angle at the second
equator crossing can be seen. This decrease may
prevent the corresponding ray from attaining
Ogo 4 altitudes (as for ¥« = 70°). For large
enough y¥. (>75° in this case), the rays will reach
the ionosphere following ‘zig-zag’ paths, and these
are the only ones that can reach lower latitudes.
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Fig. 8¢. Similar to Figures 8a and b, but for ¥
= 86° and 89°.

85.5° up to 89°. Two frequencies were used,
500 and 600 Hz, and the results are plotted in
Figure 9 as latitudes of arrival (at 700-km alti-
tude) versus initial wave normal angles. The
points distribute themselves in two groups on
both sides of the equator, and for a uniform
increase in , there are sudden jumps from one
hemisphere to the other. This defocusing effect
produces an attenuation of signals across the
equator, as observed in the satellite recordings.
It is possible to make a rough estimate of the
relative intensity of the signals by assuming
that the intensity is inversely proportional to
the spacing between adjacent points. For the
distribution of points in Figure 9, the result is
shown in Figure 10, where intensities (on an
arbitrary linear scale)} are plotted versus the
absolute value of dipole latitude. The irregulari-
ties in the resulting curves are due to the utiliza-
tion of the discrete (and small) number of points
from Figure 9. If a larger number of points had
been used, the curves of Figure 10 would be
smoother and their slope would be steeper.
Nonetheless, from ~10° to ~17°, the intensity
for 500 Hz is consistently higher than the one
for 600 Hz, and a receiver with a constant
threshold sensitivity in this range of frequencies
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(as in Ogo 4) would observe an erosion as in
Figure 1.

Upper cutoff. Another characteristic of the
BLH reported here is the apparent constancy
of the upper cutoff frequency observed in spec-
trograms from the broadband receivers. How-
ever, when examining the amplitude data from
the sweeping receivers, one sometimes notices a
slight displacement (variable from pass to pass)
of the upper cutoff toward higher frequencies
with increasing latitudes. This displacement is,
however, much smaller than the corresponding
variation of the lower cutoff. To illustrate that
displacement, the output of the band 1 sweep-
ing receiver corresponding to parts of three
Ogo 4 passes is shown in Figure 11. For each
of the passes, the consecutive sweeps are shown
closely spaced in order to enhance their dif-
ferences, Latitudes increase toward the bottom
of the figure, and the mentioned displacement
is quite noticeable, mainly in the pass at 2200
LT, February 22, The sharpness of the upper
cutoff is also variable, and for the pass of
December 27 it has a slope ranging from 8 to
15 db/100 Hz. In the sample of 14 passes ex-
amined, this slope varied between 8 and 20
db/100 Hz, whereas the lower cutoff was usually
steeper (between 15 and 50 db/100 Hz).
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The upper cutoff of the BLH can also be
understood if the source is in the equatorial
plane. The ray tracings of Figure 8, starting at
L = 3, were intended to illustrate the general
behavior of rays inside the plasmasphere, and
they indicate the need for large initial wave
normal angles in order to reach latitudes less
than ~30° at low altitudes. If the source alti-
tude is varied, however, the behavior of rays
will not differ much from those illustrated. In
the discussion of the erosion effect, it was men-
tioned that the refractive index surfaces cor-
responding to the waves propagating toward
lower L shells in Figure 8 were closed. (The
LHR frequency at L = 3 in the equatorial
plane is ~750 Hz.) It is necessary that the
surfaces be closed in order to produce the sud-
den refraction characteristic of the zig-zag ray
paths; otherwise the wave normal angle could
never attain 90°. When the frequency is in-
creased past the equatorial or initial value of
the LHR, the refractive index surfaces become
open in that region, but it is still possible to
generate zig-zag ray paths if the initial ratio
(f/fuzz) is not much greater than unity. This
is so because the rays will be moving away
from the equatorial plane approximately along
magnetic field lines, and the local magnetic field
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Fig. 9. Latitudes of arrival of rays, as in Figure 8, as a function of initial wave normal
angle y:. Two frequencies were used (500 and 600 Hz), and ¢: was varied in steps of 0.1°
from 85.5° up to 89°. The points distribute themselves in two groups on both sides of the
equator, which creates a defocusing effect, resulting in the observed erosion (see Figure 10).
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Fig. 10. Relative intensities (on a linear
scale) obtained from the distribution of points in
Figure 9 versus the modulus of dipole latitude.
The intensities are obtained by assuming that
they are inversely proportional to the spacing
between adjacent points, With a larger number of
points, the curves would be smoother and would
have a steeper slope. Nonetheless, from ~10° to
17°, the intensity for 500 Hz is consistently
higher than the intensity for 600 Hz, and a re-
ceiver with a more or less constant threshold
sensitivity in this range of frequencies (as in
Ogo 4) would observe an erosion as in Figure 1.

intensity will increase quite rapidly (and the
fuze with it). Soon a point will be reached
where the local fize becomes larger than the
wave frequency, and the refractive index sur-
faces will be closed again. From the results of
ray tracings with frequencies that obey the
above condition, it was found that when the
frequency is increased:

1. There is an increase in the minimum value
of initial wave normal angle (y:) necessary to
generate a zig-zag ray path down to Ogo 4 alti-
tudes.

2. For this minimum value of ¢, the latitude
of arrival of the rays also increases slightly.

However, as the frequency is increased above
the LHR frequency, the resonance angle (where
the refractive index u — o0 ) decreases. Actually,
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when , becomes larger than ¢, (defined as
the value of ¢ for which the product p cos ¢
is minimum), the rays begin to move toward
larger L shells and are not able to reach low
altitudes. If the source of the hiss is in the
equatorial plane, a low-altitude satellite like
Ogo 4 will observe an upper cutoff (some-
what above the LHR frequency at the gen-
erating region) that should increase slightly
with latitude. In the examples of Figure 8,
with the origin at L = 3, this upper cutoff
happens above 1 kHz. In order to obtain a
cutoff close to 600 Hz, the source has to be
moved to a higher altitude. If the source is
moved to L = 4, the equatorial value of the
LHR frequency is reduced to approximately
320 Hz. Some rays were actually traced for a
frequency of 600 Hz starting at that altitude,
and it was found impossible to make any rays
arrive at latitudes lower than 50° and low alti-
tudes. A source close to L = 4 would therefore
produce a hiss band with characteristics similar
to the observed BLH, and its upper cutoff

dB
14
-60 A\
/ - N -
- U U 1 ) - _I U ) 1 -
02 06 [Xe} 1.4 kHz o2 06 10 14 kHz
27 DEC 'e67 22 FEB '8
1536LT 2200LT

Fig. 11. Reproduction of band 1 sweeping re-
ceiver outputs for three Ogo 4 passes where the
BLH can be easily recognized as the large ampli-
tude bump below ~600 Hz. Subsequent sweeps
were reproduced closely spaced in order to en-
hance variations in the shape of the BLH. Lati-
tudes increase toward the bottom of the page,
and one can see a slight displacement of the upper
cutoff toward higher frequencies with increasing
latitudes. At the same time, the lower cutoff in-
creases by a much larger amount. The slope of
the upper cutoff is also somewhat variable. The
calibration curves on the upper left correspond to
—40 and —60 db +.
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would be essentially independent of the magnetic
latitude and local conditions at the satellite.

The observed decrease of the upper cutoff of
the BLH shown in Figure 4 would also be un-
derstood, in the context of the present inter-
pretation, as an outward drift of the generation
region during periods of very low magnetic
activity.

Leakage from plasmasphere. Transmission of
rays to regions outside the plasmasphere can
occur for initial wave normal angles ¢, varying
from 40° to 50° as shown in Figure 8a. This
result can be used to explain the observations
of Russell et al. [1969] of daytime occurrences
of ‘steady noise’ outside the plasmasphere be-
tween 40° and 50° dipole latitude. The rays
with ¢, < 40° are refracted back to the plas-
masphere by the steep density gradient that
constitutes the plasmapause and are trapped
inside. The ray path corresponding to ¢, = 55°
is bent downward, also by the gradient at the
plasmapause, and if ¢, > 55° the rays are
confined within the plasmasphere. Even when
the rays were started at higher altitudes, as
was mentioned in the preceding section, the
leakage to the outside across the plasmapause
could still be observed around ~45° dipole
latitude.

Direction of Poynting flux. In his study of
the direction of Poynting flux using data from
the Injun 5 satellite, Mosier [1971] reported
the occurrence of downgoing ELF hiss over a
range of invariant latitudes from ~40° to more
than 70° (across the plasmapause). The highest
invariant latitude at which he observed the
Poynting flux of the hiss directed upward was
about 60° (approximately the plasmapause lo-
cation), and during the daytime these occur-
rences were always above 1500 km. Again, from
the ray paths in Figure 8q, it can be concluded
that below ~3000 km and outside the plasma-
sphere the rays are always propagating down-
ward, but in the plasmasphere rays propagating
both downward and upward are encountered
(Figure 8b). If 70° < ¢ < 75°, for example,
some rays were traced that refracted upward
at altitudes as low as 2500 km. With a night-
time density model, this altitude was easily
lowered to 1200 km, using frequencies as high
as 900 Hz. As was mentioned before, the wave
normal angles at low altitudes are sensitive to
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density gradients and are therefore dependent
on the model used.

GENERATION MECHANISM

The characteristics of the BLH presented
and discussed in preceding sections suggest a
source location near the equatorial plane in
the vicinity of L = 4 and the necessity of large
initial wave normal angles. In this section, we
discuss briefly two generation mechanisms and
make a simple estimate of the energy levels
and particle numbers that can reproduce the
measured values of hiss intensity.

The two most popular radiation mechanisms
to explain VLF and ELF emissions from the
magnetosphere are Cerenkov and Doppler-
shifted cyclotron (DSC) radiation from elec-
trons trapped in the earth’s magnetic field
[Ellis, 1957 ; Gallet, 1959; Gallet and Helliwell,
1959; Dowden, 1962, 1963; McKenzie, 1963,
1967; Bell and Buneman, 1964; Brice, 1964;
Liemohn, 1965; Kennel, 1966; Kennel and
Thorne, 1967; Helliwell, 1967; Mansfield, 1967;
Jorgensen, 1968; Melrose, 1968; Russell and
Thorne, 1970; Trulsen and Fejer, 1970]. With-
out going into details on the radiation proc-
esses (see above references), the conditions
for Cerenkov (or Landau) and DSC resonance
between waves and electrons can be described
by the following expressions [Liemohn, 1965]:

ueos Yy = 1/8

for Cerenkov (or Landau) resonance, and

ucos ¢ = 1/8,[1 — m(fu/vD]

for DSC resonance. In these expressions, p is
the wave refractive index, ¢ is the wave normal
angle of the emitted radiation, B, is the parallel
component of the normalized particle velocity
(B = v/c), fa is the electron gyrofrequency, f
is the frequency of the radiation, y = (1 —
B*)™ accounts for relativistic effects, and m
is an integer (the case m = 0 corresponds to
the Cerenkov emission). When fuz/yf > 1, the
emission is either in the forward or the back-
ward hemisphere depending on the sign of the
integer m. If m < 0, the emission is in the for-
ward hemisphere (cos ¢ and B, of same sign),
and if m > 0 the emission is in the backward
hemisphere (cos ¢ and By of opposite signs),
as is illustrated in Figure 12.

For the range of frequencies encountered in
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Fig. 12. Relative positions of the parallel
component of the emitting electron velocity and
the wave normal in a magnetic meridian plane
for the case of Cerenkov or Landau resonance
(m = 0) and Doppler-shifted cyclotron reso-
nances (m = 0).

the BLH and the source location discussed here
(near L = 4), the product p cos ¢ can be as
low as 18, owing to the large wave normal
angles involved. If one considers the Cerenkov
process, the above expression for the condition
of resonance indicates electron energies of the
order of 1 kev. On the other hand, the DSC
mechanism will involve electron energies near
1 Mev.

Expressions for computing the power emitted
by a single electron on the Cerenkov and DSC
mechanisms can be found elsewhere [ Mansfield,
1967; Melrose, 1968; Trulsen and Fejer, 1970].
The quantity computed is the power radiated
per frequency interval (dP/df) as a function of
the particle velocity components v, and v,, re-
spectively, parallel and perpendicular to the
earth’s magnetic field, and the characteristics
of the medium. For a frequency of 400 Hz and
a wave normal ¢, = 87° in the equatorial
plane at L = 3.8, we found:

For the Cerenkov mechanism (electron energy,
0.56 kev):

dP/df = 4 X 107> watt/Hz

For the DSC mechanism (electron energy,
780 kev):

dP/df = 1 X 107* watt/Hz

The emitted power per electron is of the same
order of magnitude in both mechanisms. Frank
[1968] indicates omnidirectional electron fluxes
(0.3 to 3 kev) of 2 X 10° el/cm® sec around L
= 4. For the high-energy particles (£ > 500
kev), Vernov et al. [1969] indicate intensities
of about 6 X 10° el/cm® sec. Comparing these
two intensities and considering the differences
in particle velocities, the number density of
the low-energy electrons will be from 10* to 3
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X 10* times larger than that of the high-
energy electrons.

Taking the above value of dP/df obtained
for the Cerenkov emission mechanism, the
power flux emitted by a single electron can be
computed. By comparing this result with the
power fluxes measured by Ogo 4, the order of
magnitude of the number of emitting electrons
can be estimated. In a frequency interval Af,
each electron radiates through an annulus sub-
tending a wave normal angle Ay around ¢, but
only a small segment of this annulus, pointing
toward the earth, will contribute to the power
received by the satellite. Taking for instance a
segment of 2° (that is, considering wave nor-
mals slightly off the meridian plane) and mak-
ing the conservative assumption that only rays
starting inside this segment will propagate
down to Ogo 4 altitudes, it is possible to esti-
mate the area A4 illuminated by this segment
for a given Af and the corresponding Ay.
(The rays off the meridian plane were traced
utilizing a three-dimensional computer ray-trac-
ing program developed by F. Walter.) Taking
for Af the bandwidth of the band 1 sweeping
receiver (40 Hz), the area A4 is found to be

AAd = 36X 10" m’

which corresponds to an emitted power flux per
electron (Sg) of

Sz = 2.5 X 107*° watt/m?*

From the intensity found in the BLH at low
latitudes (~5 X 10 v*/Hz, Figures 6a and b)
and assuming a value of 50 for the refractive
index, the measured power flux on the same
40-Hz bandwidth is found to be of the order of

Sy = 4 X 107'° watt/m®

Assuming that the hiss is generated incoherently,
the ratio of these power fluxes gives the num-
ber of emitting electrons:

N = (84/8z5) = 1.6 X 10* electrons

It is easily verified that this is an excessively
large number, since even for a density of 10
el/em™ [ef. Schield and Frank, 1970], it cor-
responds to a volume greater than 10,000 mag-
netospheres. Therefore, some form of coherency
in the emission generation, or wave growth, is
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needed to produce the observed power fluxes.
It can easily be verified that similar require-
ments also hold for the Doppler-shifted cyclo-
tron generation. However, a detailed study of
the possibilities of wave growth in the DSC
mechanism is outside the scope of this work.
An excellent treatment qf the problem is given
by Russell and Thorne [1970], although these
authors emphasize small wave normal angles
and frequencies higher than in the BLH. A
greater knowledge of the low-energy electron
fluxes in the vicinities of the plasmapause and
their drifts with magnetic activity could provide
a test for comparison of the two emission mech-
anisms.

SUMMARY

Analysis of ELF and VLF data from the
Stanford University experiment aboard Ogo 4
from September 1967 to April 1968 revealed
some not yet identified features of a known ELF
hiss band. The principal features of this band
(BLH) are listed below.

1. The lower cutoff frequency increases
with latitude, typical of downward-propagating
hiss, and is attributed to the two-ion cutoff in
the dispersion relation [Gurnett and Burns,
1968].

2. The upper cutoff frequency is close to
600 Hz and seems to be essentially independent
of latitude above ~15° or 20° (Figure 1), al-
though sometimes it can show a slight increase
toward higher latitudes (see Figure 11). After
a prolonged period of low magnetic activity
(Kp < 2), the upper cutoff frequency may de-
crease to approximately 420 Hz but recovers
about one day after a sharp increase in Kp or
a sudden commencement (Figure 4). (The data
examined did not include any period of intense
magnetic activity, Kp > 6.)

3. The upper cutoff decreases in frequency
toward the equator near 10° dipole latitude
(equatorial erosion; Figure 1). The attenuation
rates in the region of erosion are in the range
of 20 to 33 db at 600 Hz for a latitude change
of ~4° (Figures 6a and b).

4. The latitude of occurrence extends from
~10° up to ~55° dipole latitude, where the
essentially constant upper cutoff and the in-
creasing lower cutoff merge (cf. Figure 3). This
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limiting latitude depends on the local magnetic
field intensity and the satellite altitude.

5. The most frequent times of occurrence
lie between 0600 and 2200 LT (when it showed
up in almost every Ogo 4 pass), although some
occurrences have been found between 0200 and
0500 LT (with less intensity).

6. The local ionosphere has no apparent
effect upon the upper cutoff frequency.

Between the latitudes of ~10° and ~55°,
the BLH contains the strongest signals in the
frequency range of 0 to 3 kHz. Its intensity
peaks between 40° and 50° dipole latitude and
may reach 2 X 10™ +*/Hz during daytime
(~1000 LT; see Figure 6b). The decrease
and smearing of the lower cutoff of the back-
ground hiss, observed above 58° invariant lati-
tude, is an indication of the light ion trough.

The characteristics of the BLH suggest a
source location in the equatorial region near
L = 4 and the need for large initial wave nor-
mal angles. This source location provides an
explanation of:

1. The presence of the BLH at low latitudes
and the equatorial erosion.

2. The nearly constant upper cutoff of the
BLH.

3. The daytime observation of hiss outside
the plasmapause between 40° and 50° latitude
reported by Russell et al. [1969].

4. Some observations of Poynting flux di-
rection reported by Mosier [1971].

The Cerenkov and Doppler-shifted cyclotron
(DSC) generation mechanisms from trapped
electrons are briefly examined as possible sources
of the BLH. For the frequency range in ques-
tion, the electron resonance energies are of the
order of 1 kev for the Cerenkov emission and
close to 1 Mev for the DSC emission, and the
power radiated by a single electron is compara-
ble in both mechanisms. In either case, how-
ever, some degree of coherency or amplification
is necessary to explain the observed power
fluxes. At this point, it is not clear which one
of the two emission processes is responsible for
the BLH, and a more detailed study of the low-
energy electron drifts with magnetic activity
could provide an answer.
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