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ABSTRACT

in experimental study of three new whistlers discovered in
the Injun IIT satellite VLF datz is presenied. These whistlers
era the riser, the check, and the hook whistler. They are con-
siderad unusual becsuse they do not follow the Eckersley law for
the propagation of VLF energy through the ionosphere. Reasons for
believing these VLF noises to be true VLF phenomena and that
they are whistlers rather than VLF emissions are presented.
These whistlers are characterized by the following: (l} The
riser whistler appears as a rising tone on & freguency-time
spectrogrem starting between 3 and 4 ke/s and extending to the
upper frequency cutoff of the Injun III VLF recelver (7.2 ke/s).
The total time length of the event is approximately 0.2 second.
The riser whistler is found predominantly at high altitudes
( > 1000 km) and always within 30 degrees of .the magnetic equator.
(2) The check whistler appears as a check on a freguency-time
spectrogram; the lowest frequency component is at approximately
5.5 ke/s snd the two sides of the check extend to the Injun III
VLF receiver cutoff freguency at 7.2 ke/s. The total time length of

the check whistler is spproximately .15 second. The check whistler




is found predominantly at high altitudes ( > 1300 km) and always
within 30 degrees of the magnetic eguator. (3) The hook whistler
appesrs on & frequency-time spectrogram as two discrete electron
whistlers joined at a frequency, usually less than 2 ke/s. The
time interval between components of the hook whistler has varied
Trom 0.012 sec to 0.20 sec in the cases studied. This whistler
has been explained by Shawhan in a recent paper as a single
lightning impulse, multiple path event. A brief outline of
longitudinal and transverse propagabtion of VLF energy through
the icnosphere is given with emphasis on a qualitative explanation
of the riser whistler.

A short section on the "nose" whistler, the subprotono-
spheric ?histler and the proton whistler, none of which ocbey the
Eckersley law for whistlers, is presented. Other unusual

whistler events observed with the satellite Injun III are also

presented.
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I. INTRODUCTION

A, Electromagnetic radistion in the audio-Trequency range
undergoes dispersion as it trawvels through the ienosphere, that
iz, different frequency components travel at different velocities.
In particular, a sharp impulse of energy, such as from a
lightning impulse, that has traveled a distance through the
ionosphere to an appropriate receiver will not be detected as

an impulse but as a gliding tone. Early reports of such gliding
tones received by ground-based very-low-Ireguency (VLF) radio
receivers were published by Barkhausen [1919] and Eckersley
[1925]. The frequencies they were working with were in the audio
range between about 1 and 8 ke/s. The VLF receivers used were
essentially sensitive audio amplifiers connected to long antennae.
These gliding tones always started at the high frequencies and
decreased continuously through the audio spectrum in a time
interval of seconds or less. though the cause of these tones,
or whistlers as they are commonly called, was unknown, Eckersley
[1935] was able to show that the delay time t of the frequency

component f could be written as

t = pe/2 (1)




where D is called the dispersion constant and is constant for any
particular whistler but varies from whistler to whistler. It was
also pointed out that occasionally a peir of whistlers would be
Tound where the dispersion of one was an integer times the dis-
persion of the other [Eckersley, 1935]. Because of the repeated
applicability of this relation, it became known as the Eckersley
lew for whistlers. Significeant departures from this law have been
observed for whistlers detected in the ilonosphere by the Injun III

satellite. It is these departures that we undertzke to study in

this paper.

BE. Previous Work on Non-Eckersley
Law Whistlers Recelved by Ground
Stations

Storey [1953] has shown the causal relation between
lightning and whistlers. He has also shown that whistlers can
be divided into broad categories: whistlers where the lightning
source and receiver are in the same hemisphere and whistlers that
have a source in the opposite hemisphere as the receiver. In
bovh cases the electromeagnetic energy, upon entering the
icnosphere, is guided approximately along the geomagnetic field
lines to a conjugate point in the opposite hemisphere where part of
ike energy may be reflected back toward the source and the part of

the energy may be transmitted to the ground. This echoing process




has produced long trains of whistlers with successive whistlers
in the train showing increased dispersion according tc the

relations

(en-1) D,

s

or

Ehu EDEE’ 0=l 2 5

where the first equation applies for receiver and source located
in the same hemisphere and the second for receiver and source
located in opposite hemispheres. D, is a dispersion constant for
& single transit across the magnetic equator and, for a single
whistler, will depend on the magnetic field line followed by
the whistler energy and on the electron densiiy along the path.
The whistlers received at mid-latitude (10° to 50°
latitude) VLF ground stations obeyed the Eckersley law, however,
when spectrograms from high-latitude stations became availsble
whistlers with guite different features were noted. Some
whistlers from these stations showed a tone with a frequency
component increasing with increasing time &s well as the more
usual component decreasing with time [Helliwell et &l., 1956].
The two components were Jjoined smoothly at some frequency of

minimun delay forming a '"nose" appearance on a fregquency-time




spectrogram; thus the name "nose whistler" (see Figure lec).

These whistlers can be easily explained within the framework

oT magnetoionic theory. If we assume propagation of the

whistler energy nearly parallel to the geomagnetlic Iield

(it was shown by Storey [1953] that, neglecting ion effects, the
VLF wave energy is required to propagate within a cone of half
angle ~ 19° to the magnetic field) it can be shown that the phase
index of refraction for a wave propagating through a plasma in

a right-hand polarized longitudinal mode is given approximately

by
A = (2)

agzain neglecting ion effects. In the above relation

w is the wave frequency,
T, is the electron plasma freguency,

ﬂE is the electron gyro-frequency.

The group velocity is related to the refractive index by

vg=c{n+mg—ﬂ}_l . (3)




Performing this operation on (2) and simplifying in the limit

of “e = ﬂe we obtain

EC“}{E {ﬂa ~ uﬂife
v o= ; (&)

& TIE ne

By teking derivatives it can be shown that the group velocity has

a maximum (time delay minimum) for
w o~ 1/ba . (5)

From (4) it can be seen that the group velocity goes to zero for
w=0 and w - ﬂe' This theory then, predicts correctly the
appearance of a nose whistler.

Eckersley type whistlers received by the satellite Injun III
are shown on a frequency-time spectrogram in Figure la. In
Figure 1b the Eckersley law, © f'lfe, is plotted for the short
fractional-hop and long fractional-hop whistlers in Figure la.
A spectrogram of a n;se whistler received by a high latitude
(71° S geomagnetic) ground station is shown in Figure lc (from
Helliwell [1965], p- 105). 3In Figure ld the time delay, proporticnal
to the inverse of the group velocity is plotted as a function of

freguency using equation (%) and an assumed Q_ of 10 ke/s.
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The low frequency limit to equation (4) is
1/2

2ci
° ) o? a<xa, (6)

vy ® ( m

Therefore the time delay, t (w), given by

d

n_ds
. ds 1L [ e ~1/2
s = J & - - Dz (1)
) v, T e J -7 "‘“el?E
ds
1 . ﬁé
where D = J
2 2 e
(En)lf Ecnelf

is proporticnal to the inverse square root of frequency which is
just the Eckersley result.
The effects of the zero in the group velocity at w = ﬂe

would not be noticeable at latitudes where
*

R

m

=

> W (8)
where ﬁz is the minimum electron gyro-ITrequency along a
magnetic Tield line terminating at that latitude

and Wep is the high freaguency cutoff of the ground VLF
receiver.

The minimum gyro-frequency along a midlatitude field line (LO®%)
is of the order of 200 ke/s while commonly used ground based VLF

receivers are operated between 1.0 and 20 ke/s. At high latitudes




the minimum gyro-frequency along a field line will rall below
20 kefs and the effects of the electron gyro-frequency will be
guite evident in the form of a nose whistler.

Previously we have neglected the effects that ions may
have on a wave propagating through & plasma. As will be shown
below this is a good approximation for '.;histlers received by
ground stations but must be re-evaluated for the explanation of
satellite data.

Storey [1956] proposed a theory that would use deviations
in the dispersion of a right-hand polarized whistler signal
received by ground VLF receivers to detect the presence of ions
eglong the path of the whistler. Specifically, i£ was soughi to
determine if ionized hydrogen waes present in significant amounts
in the ionosphere. After a careful analysis of the propagation
gouations he concluded that: Ion effects would not alter the
Eckersley Torm significantly until the wave freguency is less
than one fourth the ion gyro-frequency and that opposing effects
of the ions, when integrated over the entire ray path, would tend

to cancel. Therefore ion effects would be very difficult to

detect at ground VLF stations.




A dispersion relation considerably different from the
Eckersley form (right-hand polarized longitudinal propagation) is
associated with waves propagating through a plasma in the left-
hand longitudinal mode. These waves, called ion cycldtrcn waves
[Stix, 1962) have a resonance (index of refraction goes to infinity)
at each ion gyro-freguency rather than at the electron gyro-
frequency. VFL energy propegating through the ionosphere in this
mode would have an infinite delay time at each of these ion gyrc-
freguencies. The left-hand propagating wave cannot be observed
by a ground-based VLF receiver, however, because as the wave
follows & geomagnetic field line over the top of the path, the proton
gyro-frequency will decrease to a velue of the order of tens of cycles.
The protons will then effectively absorb all left-hand polarized
wave energy below the minimum proton gyro-freguency along the path.
The remaining Irequencies are far below the lower Irequency cutof
of the ground-based VLF receivers.

We have demonstrated that, except for the nose whistler,
longitudinal propagating waves received at VLF ground stations
can be expected to Tollow the Eckersley law for whistlers. Transverse
propagation and related dispersion effects will now be discussed.

Tt should first be mentioned that propagation through a
plasma trensverse to the static magnetic field is only possible

vwnen the effects of non-infinitely massive ions are considered
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[Hines, 1957]. The dispersion relation for propagation transverse
to the geomagnetic field is considerably different Ifrom the right-
or left-hand longitudinal case. The prinecipal zeros in the group
velocity occur at the cutoff frequence (phase index of refraction
goes to zero) and at the lower hybrid resonance freguency (ﬂLHR)
(chase index of refraction goes to infinity). A complete discussion
of transverse propagation is given by Stix [1962]. We will be con-
cerned with the highest freguency cutoff which is at a frequency
just below the proton gyro-freguency eand with the lower hybrid
resonance which is at a freguency generally less than 20 ke/s for
propagation in the ionosphere. Since the transverse group velocity
is zero at the cutoffT and at the lower hybrid resonance and finite
in between, there must be some frequency or maximum group velociiy
vetween these bounding freguencies. Therefore a whistler with

some of the characteristics of a nose whistler might be expected
for transverse propagation. One point should be mentioned, however,
in connection with nearly transverse propegation. It has been shown
[Shawhan, 1966¢] that for wave normal directions more than & few
degrees Ifrom purely transverse, the longitudinsl propagstion rela-

tions predomingte, in ﬁarticular, the rescnance freguency lncreases

from Q. &t @ = G0° to ebout ten times this frequency &t @ = 80°,

where § is the angle between the wave normal and the static magnetic

field vecior.
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Klthough the lower hybrid resonance frequency is within
the passband of most ground based VLF receivers, effects definitely
sttributable to this resonance are not generally cbserved by
ground stations. Two reasons can be cited for this. The first
has just been outlined: Unless the wave has propagated exactly
transverse to the geomagnetic field for a considerable distance,
longitudinal dispersion results will predominate. A second explana-
tion involves the ability of a wave to propagate out of the ionosphere.
The index of refraction for VLF waves traveling in the ionosphere is
large, generally greater than 10, while in the un-ionized atmosphere
it is unity. Assuming these vaiues and using Snell's law, we find
that only VLF energy with wave normal angles confined to & cone of
half engle of sbout § degrees with respect to the vertical will be
transmitted out of the ionosphere. For ground stations located more
than approximately 20 degrees from the magnetic equator the trans-
mission cone will include waves whose dispersion is governed pri-
marily by the longitudinal relations. Thus the total internal
reflection of the VLF energy at the atmosphere-ionosphere boundary
prevents ground VLF stations from receiving whistlers propageting
with large wave normal sngles with respect to the geomagnetic Tield.

With these limitations in mind, it is not surprising that the
vast majority of whistlers received by VLF ground stations could be

explained on the basis of longitudinal propagation alone.




c. Son-Eekersley Law Whistlers Obszerved

with Satellite Borne VLI Recelvers

One would expeci the VLI data received within the iono-
sphere to show evidence of transverse propagation and of the ion
resonances. This has been the case. Some of the recently
reported savellite-observed VLF data are summarized below.

Satellite observaiions of an ion gyro-frequency effect
sssocieted with the H' ion were reported by Smith et al. [196k]
and explained by Gurnett et al. [1965] as being a left-hand
polarized ion cyclotron wave excited by a lightning impulse.
Another ion-cyclotron whistler, the helium whistler, has been
observed with Alouette 2 by Barringbon et al. [1966].

Effects of the lower hybrid rescnance on VLT hiss were
reported by Barrington and Belrose [1963] and by Brice and
Smith [196%, 1965].

A dispersion anomaly in whistlers that has been attributed
to transverse propagation was reported by Barrington and
Belrose [1963]. The whistlers, received by the satellite
Alouette 1, are characterized by small dispersions (4 to 5 sacle)
suggesting they have traveled directly from the socurce to the

satellite (short fractional-hop whistlers). The dispersion of
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subsequent whistlers in the train increases, but not so rapidly
as to allow propagation to the normal reflection points in the
lower ionosphere at the end of the field lines and back to the
satellite. This whistler is interpreted by Carpenter et al.
[1964] as being reflected multiply past the satellite from the
lower ionospheric boundary ( ~ 100 km) and from a region around
1000 lom in altitude. The mechanism for reflection at the lower
ionospheric voundary is the same as that for reflecting ordinary
whistler energy at these altitudes. A possible mechanism for the
reversal of the ray direction at the 1000 km region was proposed
by Smith [1964]. In explaining this whistler (termed the
"subprotonospheric" whistler) it is assumed that propagation

is primarily right-hand longitudinal but that near the 1000 km
refraction altitude the wave normal angle must have gone through
30 degrees. Therefore the Eckersley dispersion law should be
violated and the effects of the lower hybrid respnance should be
evident in the form of an additional dispersion at frequencies
approaching the lower hybrid resonance Trequency. There has been

no confirmation of the subprotonospheric whistler deviating to any

extent from the Eckersley form [Carpenter et al., 1964].




fnother non-EBckersley effect was reported by Carpenter
and Dunkel [1665] and explained in terms of transverse propagation
effects by Kimura et al. [1965]. These "transverse whistlers"
have & delay time associated with them that can be written as an

Eckersley term plus an added constant delay
t = D /2, . (9)

The additional delay At is small and provides an effective
increased dispersion at high frequencles. It was postulated

that since the dispersion would increase as the lower hybrid
resonance freguency was approached only if the wave normal
direction were other than zero degrees with respect to the geo-
magnetic field, whistlers described by equation (9) must have
propagated some distance nearly transverse to the geomagnetic
field. The Tact that the delay time can be writiten as a small
perturbation to the Eckersley equation and not in the form required
for transverse propagabtion is aftributed to the supposition that
the whistler energy traveled only quasi-transverse to the geso-
magnetic field and then only over a short distance. The remainder

of the distance was traveled in a right-hand longitudinal mode.

The majority of these satellite observed effects were cbserved




1k

at dipole latitudes from 30 to W& degrees [Kimura et sl., 1965].
Mnother interpretation off this whistler has been given by
Shawhan [1966¢].

lNon-Eckersley whistlers believed associated with near-
transverse propagation were reported by Pfeiffer et al. [1G66].
The two whistlers discovered were called the riser and the check
whistler becaunse of their appearance on freguency time speetro-
grephs. It is intended that the initial announcement on these
two whistlers will be expanded in the followling sectlons to
include accurate oceurrence studies as well as information about
the dispersion characteristics and other experimental features
of the whistlers. '

Experimental data on the "hook" whistler, another non-
Eckersley law whistler found in the Injun III data [Shawhan,
1966b] are given in Section IV-C. ]

Spectrograms of other non-Eckersley law whistlers observed
in the Injun IIT VLF data are presented in Section IV-D. Other

interesting VLF phenomena observed in the Injun III data which

erose out of this study are presented in Section V.
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II. THE INJUN III SATELLITE: VLF EXPERIMENT

The University of Inwa}ﬂffice of Naval Research satellite
Injun IIT had an active life from December 1962 until October
1563. The orbit had an initial ineclination of 70.4° to the
geographic equatorial plane with an initial apogee and periges
of 2785 ¥m and 2365 km, respectively. The point of apogee
precessed in local time with a period of 10k days and therefore
the satellite sampled all local times approximately three times.

A complete descripiion of the satellite itself and of each
experiment is given by O'Brien et al. [1962]. The VLF experiment
is further described by Gurnett [1963] and Gurnett and O'Brien
[1964]. One aspect of the VLF receiver will be reiterated here
sinece it will be important in later discussions. The Irequency
response of this VLF receiver was essentially flat to within
+ 5 db from .5 to 7.2 ke/s, however the response is down 86 db
at 9.0 kcfs. This steep ettenuation provides & very definite upper
limit to the VLF signals observable with this receiver.

The recelver has a magnetic loop antenna oriented so as to

detect the component of the wave magnetic field perpendicuiar to

the geomsgnetic field.




TiI. VLF DATA ANALYSIS

The analog VLF data received by the satellite receiver was
transmitted to ground tracking stations where it was recorded on
megnetic tape. On other channels of this tape were recorded a
precise time signal (usually the National Bureau of Standards
station WWV) as well as a precise reference tone of 10 ke/s or
4.096 ke/s. These simultaneocusly recorded signals have been used
extensively as fregquency and time standards in the processing of
the VLF data. The numerous steps taken in the processing of this
data will be but briefly outlined here.

The calibration tone (10 ke/s or 4.096 ke/s) is used to
drive a digital clock which is an integral part of the operating
console. The day, hour, mirmte, and second of the 5 minute mark
nearest the beginning of the satellite pass are pre-set by the
operator. The WWV signal from another channel of the same tape
is used to start the clock at the appropriaste 5 minute mark.

Real time can then be read to within + 1 second for the remzainder

of the pass.



Frequency-Time Spectrum Analyzers

The VLF data is processed by a Spectra.nﬁ- spectrum analyzer.
This particular instrument has a set of 480 magneto-restrictive
filters that scan any 10 kcfs segment of the Ifreduency spectrum
from 50 cps to 50 ke/s. The 10 ke/s segment is scanned 60 times
a second. Signal amplitude information is used to intensity
modulate the beam of an oscilloscope while the frequency information
is spplied to the vertical deflection plates of the oscilloscope.
A 35 mm continuous exposure camera is mounted in front of the
oscilloscope screen and provides time sweep with the moving film.
Spectrograms created in this manner provide Ifrequency-amplitude
information sbout & VLF signal as a function of time. A frequency-
time specirogram of typical eleciron whistlers is shown in
Figure la.

The National Buresu of Standards station time signal recorded on
the data tape is chopped at an 8 ke/s rate and mixed with the data being
fed into the spectium analyzer. The Morse code time announcements can

then be visually read at the top of the £ilm where they do not interfere

"Model 4L80-25, Spectran Electronics Corp., Pompano Beach, Florida.
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with the deta. By this method real time can be measured from the
£ilm to within a small fraction of & second.

Another type of spectrum analyzer used in data reduction is
the Missilyzer.% With this instrument a short interval of data
(usually .8 to 2.L seconds) is scanned repeatedly by a single
filter and the Irecuency-amplitude-time spectrograph created on
a type of Tacsimile paper. Considerably better frequency and time
resolution 1s obtained with this system than with the Spectran
instrument, however, approximately 5 minutes of laboratory time
gre required to scan & few seconds of real time. For the careful
anelysis of particular events, as in some ol the spectrograms
presented at the end of this paper, the Missilyzer is generally

used.

E. Frequency-Time Spectrograms

Once the VLF data have been iransferred from magnetic tape
to film or pgper, we may begin to make analytic measurements.
To assist in these measurements we have available a Benson-

Lehner "Oscar".” This instrument employs a projection system

"Model 675, Key Electric Company, Pine Brook, New Jersey.

“Model F, Benson-Lehner Corporation, Van Nuys, California.
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in which a 70 mm x 35 mm section of photographic film is enlarged
and projected onto a 60 cm x 30 em ground glass screen. The
15 em x 30 cm facsimile paper may be placed directly on the viewing
screen. A particular event can be followed in Ifrequency and time
with a pair of movable crossed grid-lines that generaite an analog
voltege proportional to their position. This information is
processed by an analog to digital converter, the output of vhich
is used to control punching on an IEM type 26 card punch. Computer
programs have been written to calculate dispersions of variocus
types of whistlers.

It is not convenient to be constantly referring back to
the original 100 foot rolls of 35 mm film when making a study of
a particular event. Therefore, as a further step in data
reduction a 35 mm single frame, single lens reflex camera is used
to photograph sections of interest on the 100 foot rolls. With
this method we have photographed sections from 3.5 to 15 cm in
length. Enlargements are cobtained eand filed according to
suoject. The negatives are stored on 3M Company "aperture
cerds". These are essentially IBM computer cards with a
55 x 38 mm eperture replacing part of columns 54 through 72.

Informstion concerning the particular negative (e.g., revolution,




sltitude, event) is punched cn the remainder of the card; the

card can then be machine sorted on this information.

C. VLI Data Studied and Sample Densities

High resolution spectrograms of large amounts of Injun IIT
VLF éatz have not been available until recently because of the
unavailability of & suitable spectrum analyzer. £n aural semi-
monthly sample of the ten months of VLF data was undertaken
[Shavhan, 1966a] bub, because the primary purpose of this study
wes the analysis of proton whistlers, & low pass Tilter set at
5 ke/s waes used to eliminate some of the communication and
recorder noise. Therefore, the high freguency whistler phenomenon
enalyzed in this paper would not have been found previously in
Injun ITI data.

To obtain a sample of VLF data encompassing all available
latitudes, altitudes, and all locael times, a semi-monthly study
was begun. Because of previous work on the VLF data, the 11th
and 26th of the month were again chosen. When this semi-monthly
study showed esquatorial dsta to contain many new and unexplained
types of whistlers, the 26th of the month data wes abandoned in

favor of concentrated effort on equatorial data. The 11th of The




montn was continued in order to give a general average back-
ground to the study. TFinally, to improve the semple density data
from mid- and high-latitude tracking stations were included.

The data used for this paper includes approximately 600 passes of
Injun III. (A "pass" is defined here as being that portion of 2
sstellite revolution recorded by one ground tracking station.)
These passes represent about 130 hours of analog VLF data.

As the 35 mm films conteining the analog VLF data were
viewed, an analysis sheet was filled cut. VLF events of particular
interest or events in a category of study were phobographed.

The prints and negatives were stored as mentioned previously.

From the analysis sheets computer cards were punched with the
appropriate time and event information. These cards are used with
& master orbit tape of Injun III to give orbital parameters of
the passes and events studied. The computer output can be sorted
on orbital parameters or on the events themselves.

The sample densities in altitude-magnetic latitude space,
altitude-local time space and local time-magnetic latitude space
ere presented in Figures 2, 3, and b, respectively. Only the
absolute value of the magnetic latitude has been used because of

the difficulty in assigning a sign to the value calculated oy
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this computer program. This is not a great hinderance in this
study, however, since northern-southern asymmetries are not
sought. From these figures it can be seen that data has been

studied from nearly all volumes of space sampled by Injun III.




IV. NON-ECKERSLEY LAW WHISTLERS OBSERVED WITH INJUN III

The 1ith of the month study and subsequent concentration
on equatorial passes have yielded a number of whistlers deviating
markedly from the Eckersley form. In this section we present
experimental data on the riser, check, and hook whistler. The
last part of this section will deal with other non-Eckersley

whistlers received by Injun III.

R The Riser

T™wo VLF noises that we have classified as risers are shown
in Figures 5a and 5b on frequency-iime spectrograms. The first
appears curved over its entire length while the second appears
lingar over the majority of its length. We believe these signals
to be trus VLF phenomena for the following reasons. In a number
of instances spectrograms from two tracking stations which had
simltanecusly tracked the satellite showed a riser event.

This eliminates the possibility of local interference in the
data reception. The sharp attenuation of the riser above 7.0 ke/s
corresponds closely to the upper cutoff frequency of the Injun III
VLT receiver; therefore, we feel certain that the signal was

received by the satellite VLF receiver. We believe the signal



to be a vhistler and not a type of VLF emission because, as shown
below, the riser occurs in regions of the ionosphere where commonly
known types of VLT emissions are virtually never observed.
Whistlers are, however, regularly found in these regions.

Secondly, VLF emissions tend to show repetition at short intervals
[Gallet, 1959]. No such repetition is found with the riser

events on which we report. In fact, often only one riser is

Tound in & twenty-minute satellite pass; the maximum number
observed was eight.

The riser deviates markedly from the Eckersley form for
whistlers in that the delay time associated with a partieular
freguency component increases with increasing frequency.

This study has found no evidence that one of the two
Torms of the riser occurs in preference to the other at any
altitude, latitude, or local time; when risers were occurring,
generally both forms were found. Both forms of the riser were
Tound on "active" satellite passes (i.e., passes where 100 or more
electron vhistlers were recorded per minute) and on relstively
quief Dasses.

The lower cutoff frequency (see Figure 5) has been
measured for & number of risers. In the risers measured nc correlation

betwesn FLC and altitude, latitude, or local time has been found.
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The slope of the linear portion of & number of the linear-
sppearing risers (Figure 5b) has been measured. Values ranged
from L.6 to 6.3 = litll'“5 sec2 for the examples studied. Again, no
correlation has been found between the slope and the position of
the satellite when the riser was received.

The spatial occurrence of the riser is shown in Figures 6,
7, and 8. The various shaded blocks depict the percentage
occurrence of risers in that data box. Multi-occurring risers on
the same satellite pass within a box are counted only once.

From Figure 6, it is evident that the riser is an egustorial
and primarily a high altitude event. The lowest recorded riser
occurred at 756 km (18° mag lat), however, the majority of the
risers pecourred above 1500 lan.

Figure 7 gives some indiecation that risers occur at lower
altituﬁes during local day, however this feature is not well
gstablished.

As evident from Figure 8, the riser occurs at essentially
gll lcecal times within its restricted latitude region. A change
to higher or lower latitudes with local time is not evident.

The total number of risers processed thus far is sbout 180.

This may account for some of the scatter in the occurrence plots.




An eltitude seouence of risers is shown in Figure §. Very
iittle difference can be detected in the risers with the possible
exception that the 756 km event is somewhat more intense and
tinerefore extends somewhat beyond T.2 ke/s. This feature of
only slight varianece in form with altitude is commen in all
the spectrograms of risers studied thus far.

It has been common practice for many years to correlate
spheries (VLF energy traveling from the lightning source to
the ground-based VLF receiver via the earth-ionospheres wave-
guide) with a whistler to accurately determine the delay time
and dispersion of a whistler signal. When satellite VLF data
became available this technique was expanded to relate ground
cbserved spheriecs to satellite cbserved whistlers. We have
attempted to correlate in this manner risers received bty Injun III
and VLF ground-station data hoping to find a spheric that could be
avtributed to the lightning impulse causing a riser. From a
total of 180 risers, six were found to fall in the two minute
per hour listening time of the Stanford Electronics Laboratory
ground station (the only VLF ground-station data currently
evailable to us). In Figure 10a is presented & spectrogram of

the ground VLF dats for & period when two risers were detected
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by Injun III (Figure 10Ub). Coarse time alignment was obtained
from the National Bureau of Standards time steation WWV that is
recorded on both magnestic tapes. Next, the delay time for the
whistler event at 0951:3L4 was calculated and the time of the
initiating lightning impulse was determined. The photographic
films containing the two spectra were then aligned to be

coineident in time. The riser at 0951:37.5 was next analyzed.
Three spherics are closely enough asscciated with the riser to

be considered as possible initiating spherics. Since the dispersion
cuugtion for the riser is unknown we cannot be certain which
spheric, if any vrecorded by this equipment, is responsible for
the riser. The possible delay times for the three spherics
indicated by arrows in Figure 10, are .32 sec, .28 sec, and

.0B sec. With this same time alignment spherics immediately
preceding the riser at 0951:l41 indicate a delay time of .08 and

.16 second. Mo definite spherics are seen to be associated with
tne electron whistler at 0951:4L4, however, this is not uncommon
[Helliwell, 1965]. It should be mentioned that unless the dis-
persion characteristics of a whisuler are known, it is nearly
impossible to assign a particular spheric to a particular whistler.

We, therefore, do not claim that any of the spherics mentioned
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sve associated with a riser, but merely point out that there are
spheries that could be related o & riser. In the other cases
studied, the inability to find an appropriate spheric-electron
wristler event prevented measurements of this type from being

made since accurate time alignment waes therefore not possible.

B The Cheeck Whistler

A second whistler deviating markedly from the Eckersley
form for whistlers is shown on frequency-time spectrograms in
Figures 1lla and 11b. We have named this whistl&r‘the "check"
whistler because of its appearance on these spectrograms. We
believe these events to be true VLF phenomena and to be whistlers
for the same reason presented in support of the riser.

t esppears that the check whistler is really the low fre-
gquency portion of a somewhat more complicated whistler gvent,
but, because of the high fregquency limit of the Injun III VLF
receiver, only this low frequency portion is observed.

The lowest freguency component of the check has been
measured for all of the processed check whistlers and found To

vary from 5.5 to 5.8 ke/s, however, no correlation has been found

between this frequency and altitude, magnetic latitude or local
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time. Very little difference could be found in the appearance
of any of the check whistlers on freauency-time spectrograms.

The percentage occurrence of the check whistlers is shown
in Figures 12, 13, and 1lb in magnetic latitude-altitude, locsal
time-altitude and magnetic latitude-local time space, respectively.
From Figure 12 it is evident that the check whistler is also a
high eliitude, equatorial phenomenon.

There is some evidence (Figure 13) that the check whistler
gceurs ac lower sltitudes during local day. It should be noted,
however, that at this time we have processed only 15 known
exemples of the check whistler. When enough examples are avail-
gble to Torm a valid statistical distribution, any of the
ocourrence plots may change considerably.

Figure 14 gives some %ndication that check whistlers occur
at all local times within their restricted latitude. Again,
the small number of examples does not permit & good statistical
distribution.

The check whistler has always occurred on passes where there
Were one or more risers observed. The check whistler seems to occur
with equal probsbility on active and quiet satellite passes. o

check whistlers occurred during the two minute per hour Stanford




ground-station listening peried; therefore, a search for spheries

cannot be undertaken at this time.

C. The Hoolk Whistler

A third whistler found in Injun IIT VLF data that doss not
follow the Eckersley dispersion law is shown in Figures 15a and
15b. DBecause of & similarity to a type of VLF emission called
hooks [Callet, 1959] it has been named the hook whistler
[Shavhan, 1966b]. The physical features of this whistler will
be described and then regions of ccecurrence will be shown.

The hook whistler is seen to be made up of two discrete
components each of which appears to be an Eckersley type
whistler. The two components are joined, however, &t some fre-
auency usually less than 2 ke/s. J

The time difference between the two components of the hook
whistler has been measured for a number of cases. The itime
difference At at 4 ke/s has been used as a reference and found
to vary from .0l2 sec to about .20 sec for the cases studied.

The minimum is near the resolving time of the processing eauipment;
we o not rule out the possibility of hook whistlers with shorter
time intervals between components. The maximum is somewhat

arbitrary; hook whistlers with time intervals between compnﬁents




muech greater than this are ususlly gquite diffuse and difficult te
distinguish from unrelated electron whistler events. Examples of
hopk whistlers with short and long time intervals At beitween
components are shown in Figures 15a and 15b, respectively.
ingther example of a hook whistler is shown on a frequency-
time spectrogram in Figure 16a with the inverse square root of
frecuency plotted as a function of time for the two components
in Figure 16b. The deviation from the Eckersley form is evident
for the first component; the second component remains nearly
Eckersley to the point where the two traces converge.
When hook whistlers are occurring, they tend to cceur in
rapid succession and for time intervals of minutes. This is
to be contrasted to the riser and check whistler which cccur
generally as single isolated cases. &n example of many hook

whistlers occurring in rapid sequence is shown in Figure 1fc.

The 30 second segment shown is representative of most of the
passes which contained hook whistlers.

The two primary physical features of the hook whistler,

the time interval At between componenis and dispersion
evaluated at 4 ke/s, are found to vary widely among hook

whistlers found in a particular region of the ionosphere.




This can agein be contrasied to the riser and check whistler.
A5 an example of the variability associated with hook whistlers
from one region of space, four hook whistlers with widely verying
features are shown in Figure 1T7a, ©, ¢, d. The examples shown
cceurred above 2600 km and below satellite apogee of 2785 km.
Local time and letitude are approximately the same for the four
cases and are not considered to be a variable. The features of
closure. at low frequencies and multiple occurrence in a short
length of time classifies these examples as hook whistlers.
Regions of cccurrence for the hook whistler are shown in
Figures 18, 19, and 20 in magnetic latitude-altitude, loeal
time-gltitude, and magnetic latitude-local vime space, respectively.
Shaded blocks represent percentage cecurrence. From Figure 18 it
can be seen thet the hook whistler is found at all altitudes
sampled by Inj;n III but is restricted to within about 4O degrees
of the magnetic eguator and cccurs somewhat more frequently
below 30 degrees magnetic latitude. There is some indication

that hook whistlers occur at lower altitudes only during local

day and evening as indicated by Figure 19. The hook whistler is
seen to ocecur at essentially all local times within its lstitude
range of 40 degrees of the magnetic equator. This occurrence is

snovin in Figure 20,
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-Twc whistiers cceurring in a very short interval of
time can be explained in two ways. The source lightning could
be muitiple flash lightning with the VLI energy from the two
or more impulses following the same path tc the satellite. In
this case the whistlers would have the same dispersion and would
not join. Many cases such as this have been seen in the Injun IIT
VILF deta. A second explanation assumes a single lightning impuise
with the VLF energy entering the ionosphere &t one point. Once
in the ionosphere there are required two ray paths to the
satellite, the dispersion associated with one being slightly grescer
than that associated with the other. The wave normal direction
glong one path may be somewhat more transverse than the wave normal
diresction along the other causing one whistler to deviate more irom
the Bckersley form and causing the increased dispersion &t low
frequencies. A VLF ray tracing study conducted by 5. Shawhan
[1966¢c] has shown that under certain ionospheric conditions and
over & limitesd range of frequencies VLF energy from a single source
can follow different paths through the ionosphere to reach
+he sastelliteé. This range of frequencies is often between
.5 kc/s and 8 kef/s. The primary physical features of the
whistler derived from the ray tracing study, thet is, &%,
dispersion and regions of occurrence, agree quite well with many

o2 the hook whistlers observed in this experimental study.




I. Other Non-Echkersley Law Whistlers
Qoserved with Tnjun III

Whistlers other than the three just discussed that deviate
from the Eckersley form neve been observed with Injun III. Soms
of these are presented below. They will be but briefly mentioned
since they are either relatively common in satellite data or
have been exhaustively studied elsewhere. These whistlers are pre-
sented primarily Tor completeness.

Hose whistlers have been detected with the Injun IIT VLF
receiver, however, the examples are relatively few and fairly
poor in that only & small portion of the nose is visible. in
example of a group of nose whistlers is shown in Figure Zla.

The nose frequency is Tarily well defined for the pair nearest
the time and frequency calibration (horizontal bars superimposed
over date at 1638:00). The nose frequency of these two whistlers
has been determined to be 3.8 and 3.4 ke/s. The satellite was at
an inveriant latitude of 62 degrees at this time. The minimum
gyrofrequency at the top of the field line passing through this
point is of the order of § ke/s. The nose frequency, Tor VLF
energy integrated along this field line is at approximately

.39 ﬁ; where n: is the electron gyrofrequency at the top of the
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path [Helliwell, 1965, p. 184]. This differs from the value of
e ﬂ: cuoted in the introduction because we are nere integraiing
the dispersion relation along a field line. This places the cal-
culated nose frevuency at sbout 3.5 ]icfs, in good agreement with

4
the observed data.

Examples of events that we believe Lo be subprotonospheric
whistlers were found in the Injun ITT VLT data. No cccurrence
study was made and only one example, taken to be representative,
will be shown. This example is given in Figure 2lb. The dis-
persion of the first whistler is 18 EEleE indicating that it is
& short fractional-hop whistler. Subsequent whistlers in the
svent nhave dispersions prohibitively short to allow propagaticn
of the waistler energy along a field line to a reflection point
in the lower ionosphere of the opposite hemisphere and back to the
satellite. The satellite was below 1000 km when the event wes
recorded, therefore the requirements for the reception of a
subprotonospheric whistler, as outlined in the introduction, are
MET .

Numercus proton whistler events were observed in the data
analyzed. A Tfreguency-time spectrogram of a group of these whistlers
is shown in Figure 2lc. The measured asymptotic Ifreguency agress

quite well with the calculated proton gyro-Irequency of 525 cps.




V. WHISTLERS RECEIVED WITH
SATELLITE INJUN I1L: GENERAL

In the following section we present whistlers received
by the satellite Injun ITT that are wmsual in some way other
than that they viclate the Eckersley dispersion law.

In Figures 22a, 22b, and 22c are three spectrograms of
whistlers that have higher frequency components missing. In
Tigure 22a there appears to be two definite cutoff frequencies,
one &v aboubt 1 kcfs, the other at about 2.9 ke/s (indicated by
errows). Thirty seconds of data are shown, the event lasted for
avout two minutes and was preceded and followed by short
fractional-hop electron whistlers. Tigure 22b shows a sim lar
event except in this case there appears to be three separste
cutoffs at approximately 1 ke/s, 2 kefs, and 3 ke/s. Figure 22c
is & similar event with a single cutoff visible at about
1.5 ke/s. A riser is also visible in the upper right hand side
of the spectrogram. These whistlers have been found at all

titudes sampled by Injan III during all local times. All known
events of this type occurred with the satellite within L0 degrees
of the magnetic eguator. No known features of the satellite

receiver could cause such abrupt cutoffs in the received signal.




Ii should also be noted that in all examples, there are a number
of ordinary electron whistlers in the background. The reason Tor
the sharp cutoffs of the whistlers shown in Figure 22 is unknown
at this time.

A somewhat opposite situation is shown in Figures 23a, 23b,
and 25¢ in that the low freguency component of the whistlers is
missing. The lower cutoff freguency ranges from 2 to 5 kcfs
in the examples cited. A possible explanation for this efTfect
mentioned by Helliwell [1965] is the following. It is known
that VLF energy from a lightning impulse may travel considerable
distances in the earth-ionosphere wave guide before entering the
ionospnere. TFor propagation through such a wave guide there
ere cutoff frefuencies corresponding to different modes of
propagation. VLF energy entering the ionosphere after propagzting
some distance in the wave gulde would not contain frequency
components below the lowest wave guide cutoff frequency. Wnisilers
received by a satellite that were initiated by such VLF energy
would also have the frequency components below the lowesi wave
guide cutoff freguency missing.

Another event, observed to some extent in the Injun III VLF

deta is shown in Figure 24. The satellite was moving in the




direction of decreasing L valuess at an aliitude of approximately
1300 km. The VLF noise shown from 0433:30 to Ou35:00 is known
as chorus, a type of VLF emission commonly observed &t L values
between 2.5 end 6.5. At 0435:04 (L = 3.5) the chorus abruptly
ceases and in a few seconds eleciron and proton whistlers are
seen. The electron whistlers are short fractienel-hop whistlers
indicating the source is in the same hemisphere as the satellite.
Electron whistlers continued for the remainder of the pass. This
general feature of chorus at higher L values and whistlers at
lower L values with an sbrupt transition at L values from 3.0 tc
L.0 has been observed on at least five other occasions in the
Injun III VLF data studied thus fer.

in intense VLF event can reduce the gain of the Injun III
VLF receiver (because of the sutomatic-gain-control (age) locp)
to such an extent that a VLF event of much lesser intensity is
not seen [D. A. Gurnett, private communication]. This is not the
case here because the age voltage (monitored and transmitted to
the ground in digital form) indicated that the signals were only
three or fowr times the background level during the chorus and
electron whistler events. It therefore appears that the chorus-
whistler event is a true VLF phenomenon and not something caused

by the equipment itself.




VI. DISCUSSION

This study o the Injun III VLF data has yielded three new
whistlers that we wish to consider further. The dispersion
characteristics of two of these whistlers (the riser and check
whistler) are so different from the Eckersley form for whistlers
(right-hand longitudinal propagation) that another mede of
propagation will be considered to explain these whistlers.

The third whistler, the hook whistler, has two components, each
ol which nearly obeys the Eckersley law, yet because ol small
departures from this law at low frequencies the two components
close al low frequencies ( 21 kc/s) to form 2 single whistler.
In the following, the large and the small departures from the
Eckersley law will be considered.

From the briei outline of wave propagation vhrough a plasma
given in the introducition we find there are three ways to have
the delay time of a whistler increase with increasing frequency.
These will be briefly reiterated.

(1) The portion of the whistler under consideration could have
propageted in a right-hand longitudinal mode above the nose

fregquency along that field line. A whistler as shown in Figure lc




results. This possibility does not apply here since the nose
fregquency for whistlers received at these altitudes and latitudes
is at least ten times the frequency of the apparent "nose" of

the riser.

(2) The wave could have propagated in a left-hand longitudinal
mode below the proton gyrofrequency. A whistler as shown in
Figure 2lc is obtained. The proton gyro-Ifrequency at these
gltitudes and latitudes is less than 200 cps, or at & Irequency
less than one-tenth the frequency &t which we see the riser

(3 to 7.2 ke/s); other ion gyro-frequencies are still lower,
therefore, this case does not apply.

(3) The wave could have propageted in the transverse extra-
ordinary mode. For propagation in this mode, there is an infinity
in the group refractive index at the lower hybrid resonance

Irequency, gnd &t & cutoff fregquency, which can be taken

HLHR’
to be just velow the proton gyro-freguency, for the purpose of
this discussion. There is, therefore, at least one minimum in
the group index of refraction between these two Trequencies.
Such & minimum could eczuse the "nosze” seen on the frequency-
time spectrograms of the riser.

It has been shown by Shawhan [1565c] that the lower

hybrid rescnance frequency is generally less than 20 ke/s for
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propagation in the ionosphere. Therefore, the riser is at least
qualitatively explained by transverse propagation at frequencies
near but below the lower hybrid resonence and above the Irequency
of maximum transverse group velocity.

The following points are not explained at this time:
(1) Components of the riser below the "nose” have never
been cbserved. Why these frequencies apparently do not propagate
to ihe satellite has been given no theoretical basis.
(2) + was shown by Shawhan [1966b] that the lower hybrid
resonence frequency may be as low as 3 to 4 kc/s at altitudes
between 200 and 600 km. Therefore, the riser could not have
propagated transverse to the magnetic field over the entire path
Prom the lower ionosphere to the satellite since frequencies
sbove the local lower hybrid rescnence freguency cannot
propegate. The exact place where the wave normal direction
becomes transverse to the geomagnetic field is unknown.
%)) ALlthough risers were recorded from 756 km to over 2700 km,
at &1l local times and over & 30 degree latitude range, their
appearance on a frequency time spectrogram remains uniquely
similer, that is, the "nose" frequency has varied only from

5 to 4.1 ke/s, the slope of the linear appearing risers has
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remained nearly constant and the total time interval of the riser
rnes been nearly the same.

Few anglytic statements can be made about the check whistler
at this time. This is because of the small segment of the check
whistler that can be detected with ithe Injun III VLF receiver
and because of the limited number of examples available for
study. A theory of the check whistler must explain the following:

(1) Why the check whistler is limited to high altitude

egquatorial occurrence;

(2) Why the check whistler occurs so seldomly (e.g., 15 check
whistlers observed compared to 180 risers, and tens of

thousands of electron whistlers); and

(3) Why check whistlers appear nearly identical on
Ireguency-time spectrograms even though the check
wnistler was observed at altitudes ranging from 1350 Im
1o over 2700 km, at most local times and over a

30 degree latitude range.

The hook whistler is considerably better established since
most of its Testures have been quantitatively derived by
Shawhan [1966c] in a VLF ray tracing study. One further point
can pe made to support the single-scurce, muliiple-path theory
for the hook whistler. It was shown in Section IV-C ilhat hock

vhistlers occur in rapid sucecession when they ares ccecurring and



that they cecur in a limited region of space. One would not expect
to see multiple stroke lightning occur with such regularity and
further, one would not expect multiple stroke lightning to be
confined to any particular area on the surface of the earth.

It might be expected, however, that propagation conditiocns
reguired for a multiple path to the satellite would only be

satisTied with the satellite in certein regions of the ionosphere.
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FIGURE CAPTIONS

l. Specirograms and skeuvches of whistlers sxplained oy
considering only right-hand longitudinel propagstion of
VLF energy through the icnosphere: (A) Short and long
fractional-hop whistlers received by Injun III,

(B) Dispersion measurements of these whistlers showing
that they obey the Eckersley law for whlstlers;

(C) Hose whistlers received at a ground VLF station,

(D) Sketch of nose whistler using equation (2).

2, Magnetic Latitude vs Altitude: Sample density of
Injun III VLF data studied. Data box represents 10°
magnetic latitude x 10 km altitude. The number of

satellite passes through each box is dencted by shading.

3. Geographic Local Time vs Altitude: Sample density
of Injun IIT VLF data studied. Data box represents
2 hours x 100 km altitude. The number of satellite

passes through each box is denoted by shading.

L. Magnetic Latitude vs Local Time: Sample density
of Injun IITI VLI data studied. Data box represents

10° magnetic latitude x 2 hours. The number of

satellite passes through each box 1s denoted by shading.

5. Bpectrograms of Riser Whistlers Received by
Injun ITI: (A) Non-Lineer Riser, (B) Linear Appearing

Riser. Low fregquency cutolT FLC shown Tor poth risers.

W7
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6. Magnetic Latitude vs Altitude: Percentage
oceurrence of riser. Data Box = 10° x 100 km.

Percentages denoted by varicus shaded boxes.

T- Geographic Local Time wvs Altitude: Percentage

oeourrence of riser. Data box = 10° x 100 km.

Percentages dencted by varicus shaded boxes.

8. Magnetic Latitude vs Local Time: Percentage
occurrence of riser. Data box = 10 x 2 hours.
Percentage denoted by wvarious shaded boxes.

9. Altitude sequence of riser. The appearance of
the riser on a frecuency-time spectrogram remains

nearly the same over the altitude range in which they
are found.

10, Injun IIT--CGround Station Comparison.

(4) sSpectrogram of spheries received by Stanford
Electronics Laboratory ground station (L4° N
lat, geomagnetic).

(E) Spectrogram of Injun III VIF data for same time
interval. Risers are visible in center of
specirogram. Arrows at vop of spectrograms
denote, irom leit to right, spheric associated
with electron whistler at 0951:34.5, three spherics
that could be associated with the riser st 0951:38,

two spheries that could be associated with riser at

0551 :41.

La
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11. Spectrograms of check whistlers received by
Injun III.

(£) Highest altitude check whistler.

(B) Lowest altitude check whistler.

The extreme similarity of the two whistlers is to be

noted.

12. Magnetic Latitude vs Altitude: Percentage
gecurrence of check whistler. Date box = 10° x 100 km.

Various shaded boxes dencte percentages.

15. Geographic Local Time vs Altitude: Percentage
oceurrence of check whistler. Data box = 2 hours

¥ 100 ¥m. Various shaded boxes denote percentages.

1L, Magnetic Latitude vs Geographic Local Time:
Percentage occurrence of check whistler. Data box
= 10°® % 2 hours. Various shaded boxes denote per-

centages.

15. Spectrograms of hook whistlers received by

Injun III.

(A) Hook whistler with short time interval between
components.

(B) Hook vwhistler with greater time interval between
COMDONnEents .

Both whistlers close at low frequencies and both

whistlers have one component that does not obey tThe

Eckersley law for whistlers. MNote that the time scale

in Figure 15a has been expanded by & factor of L,
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Figure

Figure

Figure

Figure

Figure

Figure

16. Spectrogram of hook whistlers received with the

Injun IIT VLI receiver.

(&) requency-time spectrogram of hook winistlers.

(B) Plot of f'l/‘? as a function of time for the two
components of the hook whistler in (164).

(C) Spectrogram showing many hook whistlers occurring

in & short time interval.

17. Spectrograms of hook whistlers received by the
Injun III satellite between 2600 and 2785 km. Although
these whistlers were received in apprnximﬁtely the same
region of the ionosphere, they differ considerebly in

time difference AL between components and in dispersion.

18. Magnetic Latitude vs Altitude: Percentage
gcocurrence ol the hook whistler. Data box = 10° x 100 km

Various shaded boxes denote percentages.

19. ZLocal Time vs Altitude: DPercentage occurrence of
the hook whistler. Data box = 2 hours x 100 km. Various

shaded boxes denote percentages.

20. Megnetic Latitude vs Local Time: Percentage

50

cccurrence of the hook whistler. Data box = 10° x 2 hours.

Various snaded boxes denoie percentages.

2l. Whistlers received by Injun III that do not obey the
Eckersley law Tor whistlers:

(4) Nose whistler.

(B) Suburotonospheric whistler.

(C) Proton whistler.



Figure

s

igure

Figure

Z2. Whistlers received by Injun III that apparently have
high frequency components missing. The definite cut-oIff
frequencies are indicsted by arrows 1n the left-hand
margin.

25. Whistlers received by Injun IIT that apparently have
low frequency components missing.

2L, Chorus-whistler event received by Injun III. Chorus
soruptly ceases at 0U35:00 and electron whistlers start

at 0435:04 (shown by arrow).
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TYPICAL WHISTLERS AND DISPERSION PLOT '

A.
I6 APR 1963 |
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Asl3.2° |
B: |06
L: .50
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TIME, SECONDS
o 12 B
= 7]
i 3
2 ) =
g« g
IE" 12 £
Ll
E i i i i i | 45
b 2 4 6 B 1012 14 16 1.8
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o
L
TIME, SECONDS D.
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™
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ALTITUDE, KM

G G6-434

MAG. LATITUDE VS ALTITUDE: SAMPLE DENSITY

OF INJUN III VLF DATA STUDIED
DATA BOX=10° LAT. X IODOKM  P=NUMBER OF PASSES

er=0, O<P<5, B555<P<io, BEHio<P<20,l20<P

1300

100

900

700

500

300

o 10 20 30 40 50 60 70 BO
MAGNETIC LATITUDE, DEGREES

Figure 2
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ALTITUDE, KM

LOCAL TIME VS ALTITUDE: SAMPLE DENSITY OF INJUN I VLF DATA STUDIED

1300

oo

200

DATA BOX =2 HR X 100 KM P =NUMBER OF PASSES
CJpP-0, 0<PLS5, ES15<P<i0, EBI0OKP <20, MM 20<P

) T

06 O8 10 12 14 1’ 18 20 22 00 02 04 06

GEOGRAPHIC LOCAL TIME, HOURS

Figure 3
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FREQUENCY, KCPS

FREQUENCY, KCPS

RISERS RECEIVED WITH
SATELLITE INJUN IO

7.0
6.0

5.0

4.0~
3.0+
2.0
1.0

A - |

0.l 0.2
TIME, SECONDS

Figure 5

G&6-505

A.

4 JAN 1963
1010:52 UT
ALT: 2607 KM
A:ll°

B:.ll2

L:[.54
LT:16.7 HR

B.
30 APR 1963

1730:30 UT

ALT:2665 KM
AL 150

B:.I9

L:1.56
LT:17.5 HR

56



57

GEBE6-433

MAG. LATITUDE VS ALTITUDE: PERCENTAGE OCCURRENCE OF RISER
DATA BOX =10° LAT. X IOOKM

[Jo%, O<EEl<25%, 25<<50%, 50<BRA< 75%, 75<Hl< 85%

2700 FTE
2500
2300

2100

:

by
Qo
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1500

ALTITUDE, KM

1300

oo

200

TOO

500 —

M (R Y N P S B

' 10 20 30 40 50 60 70 80
: MAGNETIC LATITUDE, DEGREES

Tigure 6




G E6-449

LOCAL TIME VS ALTITUDE: PERGENTAGE OF OCCURRENCE
OF RISER
DATA BOX= 2HR X IO0OKM |
[]0%. 0<EEEI<10%, 10<55] <20%, 20<BEEH<50%, 50<Hl <B0%

2700

2500

2300
2100
1900

1700
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ALTITUDE, KM

1300

1100

200

700

500 —

| I A O I

06 08 10 12 14 |6 18 20 22 00 02 04 06
GEOGRAPHIC LOCAL TIME, HOURS

Figure 7
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GEE-46Y

MAGNETIG LATITUDE VS LOCAL TIME : PERCENTAGE OCCURRENGE
OF RISER
DATA BOX =10° X 2 HR

C10%.0<EfALI0%,10< [1<25%, 25 < EE3 <50%, S0< Il < B0%

06

04

o
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o
=

m
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"
(@]
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GEOGRAPHIC LOCAL TIME, HOURS
@
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08 b7

40 50 a0 70 BO
MAGNETIC LATITUDE, DEGREES
Tigure 8
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FREQ. KC/5 FREQ. KC/S FREQ. KC/S

FREQ, KC/S

60

G G&-Ai5

ALTITUDE SEQUENCE OF RISER WHISTLERS
RECEIVED WITH SATELLITE INJUN IO

1.9+
: 30 APR 1963
: L ITREe32UT
{ ALT: 2701 KM
/ \: B,7°
¥ ! B: 2
3 ' L: .46 -
0]
7.5' =
9 JUNE 1963
1957:17 UT
ALT: 2089 KM
2:5.9°
B: 133
Lil34
I6 FEB 1963
210357 UT
ALT:1320 KM
AL 3°
B: .64 -
Lil.28
26 DEC 1962
Q037:26 UT
ALT: 756 KM
2:9.8°
B:.205
L: LIS
o k- §. & a .' E.‘-"_' e
G ] - T 1 J
J 2 3 4 5
TIME, SECONDS
Figure 9
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FREQUENCY, KCPS

FREQUENCY, KCPS

62

: ; G66-474
CHECK WHISTLERS RECEIVED
WITH. SATELLITE INJUN III

-0 = I7.APR 1963
25 X - 0420:12 UT
6.0 - : ALT=2720 KM
St e T 0=9.3°
5.0 -l “5-;“% A Ve e _' .B=.102
e : L=1.47

08 AUG 963
1851:32 UT
ALT = 1314 KM
A=13.9°
B=.l5l
L=1.36

TIME, SECONDS

Figure 11




Jo%, 0<[EEl< 5%, 5<E<I0%, 10<EH<20%, 20<HE<25%

ALTITUDE, KM

MAG. LATITUDE VS ALTITUDE : PERCENTAGE OCCULRRENCE
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2300 p
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OF CHECK WHISTLER
DATA BOX=10° LAT. X 100 KM

GEE=-432

A [ (|
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Figure 12
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[Jo%, 0<[1<5%,. 5<E3<10%, 10 <EE <20%, 20 <l < 35%
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Figure 13
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Ge6-467

MAGNETIC LATITUDE VS LOCAL TIME: PERCENTAGE OCCURRENGE
OF CHECK WHISTLER
DATA BOX = 10° X 2 HRS

[]0%, 0<EEE<I0%,0<EN €20%, 20 < EE

< 50%

06

GEOGRAPHIC LOCAL TIME, HOURS

[ il S

0 110 20 30 40 50 60 70 80
MAGNETIC LATITUDE, DEGREES

Figure 1k



FREQUENCY, KCPS

FREQUENCY, KCPS
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GEE-481 .

HOOK WHISTLERS RECEIVED WITH SATELLITE
INJUN I

||.- IIIl W
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Figure 15

A.
12 APR. 1963
0453:19 UT
ALT:2704 KM
A:10.1°
B:.I0|
L:147
LT.:23.9HR

B.

7 JAN. 1963
0948:10UT
ALT:2633 KM
A:21.0°
B:lI9

L:1.62
LT.:3.73HR



FREQUENCY, KCPS
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HOOK WHISTLERS RECEIVED WITH SATELLITE
INJUN IO

A
I6 MAR 1963
1920: 22 UT
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LT: I15.8 HR

08
TIME, SECONDS

A6
.38
30
22

- 5.0

1 | | 1 1 L 1 | 1 1 | I__§ - (] 1 1 L 1
J2 8 24 30 36 42 4B 54 60
TIME, SECONDS

c
7 JAN 1963
ALT: 2617
A le®
B: .8
L: L.e0
LT: 3.BHR

FREQ KCP3

SECONDS

Figure 16
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HOOK WHISTLERS RECEIVED WITH SATELLITE

INJUN IO

. FREQUENCY, KCPS

TIME, SECONDS

Figure 1T

A,

[2. APR 1963
045319 UT
ALT: 2700 KM
A 13°

B8:.100

L:.48
LT:Q.ITHR

B.

I6 APR 1963
0513:02 UT

CALTIZTIZ KM

A T4°
B:.103
L:1.45
LT:23.3 HR

G

28 DEC 1962
0935:12 UT
ALT: 2762 KM
A 23.4°

B: .05

L:1.70
LT:5.4 HR

D.

T JAN 1963
0948:10 UT
ALT: 2633 KM
% 21°

B: .3

L:lLe2

LT:3.7 HR
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ALTITUDE, KM

, GEE-qu MK

MAG. LATITUDE VS ALTITUDE: PERCENTAGE OCCURRENCE

OF HOOK WHISTLER
DATA BOX =10° LAT. X 100 KM
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ALTITUDE ,KM
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LOCAL TIME VS ALTITUDE : PERCENTAGE OCCURENCE OF HOOK WHISTLER
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Figure 19



L
GE6-468

MAGNETIC LATITUDE VS LOCAL TIME : PERCENTAGE OCCURRENCE
OF HOOK WHISTLER
DATA BOX=10°X 2 HR.
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. < i o ey ey i A R e i i
Ay by O -..'."'-'-f:"""'f'h.”.‘:"*""-!",':'gf = sy Lot *4 i A =

NON-ECKERSLEY LAW WHISTLERS RECEIVED 1
WITH SATELLITE INJUN T -

g ‘--r.-d'.- qq-f,..-.-u—r—\.-l-.—p-u-.n-u--ﬂlr t.dal*
P e S R e

1 5 SECONDS I T 031400 UT

[ I [ N |

1.-'['_'_r . I "'.'I“ -..rl .
i SECGNDS l ||22 20 UT
TIME,SECONDS

Figure 21

GEE—5II

A, |
|6 JUNE I1966 b
ALT: 2665 KM I
Ai56° - .
B: 124
L: 4.52
LT: 106 HR f

B.

3 SEPT 1963
ALT: 249 KM
Ailg9e
B:.240

L: L.l&
LT:22.6 HR

C.

30 MAY 1963
ALT: 1031 KM
At 48.5°

B: 345
L:2.65
LT:4.21 HR
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FREQUENCY KCPS

WHISTLERS WITH LOW-FREQUENCY COMPONENTS
MISSING RECEIVED BY SATELLITE. INJUN IL.

e

0852:30 UT

Figure 23
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GE6-480

3 JAN 1963
ALT:2769
A:30°
B:|22
L:1.95
LT:3.9HR.

9 JAN 1963
ALT:272| KM
A:29°

B:l22

L:18

6
"LT:0300

14 JUNE 1963
ALT:295KM
A:18°

B:23l

L:LIE
LT:23.7HR.
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