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ABSTRACT

Results of a statisticel study of very low frequency
(VLF) noise ohserved with the Injun 3 satellite are presented.
Injun 3 included a VLT experiment driven by a magnetic loop
antenna capable of telemetering analog data (wide band ~ 200 Hz
to 7 kHz) and digital data (wide band signal strength and out-
puts of six spectrum analyzer channels). To provide a Fair
data sample, only one eight second data point per magnetic local
time, invariant latitude block (1 hour by 1 degree) per revolu-
tion was considered. This data point was classed as a2 1.5
milligamma or a 4.0 milligamma event if the Widé band signal
strength was above 1.5 milligamma or 4.0 milligamna during the
eight seconds. Using definitions which have been formulated
and the analog and digital data, the type of noise present in
each event wes determined. By counting the total number of
each type of noise in each block and normalizing, densities of
occurrence of VLF noises were obtained. These data were for
the period from December 1962 to October 1963.

Hoise exceeding L.0 milligamma occurred predominately

from T to 13 hours magnetic leocal time and 52° to 70° invariant
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latitude. The noise exceeding 1.5 milligamma showed the same
letitudinal dependence, but with a maximum closer to magnetic
local noon. The most frequently observed VLF emission (59%)
was FELF hiss with a pesk cccurrence for the 1.5 milligammsa
threshold at 75° invariant latitude and 12 hours magnetic local
time. Chorus was observed in 51% of the events and VLF hiss

in 31%. Other types of VLF emissions were found in less than
1% of the events. Four individual passes were examined to
illustrate the statistical findings. Comparisons were made
with VLF ground station statistical studies and with a satel-

lite study of VLF hiss.
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I. INTRODUCTION

Very low freouency (VLF) radic noises are electromagnetic
radio waves in the frequency range of approximately 20 Hz to 30
kHz. Two basic types of naturally occurring VIF noises are known:
whistlers and emissions. The theory of whistlers was developed
by Storey [1953] and extended by Helliwell et al. [1956], Ellis
[1956], and Maeda and Kimura [1956]. According to these theories,
whistlers are caused by lightning discharges near the Earth's
surface and their spectral shape is due to propagation of this
energy through the dispersive magnetosphere. Whist:lers have
been used to determine magnetospheric parameters such as elec-
tron end proton densities. VIF emissions ave naturally occurring
VIF noises whose energy does not come from lightning but from
charged particles which emit electromagnetic or electrostatic
waves., The three possible source regions of VLF emissions are
atmospheric, extra-terrestrial, and magnelospheric. There are
no atmosphieric sources known other than whistler producing light-
ning, The megretosphere camot propagate VLF waves from inter-

plaustary space because of the plesma frequency cutoff. Thus,



VIF emissions must be magnelospheric in origin. The origin of
VIF emissions has not been fully explained, however many mechan-
isms heve been proposed for their origin. The suggestions inelude
(1) Cherenkov radietion by Ellis [1957, 1959] and lately by
Jérgensen [1967], (2) traveling wave tube amplification by
Gallet and Helliwell [1959], Bell and Helliwell [1960], and
others, (3) cyclotron radiation by MacArthur [1959]), Sauntirocco
[1960], and others, (4) +transverse resonance instability by
Brice [1963], and (5) proton beam amplification by Idmura
[1962, 1963].

The first observation of a VIF emission was possibly
made by Frecce [1894]. His paper describes noises heard on
telephone receivers connected to telegraph wires. Ffmm his
descriptions of the phenomens, he may have cbserved what is
now celled chorus. Burton [1930] and Burton and Boardman
[ 1933a] reported guasi-musical sounds between 500 and 1500 Hz.
These sownds were probably extremely low frequency (ELF) hiss
or the common combination of ELF hiss and chorus, now called
poler chorus or roar. Burton and Boardman [1933b] reported
hissing sounds in the upper voice range, presumably above 5

kHz. These noises were probably VLF hiss.



There have been many sets of definitions devised by various
authors to classify different types of VLF emissions. Must have
been qualitative and a few have been quantitative. Gallet [1959)
divided VIF noises into three large groups &s given in Table l:
whistlers, VLF emissions, and interactions between whistlers and
VLF emissions. Two main types of VLF emissions were rescognized:
continuous and discrets. Continuous emissions were characterized
by the fact that they were continuous in time and freqguency.

Hiss wes given as an example of a continuous VLF emission. Discrete
emissions were characterized by their transitory behavior. He
recognized many types of discrete emissions including hooks, risers,
guasi-vertical (typicelly chorus), falling tones, quasi-horizontal,
pseudo- noses, and those discrete Emissioﬁs too complex for the
preceading classes. Table IT gives Gallet's classes of discreie

VLF emissions with model spectral forms.

Helliwell [1965] gives a comprehensive classification
scheme for VLF emissions. Table III shows Helliwell's model
spectral forms for his classification scheme. He characterized

hiss by its resemblance to thermal or fluctuation noise, dividing

it into steady and impulsive hiss according to its tendency to



change amplitude over periods of the order of 4 second. A
sequence of closely spaced, discrele events, often overlapping in
time, Helliwell called chorus. Rising tones, falling tones,
hooks, and combinations, so named bacause of their characteristic
shepes on a freguency time spectrogram, were grouped together
with the name discrete emissions. Regularly spaced emissions
were called periodic emissions and ineluded dispersive and non-
dispersive periodic emmissions. Helliwell defined guasi-periodis
endssions as long period bursts of discrete efents: pericdic
emissions or chorus. Triggered emissions were those ceused by
oiher amissions or by whistlers.

Some definitions of chorus which have also been given &rc
those by Storey [1953], Watts [1957], Allcock [1957], Crouchley
and Brice [1960], Pope [1963], Laaspere et al. [196L4b], Gurnett
[1¢6L4], Helms and Turtle [1964], and Jgrgensen [1965]. Jprgensen
divides chorus into three types depending upon its frequency.
Some authors who have given definitions of hiss include Burton
and Foardman [1933b], Aelms and Turtle [1964], and Leaspere et al.

[196ke,b]. Laaspeve et al. differentiate between three types of



hiecs by freguency range and temporal and spacial coincidence with
auroras. Additional definitions of hiss were given by Curnett
[1963], Gurnett and O'Brien [1964], Gurnett [1966], and
Jfrgensen [1965, 1966a,bl.

Surveys of the frequency or probability of occurrence of
VIF emissions have been made using both ground based and satellite
VLF receivers. Some of those using ground station results were
Alleock [1957], Martin et al. [1960], Crouchley and Brice [1960],
Helliwell and Carpenter [1961, 1962], Yoshida and Hatanaka [1962],
Pope [1963], Laaspere et al. [196La,b], Helms and Turtle [1964],
and Jgrgensen [1966a,b]. Allcock [1957] reported the diurnal
and seascnal variation of chorus and found that the loeal geo-
magnetic time of chorus activity inecreased with geomagnetic
latitude at the rate of about one half hour per degree with
maximum chorus appeering at § to 6 hours, and 50° geomagnetic
latitude to §-12 hours al 65°. Martin et al. [1958] found a
maximum of both strength and occurrence at ahout 10 hours local
magnetic time for chorus at the South Pole. Crouchley and Erice
[1960] in their study of chorus found that it exhibits a maxi-
mun of oceurrence at about geomsgnetic latitude 65' and has a

complex diurnal behavior with three distinct diurnal peaks af



a low latitude (45°S) station, a large peak at about 6 hours
locel mean time for a mid-latitude (52°8) station and a large
peak at 9-12 hours at a higher latitude (61°8) station.
H=1liwell and Carpenter [1961,1962] found that chorus and
hiss occurred most often between 56° and BO® geomagnetic lati-
tude, the distribution being skewed toward the high latitude
side. Yoshida and Hateanaks, [1962] showed that chorus hed a
frequency of occurrence maximum at 59°-60° geomagnetic latitude
and for hiss a maxinmum at 55°-62° geomagnetic latitude. In
contrest to some of the earlier Tindings, they found that the
geomagnetic local time of maximum occurrence (U to 12 hours)
decreased with increasing latitude. Pope's [1963] study of
high latitude chorus found en occurrence maximum between 11 and

13 hours local time and thet for 29 stations between 44° and 80°
geomagnetic latitude, the local time of maximum occurrence of

chorus increased with increasing geomagnetic latitude. Laaspere
[196la,b] found chorus tc have a maximum from 4 to 10 hours local
mean solar. time, and hiss to have maxima at any time of day, depend-
ing upon the latitude of the station, the season, and the level of
geomagnetic activity. High latitude stetion hiss‘was found to

have gpproximately the same diwrnal variation as chorus, shifted

to laber times by a few hours,



Helms and Turtle [1964] found that hiss at Byrd, Antartica
had & diurnal peak at about 2100 magnetic local time. Jprgensen
[1965] found that ground station polar chorus had its maximum
at 7-12 hours local time and for hiss at 22-23 hours geomagnetic
time. Jgrgensen [1963b] used the results of thirteen ground
stations and found that there was a maximum of the occurrence at
gbout TO0® magnetic latitude shortly before magnetic midnight.
Tigure 1 shows coniour plots of the results of cbservations of
nizs at 8 kHz averaged over 1964 for three Greenland stations
taken from Jorgensen [1966a]. As can be seen from the Tigure,
the maximum occurrence was the late evening and high latitnde
sector.

A satellite based study of VL¥ hiss in the ffequency
renge 5.5 to 8.8 Xz has been made by Gurnett [1966] using
Injun 3 data. His results are swmnarized in Figure 2, which
shows that VLF hiss occurred in a zone about 7° wide in latitude,
centered on 77° invariant latitude at 14 hours megnetic local
time and centered on 70" at 22 hours. Also, the magnetic local

time of maxdimum occurrence decreased with increasing latitude.



Because of the unique advantages of satellite based obser-

vations over ground station cbservations, it is more desirable to

study the occurrence of VIF emissions with a satellite borne VLF

receiver than from a ground based VLIF receiver. BSane of these

advantages are:

1.

The satellite observes VLF waves before they are
attenuated by absorption in the D region of the
ionosphere, whereas ground stations see attenuated
WBVES.

The L-shell of the sourece in the magnetosphere iz
gasier to determine from a satellite observation
due to the existence of the earth-ionosphere
waveguide,

The satellite is able to make rapid surveys of the
spacial extent of VLF noises.

A satellite has wider geographical coversage than
ground stations.

VILF waves can become trepped in the magnetosphere
due to totel internal reflection at the lower iono-
sphere boundary and thus :f:l‘..‘}l.lld only be observed by
VLI receivers in the magnetosphere and not by ground

stations.



According to Leiphart [1962], VLF waves propagating through the
ionosphere are attennaied by approximately 35 db during the local
day and 10 db during the local night due to absorption at the D
region. The attenuation reduces the effective sensitivity of

the ground based receiver and makes power density calculations
for ths original wave uncertain. The attenuation also reduces
the strength of man-made interference in the form of upward
traveling waves at the satellite. The satellite can observe

VLF waves along the propagation path in the magnetosphere, whereas
ground sletions observe waves propagating in the earth-ionosphere
wave gulde which allows VLF waves io travel considerable distances
[Martin, 1958]. This makes it difficult to locate the point vhere
the VIF wave originally entered the wavegunide. The earth-
ionosphere wave guide also produces & low freguency cutofi,
attenuating waves below the cutoff frequency of the wavegulde,
epproxzimately 1.5 kHz.

The study of the spatial and temporal occurrence of geo-
physical phenomena is considered to be of prime importance to the
explanation of & particvlar phenomenon. This paper presents the
resulls of such a morphological study for VLF emissions observed

with the Injun 3 satellite. We give definitions of VLFF emissions



and then discuss the resulis of two types of studies of the Injun
3 VLF data. The first study is a statistical analysis of the
oceurrence of VLF emissions and the second is a study of selected
individual satellite passes illustrating the statistical trends
with spectra. These results indicate the freguency of oceurrence
of VLF emissions of various types in terms of the geomagnetic

coordinates, magnetic locel time and invarient latitude.
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ITI. DEFINITIONS

Before the stalisticel study of VLF emissions was begun,
it was determined that a seb of definitions should be formuilated
Tor classifying the phenomsna found in the Injun 3 VLF data.

The definitions given here are semiempirical. They were based
on knowledge of VLF specira obtained both from satellite obser-
vations and from ground stations observations. The definitions
depend only on the form of the emission on a frequency-time
spectrogram. Although the cbservation point (the satellite)

is moving, the reference frame for these definitions will be
the observer. In other words, although the satellite is moving
in space, the time duration of the event in the satellite records
is important in the definitions. The definitions used in this
study are listed below. The figure numbers refer to examples
fran Injun 3 data, which depict the type of VLF emission being
defined.

I. Hiss is incoherent, band limited white ncise, with a

duration of minutes and with little temporal structure

on & time scale less than one second.
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A VLF Hiss is hiss with components at fregquencies

greater than 2 kHz.

1. Steady VLF Hiss is VLF hiss with no dis-

continmious spectral changes on the order
of seconds (see Figure 3).

2. Impulgive VLF Hiss is VLF hiss with discon-

timious spectral changes on the order of
seconds (see Figure L).

B. Exitremely Low Frequency (ELF) Hiss is hiss with

no components greater than 2 kHz (see Figure 5).

C. Lower Hybrid Resonance Hiss (IHRH) is hiss with

a lower frequency cutoff which is smoothly chang-

ing apparently due to the change of the lower
hybrid resonance frequency with satellite posi-
tion (see Figure 6).

II. Discrete Emissions are individual distinct emissions

with durations of seconds or less.
A. Chorus is a segquence of discrete emissions. The
emissions occur randomly in iime, generally rising
i in frequency on a time scale of a few tenths of &
second, The sequence lasts on the order of

seconds (see Figure 7).
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B. Isolated Discrete Bnissions are discrete emissions

which are iscolated in time on the order of seconds.
L. Risers are isolated disecrete emissions whose
frequency rises in time (see Figure 8).

2. Falling Tones are isolated discrete smissicns

whose frequency falls in time (see Figurs 8).

3 Steady Tones are isolated discrete emissions

whose frequency remains nearly constant in
time (see Figure 8).

. Hooks are isolated discrete emissions whose
frequency Tirst falls and then rises in time
(see Figure 8).

B Combinations are isolated discrete emissions

which appear to be complex combinaticns of
risers and falling tones (see Figure 9).

e Periodic Pmissions are discrete emissions that are

periodic or nearly periodic in any part of the
frequency band with & period equal to the whistler
mode bounce period at the frequency of the periodi-

city (see Figure 9).
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D. Quasi-Periodic Emissions are discrete emissions

that are periodic or nearly periodic in any part
of the frequency band with a period not near the
whistler mode bounce period at the freauency of
the periodicity (see Figure 9).

k. Triggered Emissions are discrete emissions that

appear to have been initiated by another emission

or a whistler (see Figure 10).
Preliminary anzlysis of the data showed thet usually the freguency
components of hiss were either greater than 2 kHz or less than
2 k¥z. Hiss with components both less than and greater than 2 Iz

was thought to usually be the type called VLF hiss by Jgrgensen

[1966a] and Curnett [1966] and was so classified. VLF hiss as

defined here includes what has bsen called anwroral hiss by other
suthors., The adjective auroral has been dropped because of the
oceurrence of this type of hiss at times when no auroras exist.

In addition, VIF hiss in this paper includes VLF hiss as defined

by Gurnett [1966] in his Injun 3 study of VLF hiss in the range 5.5
to 8,8 kHz. VLF hiss in this paper also includes hiss below 5.5 kHz.

The whistler mode bounce period is the time for a VIF wave

propagabing in the electron cyclotron (whistler) mode slong a field

line to travel from one hemisphere to the other and back again.
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This period can be determined for a specific frequency Trom experi-
mental values of whistler dispersion if we assume that the time
delay is given for a particular frequency component by the
¥kersley law and that no periodic or quasi-periodic emissions ocour
sbove 60° inveriant latitude. Tigure 11 shows whistler dispersion
determined from six ground stations by Allcock [1959]. Dis-

persion D is desfined by the Ekersley law,

D = T/

where T (seconds) is the time delay at a frequency f(Hz). Thus,
the whistler mode bounce period P = 2T as a function of frequency
and inveriant latitude can be determined and is shown for several

latitudes in Figure 12.
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IIT. DESCRIPIION OF THE INJUN 3 VLF EXPERIMENT

I December 1962 the University of Iowa/ONR satellite
Injun 3 (1962 beta tau) was launched, It was a high latitude
(70° inclination), low altitude (237 to 2800 lm.) satellite
whose prineiple scientific aims were to measure aurcral optical
emissions, the precipitated particles causing them and the VLF
emissions that might have interacted with the precipitated and
trapped particles. The VLF experiment included in the instru-
mentation was capable of detecting electromagnetic radiation in
the freaquency range of about 200 Hz to 8.8 kHz. The detector was &
magnetic loop antenna which provided maximum cuupiing to the
B component of an electromagnetic wave propegating in the elec-
tron eyclotron (whistler) mode. Maximum coupling was achieved
by placing the anienna so that the geomagnetic B field would always
lie in the plane of the loop as oriented by the satellite. There
were three types of data of interest ot us in the VLF experiment.
The first type is the wide band analog VIF telemetry. The
amplitude of the VIF signal from 200 Hz to T kHz was normalized by

en automatic gain control (AGC) circuit with & time constant of 0.2

gseconds. This signal directly modulated the telemetry transmitter




for reception and recording by a telemetry station for later

analysis in the l#boratory with a freguency-time specirum analyzer.

The second part of the VLF experiment wtilized in this study
consisted of the satellite spectrum analyzer., Tt determined the
sbsolute amplitude of the magnetie component of the wave at

six freguencies, 0.7, 2.7, 4.3, 5.5, 7.0, and'B.8 kHz. The
minimum amplitude of the output of each channel was sampled, digi-
tiged and telemetered every eight seconds in the most common mode
of operaticn. The third part of the VLF experiment used was Lihe
AGC. The AGC feedback wvoltage was sampled by an analog to digi-
tal converter and transmitted to the ground by the digitel data
system. In the most common mode of operation, the AGC voltase
was digitized and telemeterel every four ssconds. These AGC

data were pui into pairs corresponding to the eight seronds of
spectrum analyzer data. These eight seconds of data, both asnalog
and digital, will be called an eight second data point.

The Injun 3 VILF experiment thus provides three measuremenis
of intersst in this study: a) high resolution frecuency time
spectra from the wide band VLF signal which is telemetered to ths
ground, b) the wide band signsl strength, and ¢) the spectrum

-

analyzer outputs. For s more deteiled deseripiion of the Injun 3

1Y

satellite, see O'Brien et al. [19€L4] and Gurnett snd O'Brien [196k4].
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IV. DATA ANALYSIS

Iuring the useful lifetime of Injun 3, spproximately 1200
hours of VLF date were received as the satellite traveled through
48,000 magnetic local time, inveriant latitude blocks (one hour by
one degree), Magnetic local time is the hour ‘sngle between the
magnetic meridian through the satellite and the magnetic meridian
through the sun using the centered dipole approximation
[Chamberlain, 1961]. Inveriant latitude is defined to be INV = arc
cos L_lx E, where L is MeIlwain's [1961) shell paremeter. It was
neacegsary To rsduce the amount of data to be analyzed so that the
study could be completed in a reasonable length of time. To pro-
vide equal date for each blo-¥, only the first eight second data
point in each block was considered. To reduca the number of data
roints to a reasonable number and insure the presence of VIF date,
orly those deta points above a set threshold megnetie field strength
were examined. The data points with AGC above the threshold wears
called svents and the types of emissions present were determired.
By counting the total nunber of noise events of each type in a
block and normalizing, the probability of occurrence of each type

of noise was determined. Altitude was not considered directly
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directly in this study because the VIF waves and the particles which
cauge them are guided along the field lines irrespective of altitude.
A computer program was dssigned to examine only the first
eight second data point in each magnetic local time, inveriant
latitude block for every revolution. This guaranteed a fair
statisticel sampling of the data. The orbital parameters for that
point were printed out if the AGC showed that the VIF signal at
the suatellite was above & certain threshold for both four sescond
halves of the svent. This would sample various emission equally
if they were of the same strength. For this study, twe threshold
noise magnetic signal strength levels were chosen, 1.5 and 4.0
milligamma. Assuming a longitudinal index of refraction of 10
for VLF frequencies at the satellite altitude, good satellite
aligrment, and propagation in the whistler mode, ‘t..hese magnetic
field strength thresholds correspond to power fluxes of 5.4 x 1077
and 3.8 x 1078 wa:tt-s/'me over the 7 kHz bandwidth. During the
1200 hours of telemetry transmission, the satellite passed through
48,000 megnetic local time, invarient latitude blocks (one hour
by one degres). Tsble 4 gives the total number of times the satel-
lite passed through eny given invarisnt latitude, magnetic local
time block. OFf the 48,000 date points, there were 5,300 for which

the VLF noise was above 1.5 milligarma and 825 sbove 4.0 milligaumma.



20

The date from every telemetry station pass for which there
were AGC events was frequency-time anelyzed with a Spectran
spectrum analyzer. The Spectran uses 480 megnetorestrictive
filters to cover the range 0-10 kHz. The filiers are capacitively
commutated at a frequency of 60 Hz. fhe resolution is thus gbout
20 Hz end 1/60 sec. The spectrograms wers produced by a strip
£ilm 35 mm osecilloscope camera and a Tektronix intensity modu-
lated oscilloscope. This combination of spectral analysis
equipment permits reel time preduction of spectra. A photo-
graph was taken of the processed spectrogram including each
gight second event in a picture covering L0 seconds in order to
provide a permanent record of the event. Prints were made of
each of the spectra of the 1.0 my events and the type of VLF
noise was identified from the pictures of the spectrogrems. The
mumber of VLF hiss, ELF hiss, and chorus events in esach magnetic
local time, invariant latitude block weas counted and normalized
by the total number of times the satellite was in the block
while it was telemetering data, see Table L.

In eddition to a normel computer output for the 1.5 my
noise level sorting, aperature cards were punched for every 1.5 my

event. The information punched on ths sperature cards included
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orbit parameters, satellite and universal time, and selected
energetic particle counting rates (for use in a future study).
Aperature cards are computer cards with an area to insert a

35 mn negetive. The negatives of the pictures of the spectrograms
of the 1.5 my events were attached to the aperature card, thus
consolidating the analog and digital data. The type of event
wes then determined by a research aide who had been trained to
classify emissions. It was found to be impossible to reliably
identify VLF hiss from the spectrograms, so this classification
wes checked using the on hoard spectrum analyzers at 2.7, 4.3,
5.5, 7.0, and 8.8 kHz. If the output of any of these analyzers
was above its noise level and the spectrograms did not show
another type of emission at that frequency, the existence of
VLF hiss was confirmed. Code numbers indicating the types of
gvents ware then punched on the card. WNext, & computer pro-
gram was ussd to count the number of VLF hiss, ELF hiss, and
chorus events in each magnetie local time, invariant latitude
block. This program alsc normalized the results by dividing the
number of occurrences in each block by the number of times the

satellite passed through that block while telemetering data.
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V. STATISTICAL RESULTS

A. 4.0 my Statistical Results

VLF radioc noise exceeding 4.0 my occurred in 1.7% of
the L8,000 possible eight second data points. Table 5 gives the
total number of 4.0 my events within any giveﬁ magnetic loeal
time, invariant latitude block. The normalized frequency of
occurrence of these B25 events, plotted in the polar coordinates,
inveriant latitude and magnetic local time, is given in Figure 13.
It can be seen that the most intense VLF noise is almost entirely
couTined to the magnetic day with a maximum in the early morning,
tailing off throughout the day. The latitudinal dependence is
also well definad, the noise being rearly limited to invariant
latitudes beiween 50° and 75°. In addition, the latitude of mexi-
mim occurrence shows & very slight tendency to increase &s magnetic
local time increases between 8 and 12 hours.

With the 4.0 my nois=s level threshold, three types of emis-
sions ccourred with sufficient freduency to justify statisidical
analysis. The three types were VLF hiss, ELF hiss, and chorus.
Table €& gives the total number of ELF hiss cccurrences above

4.0 my within ary given megnetic locel time, invariant latitude
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block, and Figurs 14 shows the freguency of occurrence of ELF hiss.
ELF hiss was present in 92% of the 4.0 my evenis. Because of the
high incidence of ELF hiss, the distribution is essentially that
of VLF noise sbove 4.0 my, Figure 13. The distribution is more
localized with nearly all of the events occurring from 7 to 14
hours magnetic local time and 55° to 75° invariant latitude.

Table 7 gives the totel number of chorus events above 4.0 my
within any given magnetic local time, invariant latitude block,
and Figure 15 shows the freguency of occurrence of chorus when
the AGC was asbove 4,0 my. The maximum frequency of occurrence
of chorus was about the same as for all noise zbove 4.0 my,
although chorus ocecurred in only 52% of the events. Chorus is
confined almost entirely to 7 to 13 hours magnetic leocal time end
54° to 70° invariant latitude. However, recalling that ELF hiss
was presant in 929 of the 4.0 my events, it is apparent that ELF
hiss was the primery cause of the high AGC levels, Ii can be ccn-
cluded then that Figure 15 is sctually the freguency of simul-
taneous occurrence of ELF hiss and chorus. Chorus alone had the
required flux density to cause the AGC to be above 4.0 my in only

3% of the 4.0 my events.
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The total number of VLF hiss events for which the AGC was above
4.0 my within any given magnetic local time, invariant latitude
block is given in Table B. VLF hiss was present in 37% of the

4.0 my events, the frequency of occurrence of which is shown in
Figure 16. The striking feature of this distribution is the fact
that the maximum is some 5 or 6 hours later than for all VLF

noise, Figure 13. The limits of occurrence seem to be roughly

the same as for all VLF noise, however, magnetic day and 50° to

75° inveriant latitude. Even though the distribution maximum
appears to be somewhat different than for the ELF hiss distribution,
we musht conclude that Figure 16 is in reality only the distribu-
tion of the simultaneous occurrence of ELF hiss E.'t';.ﬂ. VLI higs, This
conclusion is necessary due to the contaminetion by ELF hiss, that

is, the fact that the sample density was controlled by ELF hiss.

B. 1.5 my Stabtistical Regults

In 119 of the 48,000 possible eight second data points, the
AGC was greater than 1.5 my. Table 9 gives the total number of
1.5 my events within any given magnetic local time, invariant lati-
tude block, The normalized frequency of occurrence of these 5,300
events is given in Figure 17. The maximum frequency of occurrence

of 1.5 my noise is approximately twice the maximum frequency of
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occurrence of 4.0 my noise. The distribution is also broader,
covering magnetic local times from 5 to 19 hours and invarjant
latitudes from 50° to B80°., The magnetic local time of the maxi-
mun is later then the maximum in the U4.0-my study. Here it is 10
hours, whereas it was 7 hours in the 4.0 my study.

As before, only three types of emissions occurred with
sufficient freaquency to justify statistiecal analysis. The thres
types were VLF hiss, ELF hiss, and chorus. ELF hiss was observed
in 59% of the 1.5 my events. Table 10 gives the total number of
ELF hiss events above 1.5 my within any given magnetic locel time,
invariant latitude block. Figure 18 shows the frequency of
oceurrence of ELF hiss sbove 1.5 my. ELF hiss is, as before,
confinad to magnetic day, with a maximumn geecurrence of 50% at
12 hours megnetic local time and 75° invariant latitude. The
range of invariant lstitudes for which ELF hiss is present is
50°-80°.

Table 11 shows the total number of VILF hiss events above
1.5 my within any given magnetic local time, invariant latitude
btlock, Figure 19 shows the freguency of occurrence of the 1570
VLF hiss events for which the AGC was sbove 1.5 my. These

represented 31% of the 1.5 my events. The maximum occurrence was



32% at 7 hours magnetiec local time and 59° invariant latitude.

This maximen is earlier than that found for VLF hiss for which

the AGC was greater than 4.0 my, but the distribution in magnetic
local time remains significant until early magnetic evening.

The distribution in invariant 1atjtudé is fairly broad extending
from 50° to 78°. The invariant latitude of méximum occurrence

tends to incresse slightly for higher magnetic locel times.

Table 12 gives the totel number of impulsive VLF hiss events above
1.5 my within any given magnetic local time, invariant latitude
block. This distribution is interesting because it is concentrated
at high latitudes. The lowest invariant latitude where impulsive
VLF hiss was observed was 63° but 85% were above 70°. The

magnetic local time of meximom occurrence tends to increase for
decreasing invariant latitudes for the occurrences above 70°. Since
the frequency of occurrence of ELF hiss was almost twice as

grest as that for VIF hiss, the same contamination of VLF hiss
results with ELF hiss will be found here as was found to an

extreme degree in the 4.0 my phase of the study. In other words,
even though VLF hiss may have been present during a 1.5 my event, the
ceuse of the high AGC reading in many cases wa; ELF hiss. Thus,
Figure 19 is not & true picture of the freguency of occurrence

of VLF hiss, because of the random presence ol strong ELF hiss.
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50% of the 1.5 my events contained chorus. Table 13
gives the totsl number of chorus events aebove 1.5 my within any
given magnetic local time invariant letitude block. The freguency
of occurrence of chorus above 1.5 my is given in Figure 20. The
meximum occurrence of chorus was Lo%p 1-«']111‘.‘11 coccurred at thres
points, 64° and O hours and 64° and 65° and 11 hours, invariant
latitude and megnetic local time. The distribtution of events is
similar to thet of all VLF noise greater than 1.5 my, being con-
fined to magnetic day and inveriant latitudes between 50° and 80°.
This suggests that ELF hiss has again been the primery cause of
the elevation of the AGC during these chorus events., Tigure 20
is then not & true deseription of the oeccurrence of chorus due
to the random presence of ELF hiss.

It must be emphazized that beceuss of the high freouency
of occurrence of ELF hiss which appears to be controlling the
sample density of other phenomena, the frequencies of occurrence

of ELF hiss gbove 1.5 and 4.0 my should be considered to be the

principle result of the statisticel study.



Ceses of LHR hiss, risers, falling tones, steady tones,
hooks, combinations, diffuse emissions and periodic, quasi-
periodic,and triggered emissions were found in less than one
percent of the 1.5 my events. Only five examples of LHR hiss
were found in the Injun 3 data studied. In contrasit, the Alouette
satellite, which used an electric dipole antenna for its VLF
receiver, observes IHR hiss with a maximum frequency of occurrence
of ~ 60% [McEwen and Barrington, 1967]. The small number of
cases of isolated discrete emissions is reasonable because they
are isolated in time and would in general not affect the AGC.
There are few cases of periodic or quasi-pericdic emissions found
in &l1 Injun 3 data that sere analyzed and thus few would be

expected here.
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VI. INDIVIDUAL PASS STUDY

In contrast to the statistical approach to the study of
the morphology of VLF emissions, we will now consider a few
individual passes to relate specific VLF events with ihe statis-
tiecal findings. The passes considered were during revolutions
70, 1, 503, and 1737. The first two passes were during a disturbed

period (KCOIlEEE = 6 and Kﬂﬂllege = 5), while the last two

were during guiet periods (kﬁﬂllege = 2 and kCollege = 3,

respectively). The passes were all in the Northern Hemisphere
and were all in the magnetic local day exceptl for.a small
portion of revolution 503. These passes were chosen because
of their high VLF emission activity. Figures 21-31 show the
satellite trajectories in the coordinates magnetic local time
and inveriant latitude, spectrograms, orbital parameters and
the wide band signal strengths (AGC) during the passes.
Revolution 7O: As can be seen from Figures 21-23, the
satellite was in the magnetic mid morning sector at middle to
high latitudes during which time its altitude changed from
~ 1550 km to ~ 850 km. When good telemetry reception started,

ahout 19:29:20 UT, chorus was being received which continued



until sbout 19:37:10 UT. The chorus extended from ~ 0.5 to ~ 4

kHz. The satellite moved from B.Y4 hours magnetic local time and
47° inveriant latitude to 9.3 hours magnetic leocal time and il
invariant latitude during this chorus event. Chorus in this
frequency range, especially that below 1 kHz, is observed fre-
auently with Injun 3. This observation agrees well with the
statistical finﬂingﬂnf chorus in Figures 15 and 20. The orbit
passes through the arsa of maximum probability cf occurrence of
chorus. The AGC varied from 1.8 to 9.1 my during the chorus
event but 4id not appear to correlate well with iv.

Steady VLF hiss was observed from about 19:31:00 UT until
et least 19:35:00 UT. Temporary telemetry loss at 19:35:05 UT
made the determination of the end of the VLF hiss event uncertain
until 19:36:36 UT. Although the band width of the‘éteaﬂy VLI hiss
appears to be only 2-3 kHz on the spectrogram due to the action
of the AGC, the satellite spectrum analyzers indicate that the
steady VLT hiss extends from ~ 3 kHz to beyond 8.8 kHz. During
the steady VLF hiss event, the satellite moved from 8.5 hours
magnetic local time and 51° invariant latitude to 9.0 hours
magnelic local time and 62° invarient latitude. Steady VLF hiss
typicelly occurs with this bandwidth and spacial extent. Com-

paring the spacial extent of this steady VLF hiss event with



Figures 16 and 19, we see that this event occurred in an area of

relatively high probability of observing VLF hiss. The AGC
appeared to correlate quite well with this VLI' hiss event, reach-
ing almost 10 my during pesk Intensity.

The identification of the beginning of the ELF hiss event
during this pass was difficult, but ELF hiss was present by at
least 19:32:30 UT. It continued until loss of telemetry at 19:38:40
UT. This ELF hiss is very typiecal, with a sharp lower cutoff and
e bandwidth of sbout 1 kHz. The association of chorus and ELF hiss
in the same frequency range or with chorus at a slightly higher fre-
quency is also typicel. The satellite moved from 8.6 hours magnetic
local time and 54° invariant latituds to 9.6 hours megnetic local
time and 72° invariant latitude during this ELF hiss event. These
orbital parameters agree well with the statistical findings of
the occurrence of EIF hiss, see Figures 1L and 18. The AGC was
excited above its noise level for the entire pass (except after
19:30:35 UT) and when ELF hiss was the only VLF nolse being
observed, after 19:37:15 UT, the AGC was ~ l-2 my. It seems
spparent then thalt the amplitude of the ELF hiss was probably
~ 1-2 my during the entire pass.

Revolution 71: The orbital parasmeters of this pass are

essentially the same as for the revolution 70 pass just considered,
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see Figures 24-26. The satellite was in the mid morning sector
at middle Lo high latifudes during which time its altitude changed
from ~ 1400 to ~ 750 km. MNo VLF emissiocns were observed during
thig pass until 21:30:00 UT when a LHRH band began to be cbserved.
Tt continued until 21:31:00 UT. The LHRH was similar to other cases
of IHRH in Injun 3 daia with a sharp but uniformly changing lower
frequency cutoff and a band width thet extended above the highest
satellite spectrum analyzer channel, 8.8 kHz. While the satellite
was observing this LHRH, the satellite moved from ~ 8.77 to ~ B8.85
hours magnetic local time and ~ 53° to 55° invariant latitude. The
AGC gives a value of between 1,5 and 3.0 my during the THRH event.
At 21:30:25 UT chorus activity began and c;ntinued until
21:35:00 UT. Near the begimning of the chorus event, the chorus
was primarily in a frequency range from 2 to L kHz with a few
bursts in the 1 kHz range. In the middle of the event, there
were equal smounts of chorus in each band, with scme overlapping
of bursts. Near the end of the chorus event the chorus was
confined almost entirely to the lower frequency band. During this
chorus event, the satellite moved from 8.8 hours magnetic local
time and 54° invariant latitude to 9.5 hours magnetic local time

and 67° invariant latitude. By comparing this path with Figures
P



15 and 20 showing the statistical cccurrence of chorus, we can see

that this chorus event cccurred vwhere the statistical probability
of cbserving chorus is high., Digital telemetry was rather poor
during this pass and AGC velues are few in number. There appears
to be a correlation between chorus and the AGC from 21:32:00 UT
to 21:33:00 UT, with the AGC varying between 2 and 7 my.

The beginning of the ELF hiss event during this pass was
difficult to determine but ELF hiss was present by at least
21:32:12 UT. The end of the ELF hiss event was at 21:35:15 UT.

It was & typical ELF hiss event during which the satellite moved
from ©.0 hours magnetic local time end 58° invarient latitude to
10.0 magnetic local time and 71° invariant latitude. The satellite
path passes through the region of maximum occurrence of ELF hiss

as shown in Figures 14 and 18. The poor digitel telemetry made

it difficult to compere ELF hiss with the AGC, but from 21:34:16 UT
to 21:34:L0C UT, the AGC reached a peak of & my during which time
FLF hiss was the dominant emission being observed.

Revolution 503: Tigurss 27 and 28 show that the satellite
was in the magnetic early morning sector &t a high latitude and
low altitude (~ 260 to 237 km) during telemetry reception. ELF

hiss was cbserved during the entire pass from 18:12:08 UT until



18:16:48 UT., The ELF hiss was typical, with a bandwidth slightly
less than 1 k¥z, centered about 0.8 kHz and with a sharp lower
frequency cutoff. The satellite moved from 5.6 hours magnetic
local time and 69° inveriant latitude to 9.4 hours magnetic local
time and 71° inveriant latitude, reaching & maximum invariant
latitude of 72.2° while observing the ELF hiss. The statistical
probavilitvy of finding ELF hiss with AGC greater than 1.5 my

over this path varied from less than 10% at the beginning of the
pass, to greater than 4O% near the end of the pass, see Figure 18,
ELF hiss was the only emission observed wntil 18:15:10 UT, during
which time the AGC was never greater than 1.0 my.

At 18:15:10 UT until the end of the pass at 18:16:48 UT,
eteady VLF hiss wes observed. The lower cutoff of the steady
VLF hiss was sbout 2.5 kHz, and the upper limit was above 8.8 kHz.
The satellite moved from 8.1 hours msgnetic local time and 72.2°
invariant latitude to 9.4 hours magnetic local time and 71°
invariant lstitude during this observation of steady VLF hiss.
The probability of observing VLF hiss with the AGC > 1.5 my over
this path is sbout 109, see Figure 19. The AGC and the steady
VLF hiss wers very well correlated during this fass, for the AGC
incrzased from 1.0 my to 1.8 my &s the steady VLF hiss became

strongey.
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Revolution 1737: During this pass, the satellite was in

the magnetic late morning and afternocn sector, at high latitudes
and altitudes Trom 1200 to 1900 km, see Figures 29-31. ELF hiss
was present from 23:35:00 UT until about 23:42:00 UT. It was
difficult to tell when the ELF hiss stopped, but it was probably
near the time when the AGC dropped to O my. In this seven minute
intervel, the satellite moved from 11.2 hours magnetic local time
and 68° inveriant latitude to 15.2 hours maegnetic local time and
76° invariant latitude. Considering the frequency of ceccurrence
plot of ELF hiss in Figures 14 and 18, the probability of observ-
ing FLF hiss above 1.5 my, for example, ranged from less than 10%
to greater than 40% while ELF hiss was being observed by the
satellite. The AGC generally correlated well with ELF hiss during
the pass, being at a maximum of 5 my at the beginning of the pass
and decreasing to zero when the ELF hiss appeared to disappear.
Chorus was also observed during the pass from 23:35:00 UT
until 23:39:35 UT. The chorus was in the frequency range of 1 to L
kHz with the upper freguency cutoff generally decreasing with
jnereasing invariant latitude, During the chorus svent, the satel-
1ite moved from 11.2 hours magnetic local time and 68° inveri-

ant latitude to 13.7 hours magnetic local time and 76° inveriant
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latitude. The probability of finding chorus when the AGC was
gréater than 1.5 my over this path varied from less than 5% to
greater than 35%, see Figure 20. The AGC was well correlated with
the chorus during this pass, buﬁ it seems likely that the true
correletion was with the ELF hiss and the chorus appeared coinci-
dentally.

Inpulsive VIF hiss was observed from 23:38:25 UT until
23:414:00 UT with small breaks at 23:38:45 UT and 23:39:45 UT
and 2 large break from 23:140:30 UT to 23:41:05 UT. The impulsive
VI.F hiss had a lower fregquency cutoff of about 5 kHz and the
upper frequency cutoff was above 8.8 kHz. During the observation of
the impulsive VLF hiss the satellite moved from 12.8 hours magnetic
local time end T4.5° invariant latitude to 16.3 hours magnetic
Jocal time and 7h.7° invariant latitude, reaching a maximum invari-
ent latitude of 76.2°. The probability of occurrence of VILF
hiss with AGC > 1.5 my varied from 0% to greater than 15% over
the portion satellite path when impulsive VLF hiss was being
received, see Figure 19. Table 12 shows that this event was
found where most of the impulsive VLF hiss events were found in
the 1.5 my statisticel study. The AGC was nol affected by the

impulsive VLF hiss observed on this pass.
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Geomagnetic disturbances as measured by the local magnetie

index k gppear to have affected the region of occcurrence

College
of large amplitude VLF emissions for these individual passes.

Tt can be seen from Figures 22, 23, 25, and 26 that the AGC

was above 3 milliganme from 52° to 68° invariant latitude during
revolution 70 and from 56° to 70° on revolution 71, during a
magnetically disturbed period. However, Figures 28, 30, and 31
show that the AGC was above 3 milligamma from lower than 68°

to 73° on revolution 1737 and enhanced at 72° on revolution 503
during magnetically quiet periods. This change indicates that
the region of maximum coccurrence of strong VLF noise may shifi
toward lower latitudes during magnetically disturh&@ periods.
This shifi would be expected since the magnetospheric field
lines along which the VLF noises propagate and the particles,
which probebly cause emissions move, are compressed during dis-
turbed periods and move toward the equator. There is some indi-
eation from these passes that the region of occurrence of each
type of VLF emission is also a Tunction of kcullage' This move-
ment is not completely clear from these four passes, but further

investigation would he interesting.



ViI. COMPARISON WITH FREVIOUS RESULIS

In Section I, we mention studies which have bezen made
of the frequency of occurrence of VLF emissicns observed by
VLT ground stations. We will compare the results found
here with sslected results of two of the ground station studies,
Laaspere, Morgan and Johnson's [1964a] study of hiss and chorus
and Pope's [1963] study of chorus. The study by Laaspere et al.
used results from a number of "Whistlers-East" VLF ground stations,
which were located near the magnetic meridian at low, middle,
and high letitudes. Tor their study, all types of non-discrete
emissions were called hiss. This classification inqludes both
VLF and ELF hiss, but would not include IHR hiss, which has
never been observed by & ground station [Brice and Smith, 1964].
Data from Ellsworth Station, Antarctica (invariant latitude =
67°S) end Knob Lake, Quebec, Canada (invarient latitude = 66°N)
were used by Laaspere =t al. [196k4a]. The dependence of the
probability of occurrence of hiss on megnetic local time at these
two ground stations averaged over at least two years is showm in
Figure 32. In addition, Figure 32 contains the corresponding

dependence on magnetic local time for occurrence of 1.5 my VLF and



ELF hiss averaged over 66° and 67° invariant latitude as deter-

mined by the statistical study of Section V. The distribution

of setellite VLF hiss used here is not strictly correct because
of the influence of ELF hiss, see also Section V. The diurnal
maxima for the two ground stetions are OF hours and 12 hours
megnetic local time for Knob Leke and Ellsworth, respectively.

The maximum for Injun 3 hiss is broad, being from 7-13 hours
magnetic local time. The statisbics are not as good for the

Injun 3 data as for the ground siation data. Nevertheless, we

can see that there is general sgreement between the ground station
results by laaspere et al. [1964a] and cur Injun 3 data.

The rasults that Pope [1963] reported concerned chorus
occurrence at hiph latitudes. He used a number of high latitude
ground stations including one at Kotzebue, Alaska (invariant
latitude = 67°). The dependence of the probability of occurrence
of chorus on magnetic local time at Kotzebue and at Ellsworth
(invariant latitude = 67°) as reported by Lazspere et al. [1964a]
and the corresponding dependence of satellife chorus above 1.5 my
at 67° inveriant latitude as determined by the statistical study
of Section V is shown in Figure 33. This distribution of

satellite chorus is strictly not correct because of the contammination



by ELF hiss, see Section V. The satellite chorus occurrence

maximum is again broad, with a peak at © hours magnetic local
time. This maximum is between the two maximas for the ground
stations which were at 8 and 10 hours magnetic local time for
Ellsworth and Kotzebue, TEEPEC£1VE1F, showing good agreement.
The ground station minime at 21 and 22 hours magnetic local
time agreed with the Injun 3 minimum, 16-02 hours magnetic local
time.

Jgrgensen [1966a] produced contour plots of 8 kHz hiss
above 68° invariant latitude, using data from three ground
stations in Greenland. Figure 1 shows this contour plot for
1964, Comparing this figure with our VLF hiss findings, for
example, Figure 18, we Tind considerable disagreeMeﬁt. The
maximum in the ground based distribution is in the late evening,
while for this satellite study. the maximum is in the lale morn-
ing. The latitudinal dependence is difficult to compars since
the study by Jgrgensen extends to only 68° invariant latitude.
This is the latitude of maximum occurrsnce in our study. The
disagrecment is probably due to the control of our sample density

by the stronger phenomenon, ELF hiss.



The study of satellite VLF hiss by Gurnett [1966] was also

mentioned in Seection I. Comparing the summary of his results
shown in Figure 2, with the results of our study for VLF hiss,
shown in Figures 16 and 18, we find different areas of meximum
gcourrence, Curnett's VIF hiss is confined to a narrow zone T7°
wide in lstitude and centered on 77° invariant latitude and 1k
hours magnetic local time and centered on T0° at 22 hours. Our
results show VLF hiss at lower latitudes and ocecurring generally
earlier in the magnetic day. The disagreement in these two
results is due to differences in definitions and data selection.
Gurnett delined VIF hiss as VLF noise from 5.5 to 8.8 kHz that
was not IHR hiss, chorus, equatorial hiss [Gurnett, 1967] or low
frequency hiss usually below 3 kHz We define VLF hise to be
hiss with componenits greater than 2kHz. OGurnett chose data points
by reguiring that threes satellite borne spectrum analyzers be

e gamma?sz for & period of eight seconds. In this

ghove 3 X 10
paper, the criterion for choosing data points was requiring the
AGC to be sbove 1.5 or 4.0 my. The type of event was then iden-
tified by examining spectrograms and, in the case of 1.5 my VLF
hissg, checking the output of the on board spectrum analyzers during

the event. In addition, we considered only the first eight sescond

data point per revolution in a magnetic local time, invariant
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latitude block, whereas Gurnett only counted one per block, but
examined &1l points in the block for VIF hiss. The results of
these differsnces are: 1) There was contamination of the VLF hiss
results presented here due to the simultaneous occurrence of

ELF hiss which would tend to shift the true VLF hiss distribution
toward that of the ELF hiss distribution. This is probably the
mosi significant cause of the discrepancy. 2) Gurnett considered
some VIF hiss evenis that were not included here because the AGC
was not above 1.5 my at the first data point in each of the magnetic
local time, invariant latitude block. 3) Gurnett did not con-
sider VIF hiss events below 5.5 kHz that were counted as VLF hiss

here.
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VIII. SUMMARY

We have presented a satellite study of the morphology
of VLF emissions which are naturally occurring VLF noises not
associated with lightning. The study was in two parts, a
statistical study of the occurrence of VLF emissions and an
individual pass study to illustrate the statistical trends with
spectra. To facilitate these studies, a new sel of definitions
of VIF emissions was given to codify previously given definitions
[Gallet, 1959; Helliwell, 1965; end others] and to make them
guantitetive.

For all Injun 3 data, two threshold magnetic field
strengths (1.5 and L4.0 my), es measured and averaged every eight
seconds by the satellite VIF receiver, were set. Using the defini-
tions, the VLF emissions preseni in each event above the threshold
were determined. To provide & uniform sample density, only one
event per revolution was considered in each magnetic local time,
invariant latitude block (1 hour by 1 degree). Five thousand
three hundred sevents were examined with intensities above 1.5 my

and 825 above 4.0 my.



The normalized distribution of noise above 4.0 my was

nearly confined to the magnetic locel day end 50°- '75° invariant
latitude. The ocecurrence of VLF hiss when the AGC was greater
than 4.0 my had a maximum near magnetic noon, and there were
few events during magnetic night or at invariant latitudes less
than 50° or greater than 75°. The occurrence patierns of ELF
hiss and chorus when the AGC was above 4.0 my are quite similar
to esch other. Nearly all of the events occurred from 7 to 1k
hours magnetic local time and 55° to 75° invariant latitude.

The normalized distribution of noise above 1.5 my had
the samre latitudinal dependence as the 4.0 my distributien, but
the maximum was closer to magnetic noon. The occurrence patterns
of VLF hiss, ELF hiss, and chorus when the AGC was above 1.5 my
were similar to each other. The bulk of the events occurred
during magnetic dey and from 50° to 75° invariant latitude.

FLF hiss was found to have a greater amplitude than any
other VIF smission. This strength caused misleading Irequency
of occurrence plots for the other VLF emissions studied statis-
tically, VLF hiss and chorus. ELF hiss would gimilarly affect
any study of VLF phenomena using the wide band signal strength
to choose data points for its strength would prejudice the sample

densities.
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TABLE 1

(After Gallet [1959], Table I, page 213)

Systematic Classification of Observed VLF Noises

2 Large Groups:
I. WHISTLERS -- Canse: Lightning Discharges.
All frequencies emitted at once; shape due
to dispersion aslong the path.
II. VLF EMISSIONS -- Not caused by lightning.
Strongly associated to magnetic perturbations.
TWO PRINCIPAL TYPES:
1. Continuous in both time and f?gquency.
Steady state situation. Hiss.
2. Discrete, but often with repetition tendency.

Transient situation. Many classes recognized.

A third group more complex and rarer exists:
I1ii. Interactions between Whistlers and VLF emissions.

The interaction involves either the continuous

or the discrete VILF emissions.
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TABLE 2
(after Gallet [lElES].tnble I, page 213)

I.2. CLASSES OF DISCRETE VLF EMISSIONS:
a b c d e
2. RISERS /// /
2B. HOOK WITH EXTENDED RISING TAIL \ﬂ

3 QUASI VERTICAL (Generally FUZZY. Typical Chorus)

) Z

4. FALLING TONES
4B. PSEUDD WHISTLERS \ \—/ '

5B. COMBINATION OF 4 AND 5 \——-———\

6. PSEUDO NOSES (by anology with nose whistlers)

C

7. TOO COMPLEX FOR THE PRECEEDING CLASSES

5. QUASI HORIZONTAL —

led

™ T o~ /
B. EXCEPTIONAL STRONG NOISES WITH TRAIN OF ECHOES



TABLE 3
(atter Helliwell [1965],table 7-1,page 206)

MODEL SPECTRAL FORMS OF VLF EMISSIONS

Type and Mame

I. HISS

I. DISCRETE EMISSIONS
A, RISING TONE

B. FALLING TONE
C. HOOK
0. CDF'IEIN&TMNS

II. PERICDIC EMISSIONS
A. DISPERSIVE
B. NON-DISPERSIVE
C. MULTIPHASE
D. DRIFTING

L. CHORUS

¥. QUASIPERIODIC EMISSIONS

M. TRIGGERED EMISSION

Veﬂeco%%% Ag 94‘34
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FIGURE CAPTIONS

A contour plot of B kHz hiss observed at three
Greenland ground stations in 196l (after Jgrgensen
[1966a]).

Frequency of occurrence of VLF hiss observed with
the Injun 3 satellite (after Gurnett [1966]).
Exémples of steady VLF hiss cbserved with the

Injun 3 satellite.

Examples of impulsive VLF hiss observed with the
Injun 3 satellite.

Examples of ELF hiss observed with thé Injun 3
satellite,

Examples of LHRH observed with the Injun 3 satellite.
Examples of chorus observed with the Injun 3 satellite.
Examples of isoclated discrete emissions observed with
the Injun 3 satellite.

Examples of & combination, a periocdic emission, and
a guasi-periodic emission observed with the Injun 3

satellite.
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1.2
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18
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Examples of triggered emissions cbserved with the
Injun 3 satellite.

Whistler dispersion as determined by six ground
stations (after Allcock [1959]).

The whistler mode bounce period as a function of
freguency and invariant latitude.

Freguency of occurrence of VIF noise greater than
4.0 milligamma.

Frequency of occurrence of ELF hiss present when
the AGC was greater than 4.0 milligamma.

Frequency of occurrence of chorus present when the
AGC was greater than 4.0 milligamma.

Frequency of occurrence of VLF hiss present when the
AGC was greater than L.0 milligamma.

Frequency of occurrencs of VLF noise greater than 1.5
milligamma.

Frequency of oceurrence of ELF hiss present when
the AGC was grester than 1.5 milligamma.

Frequency of occurrence of VLF hiss ﬁresent when the
AGC was greater than 1.5 milligeamma.

Frequency of occurrence of chorus present when the

AGC was greater than 1.5 milligemma.
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21.

22,

23

2l

22

26

27

28

Orbit in invariant latitude, magnetic local time space

for the revolution TO pass.

Spectrogram, orbital parameters and wide band signal
strength (AGC) for the first half of the reveolution
70 pass. (lote guasi-logarithmic AGC scale.)
Spectrogram, orbital parameters and wide band signal
strength (AGC) for the last half of the revolution

70 pa@s. (Note quasi-logarithmic AGC scale.)

Orbit in invariant latitude, magnetic local time space
for the reveolution T1 pass.

Spectrogranm, orbital parameters and wide band signal
strength (AGC) for the first half of the revelution
71 pass. (Note quasi-logarithmic AGC scale.)
Spectrogram, orbital parameters and wide band signel
strength (AGC) for the last half of the revolution

71 pass. (Note guasi-logarithmic AGC scale.)

Orbit in invariant latitude, magnetic local time space
for the reveolution 503 pass.

Spectrogram, orbital parameters and wide band signeal
strength (AGC) for the revolution 503 pass. (Note

quasi-logarithmic AGC scale.)
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Figure 29

Figure 30

Figure 31

Figure 32

Figure 33

orbit in inveriant latitude, magnetic local time space

for the revolution 1737 pass.

Spectrogram, orbital parameters and wide band signal

strength (AGC) for the first half of the revolution

1737 pass. (Note quasi-logarithmic AGC scale. )

Spectrograms, orbital parameters and wide band signal

strength (AGC) for the last half of the revolution

1737 pass. (Note guasi-logarithmic AGC scale.)

The dependence of the occurrence of hiss on magnetic

local time af, ground stations at Ellsworth Station,

Antarctica (invariant latitude = 67° g) and Knob
Lake, Quebec, Canada (invariant latitude = 66° N)
(after Taaspere et al. [1964]) and the dependence

of the occurrence of VLF and ELF hiss present in

Injun 3 data when the AGC was ghove 1.5 milligamma,

averaged over 66° and 67° invariant latitude. (Note

the quasi-logarithmic scale. )

The dependence of the occurrence of chorus on magnetic

local time at ground stations at Kotzebue, Alaska

(invariant latitude = 67° N, after Pope [1963]) and

Ellsworth Station, Anterctica (invariant labtitude
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Figure 33
(Cont'd.)

87

68°8, after Leaspere, et al. [1964a]) and the
dependence of the cccurrence of chorus present in
Injun 3 data when the AGC was above 1.5 milligamma
at 67° invariant latitude. (Note the quasi-

logarithmic scale.)
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