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ABSTRACT

Spectrograms of very low frequency radio noise recorded
by University of Towa satellite Injun 3 at inveriant latitudes
greater than 50° N. are used to determine the behavior of VLF
emigsions during megnetic storms. The intensity of ?LF-amissinns
from L = 3 to L = 8 is studied by means of the automatic gain
control levels of the satellite receiver.

It is found thet for a sudden-commencement magnetic
storm the VLF emission called polar chorus characteristically
appears at the onset of the stnrﬁ, increases in upper frequency
extent to ~ 5 kHz, changes from spike to burst structure (normal
chorus), occurs over the greatest area on the fourth day of the
storm, subsequently fades into low frequency, spike-structure
polar chorus again and eventual}y diseppears into the ELF hiss
band gengrally present. Chorus occurrence shows symmetry about
the 9:00 - 21:00 magnetic local time meridian with a large maximum
in magnetic morning and a smaller maximum in magnetic evening.
Daily regions of occurrence are shown for the storm duration.

Contour maps of wide-band ?iF Field strength as a
function of shell parameter L and universal time are presented

for May through August, 1963. A correlation with D, is observed.
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The wide-band VLF noise intensity rises from the background noise
level at the onset of a magnetic storm and peaks during the early

recovery phase.
The Kennel-Petschek limiting flux hypothesis is investigated

by locking for VLF noise on the appropriate L-shells when equatorial

= 40 keV electron fluxes reach predicted limiting values. Predicted

VLF noise levels are not observed.
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I. INTRODUCTION

During the past two decades studies of very low frequency
(VLF) radio noise in the magnetosphere have become an active area
of space research. Two principal classes of natural phenomena occur
in the VLF range (1 to 30 kHz) [Cf. Gallet and Helliwell, 1959],
whistlers and VLF emissions. Whistlers are VLF electromagnetic
waves whose energy originates from lightning discharges and which
have propagated through the magnetosphere [Storey, 1953]. VIF
emissions are naturally cccurring electromagnetic -wmres generated
by energetic charged particles in the earth's magnetosphere. Only
whistlers are well understood [Cf. Helliwell, 1965]. Early in-
vestigations of VLF emissions by Storey [1953] and Allcock [1957]
disclosed an association between magnetic disturbances and VLF
emissions. This association has been examined from ground stations
by Aarons, et al. [1960], Ellis [1960], Yoshida and Hatanaka [1962a
end b], Laaspere, et al. [196L4], and others. Various generation
mechanisms involving wave-particle interactions have been suggested
for VIF emissions., See, for example, Ellis [1959], Gallet and
Helliwell [1959], Ondoh [1961], Maeda and Kimura [1962], Brice [1963],
and Helliwell [1967]. Generation mechanisms are discussed and
classified by Brice [1964a]. Observational evidence has not yet

made it possible to identify the correct mechanisms.



Ground-based studies have shown that the occurrence of VLF
emissions during geomagnetic storms is prinecipally controlled by
ionospheric propagation conditions, particularly sbsorption and
reflection at the base of the ionosphere. Satellites make possible
studies of VLF phenomena which are not dominated by-the.prcpagatinn
characteristics of the lower ionosphere. Specific advantages of a
satellite study of VLF emissions include the following:

(1) Absorption is no longer a major factor in the
interpretation of observations because waves are detected by the
satellite before they reach the base of the ionosphere.

(2) The uncertainty in assigning an IL-shell of origin
to a source is reduced because the waves are detected before they
enter the earth-ionosphere waveguide.

(3) Repid surveys of the spatial extent of VLF noises
are possible.

(4) A satellite has wider geographical coverage than
ground stations.

(5) VLF waves trapped in the megnetosphere due to total
reflection at the lower ionospheric boundary can never be observed
by ground stations.

The purpose of this study is to present satellite obser-

vations of VLF emissions during magnetic storms using data from a



VLF receiver on the University of Iowa/Office of Navel Research
satellite Injun 3. Two different avemies of approach are utilized.
The structure of VLF emissions is studied by examining spectrograms
made from frequency-time data recorded by the satellite during times
of magnetic disturbance. The intensity of VLF noise is studied by

means of the sutomatic gain control levels of the satellite receiver,



II. DESCRIFTION OF THE INJUN 3 EXPERIMENT

A brief description of the VIF experiment and relevant
charged particle detectors carried by Injun 3 is presented as
background for interpreting the date presented in the fn:.:llawing
gections. For a more complete discussion of the Injun 3 satellite
see 0'Brien, et al. [1964]. The Injun 3 VLF experiment is described
more thoroughly by Gurnett and O'Brien [1964].

The University of Iowa/0ffice of Naval Research satellite
Injun 3 was launched on 13 December 1962 into a low altitude,
elliptical polar orbit having an apogee of 2785 km, a perigee of
237 km, an inclination of T0.4° to the earth's plane, and a period
of 116 minutes.

Figure 1 shows a block diagram of the Injun 3 VLF
experiment., The magnetic component of the VIF electromagnetic
wave is detected by a 12" diameter loop antenna composed of 50
turns of #16 copper wire and oriented with its axis perpendicular
to the direction of the geomagnetic field line. Figure 2 shows
the loop entenne. An eutomatic gain control (AGC) circuit in the
receiver compresses the signal from the loop antenna to a constant
emplitude. The signals are then telemetered to tracking stations

on the ground, where they are tepe-recorded for later analysis with



spectrum analyzing equipment such as the Rayspan spectrum analyzer.
The AGC feedback voltage is telemetered to the ground also, as a
measure of wide-band VLF magnetic field intensity. The nolse
threshold for the wide-bend field strength measurement is ~ 107 Oy
(Ly= 1077 gauss). The satellite wide-band receiver has a fre-
quency range of approximately 0.2 to 7.0 kHz. Figure 3 illustrates
the freaquency response of the Injun 3 receiver.

Data from two charged particle detectors are used in this
study. Detectors 1 and 5 are both 213-type geiger tubes with an
energy threshold of ~ 40 keV for electrons, and ~ -EGD keV for
protons. Detector 1 is oriented to detect particles moving per-
pendiculer to the local geomagnetic field line (pitch angle o = 90°).

& r.'.mE ster [Craven,

The geometric factor of detector 1 is 0.6 ¥ 10
1966; Frank et al., 1964]. Detector 5 is oriented to detect parti-
cles moving parallel to the local magnetic field line (pitch angle
@ = 0°), downwards in the northern hemisphere. The geometric factor

2 cu gter [Fritz, 1968].

of detector 5 is 5.0 x 10~
Computations and machine plots used in this study were
done on an IBM TOU4 computer and a Univac U18 computer with a

Calcomp plotter.



ITI. STRUCTURE OF VLF EMISSIONS DURING MAGNETIC STORMS

Gallet [1959] divided VLF noises into three broad classes:
whistlers, emissions, and interactions between whistlers and
emissions. Helliwell [1965] gives a classification scheme for VLF
emissions involving the following principal categories: hiss, chorus,
discrete emissions, triggered emissions, periodic emissions, and
guasi-periodic emissions. In this study three types of emissions
are examined: VLF hiss, ELF hiss, and chorus. Inccherent, band
limited white noise with a duration of minutes and with little
temporal structure on a time scale less than one second is called
hiss. If there are frequency components from & few hundred Hz to
about 2 kHz it is called extremely low frequency (ELF) hiss; other-
wigse it iz called VLF hiss. ELF hiss generally occurs in bands
gbout 1 kHz wide during local daytime at middle and high latitudes.
Chorus is & sequence of discrete emissions occurring randomly in
time and generally rising in frequency on a time scale of a few
tenths of & second. Ungstrup and Jackerott [1963] distinguish
between normal chorus, previously called dawn chorus [Storey, 19531,
which occurs mostly at middle latitudes and at freauencies above
2 kHz, and polar chorus, which occurs mostly at high latitudes and
below 2 kHz. Polar chorus commonly occurs with one or more ELF

hiss bands. The periodic emissions we observe which are not clearly



whistler-related generally resemble chorus, and are classified as
chorus. The spectrogram in Figure 4 shows examples of VLF hiss
(minutes 23-24), polar chorus with an ELF hiss band (minutes 29-31),
end normal chorus (minutes 14-17). Figure 5 shows another variation
of normal cherus (minutes 52-53) as well as polar chorus un-
accompanied by ELF hiss (minute 50).

The three coordinates used in analyzing the data are
universal time (UT), invariant latitude (INV), and magnetic local
time (MIT). Following Gurnett and 0'Brien [1964] we have made the
assumption that altitude is not an important parameter. Invariant

latitude is defined by the relation:

1
INV = arccos
VI

where L is the shell parameter of McIllwain [1961]. Magnetic local
time is defined as the hour angle between the magnetic meridian
through the satellite and the magnetic meridian through the sun,
using the centered dipole approximation [Chamberlain, 1961]. The
data available are classified by MLT-INW "sector". Sector 3-60,
for example, includes date between 3 and 4 hours MIT and between
60° and 70° INV. The same sector size, 1 hour MLT by 10° INV,

is used throughout the paper.



Five sudden-commencement magnetic storms, one magnetic
enhancement, and one "quiet time" were chosen for study from the
Injun 3 data on the basis of the guantity and quality of data
available, Table 1 lists these periods, gives the sudden commence-
ment times of storms [Lincoln, 1964e and b], and indicates the
number of MLT-INV sectors of each period for which data were

assembled and analyzed.

The method of data analysis is straightforward. BSatellite
orbit plots such as those in Figures 6 and 7 were used to select
sectors for which data were available during each day of the storm.
Using a Reyspan spectrum analyzer, frequency-time spectrograms were
produced for sll passes through these sectors. A visual analysis
was made of the types of VLF emissions cbserved each day in the
spectrograms of each sector.

SBeveral explanatory remarks sbout the data reductien
are in order:

(1) Only phenomena which were clearly present were counted
I in performing the visual analysis of the spectrograms; dubious
phenomens were ignored. HRates of occurrence found for phenomena are
therefore always minimum rates.

(2) A fuzzy fringe commonly occurs on the top edge of ELF

hiss bands. This fringe is counted as chorus only if the components



are clearly distinguishable on the 0.5 mmj’ gsec low time resolution
spectrograms. An example of such a fringe which would not be
called chorus is discernable in Figure 4 (minutes 32-36).

(3) Spectrograms give no information about the sbsolute
intensity of VLF radio noise. Due to the AGC feature of the
satellite receiver, spectrograms are produced with maximum contrast
between phenomena occurring over a range of frequencies at a
particular instant, but the gain variations involved preclude
evaluating the relative intensities of phenomena at different
times.

(4) oOf approximately twelve satellite revolutions per
day, an average of two spectrograms per sector per day contain
usable data, due partly to the difference in satellite trajectory
from one revolution to the next in MLT-INV coordinates and partly
to the varisble quality of data from some of the receiving stations.

(5) Variation in the number of passes per sector per
day could influence the probability that a phenomencon be cbserved
and affect the occurrence results. However, variation in the length
of time spent by the satellite in each sector will not usually
influence the results because the duréﬁinn of the emission phenomena
at one location is generally greater than a few minutes, although

often less than two hours. It will be shown later that variation
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in the number of passes per sector per day does not significantly
distort the gross features of the results.

Figures 8 through 12 illustrate selected parts of the
date from five storm sectors which exhibit representative behavior.
Visual examination of such sector charts reveals the following:

(1) ELF hiss is present in most sectors most of the
time, including pre-storm times.

(2) VIF hiss is present occasionally with no apparent
temporal pattern. -

(3) Chorus appears after the storm sudden commencement.
Tts upper limit may increase to freoguencies of ~ 5 kHz, its nature
may change from .a. spike to a burst structure, and it frequently be-
comes & periodic emission [Cf. Helliwell, 1965] having recurrent
gpectral forms on intervals of ’;;he order of 10 seconds. High-
frequency, burst-type, possibly periodic chorus is observed from
the second through the fourth days of a storm, after which the
chorus returns to lower frequencies, reverts to spike structure,
and eventually fades into the ELF hiss background normally present.
Figure 4 shows examples of both burst-type chorus (minutes 15-17)
and spike-type chorus (minute 40). .

Tebles 2 through 8 list the results of the sector analysis,

indicating whether VLF hiss, ELF hiss, or chorus was observed to



occur in each sector during each day of each period. During the
quiet period ELF hiss was & common occurrence and a few cases of
polar chorus were observed. During the July 30 magnetic enhance-
ment ELF hiss was observed almost continually, some VLF hiss
occurred, and a few occurrences of polar chorus were observed.
Theege results confirm that the chorus frequently observed during
magnetic storms iz associated with the occurrence of the magnetic
storms.

Figure 13 shows the time development of chorus, averaged
over sectors, for the 30 April, 6 June, and 18 August magnetic
storms, for which the most data were available. In two of these
storms (30 April and 6 June) the behavior of chorus is very similar,
oceurring in over 80% of the sectors on the fourth day of the storms.
Chorus never occurs in more than 40% of the sectors during the 18
August storm, probably becaunse the data comes from evening MLT
sectors only, where VIF emissions are least often observed.

In the analysis which follows, data for corresponding
sectors and days of the different storms is summed. Since each
storm contributes sectors on a different section of the polar
magnetic map due to precession of the satellite orbit about the
magnetic pole, this procedure allows us to construct a general
picture of what "characteristically" happens in the vieinity of

the magnetic pole during magnetic storms.



Figure 1b shows the time development of chorus, VLF hiss,
gnd ELF hizs aversged for the five storms. The rate of occurrence
of ELF hiss is high throughout the storms, and constant to within
our confidence limits. The "average confidence" of the results is
taken simply as fH{H where If iz the average rumber of sectors for
which data was added in order to assign an occurrence rate to one
dey. The confidence is similar for all points in the figure. The
rate of oceurrence of VLF hiss is low, and while it appears to
increase with the onset of the storm, the statistics of this study
do not permit us to say so with certainty. The frequency of
occurrence of chorus, however, shows a significant increase after
the onset of the storm, with & maximim on the fourth day of the
storm.

Figure 15 shows the occurrence of chorus in MIT-INV
coordinates summed over all days of five storms. Symmetry shout
the 9:00 - 21:00 MLT meridian is epparent, as is a "compression"
of the pattern on the morning Eidle_, pushing it to higher invariant
latitudes than on the evening side. An unexpected set of "nulls"
at 1 and 17 hours MIT is observed, defining an evening peak centered
on 21 hours MLT. In Figure 16 the patterns of occurrence of chorus
(summed over five storms) are shown for each day from two days before,
to the sixth day after, the storm sudden commencement. The obser-

vations made from Figures 13 and 15 are apparent in Figure 16.
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Approximate symmetry sbout the 9:00 - 21:00 MIT meridian is main-
tained and the greatest geographical coverage of chorus occurs
on the fourth day., The main (morning) lobe of chorus does not
appear until the second day of the storm and has broken up on
the sixth day. A temporary brealkup occurs on the third day. The
evening lobe, which we first observe on the second day, remains
through at least the sixth day of the storm. Its disappearance
on the fifth day is probably due to lack of data in the evening-
reglon.

Two individual passes were chosen for d.e-ta.iled exeming-
tion because of the variety and contrast of data they display.
Figures 4 and 5 show spectrograms of these passes, together with
VLF wide-band magnetic field intensity, trapped and precipitated
= 40 keV electron fluxes, and satellite orbit parameters.

Orbits for the two passes in magnetic polar coordinates are shown
in Figures 6 and 7. In Figure 4 a distinction in region of occur-
rence between VLF hiss and chorus is evident. VLF hiss is observed
above the = 40 keV electron trapping boundary. Chorus, however, is
observed at invariant latitudes below the trapping boundary at both
magnetic morning and noon ends of the pass. ELF hiss is cbserved
throughout the pass. A comparison of the spectrograms with the

AGC level indicates that ELF hiss is the strongest phenomenon



1k

observed, reaching a maximum intensity at about 11 hours MIT and 7o
INV (minute 35). The precipitated = 40 keV electron flux peaked ai
the same time. Figure 5 shows that burst-type, normal chorus can
occur in magnetic evening during a storm as well as in magnetic
morning. The sudden cut-off of chorus activity at 14 hours 53 minutes
26 seconds corresponds to a reduction in the precipitated = 4O keV
electron flux. This cut-off is probably due to the phencmenon of
the plasmapause [Carpenter, 1966]. No VLF hiss or EIF hiss is
observed during this pass.

A definitive statement about the differences between the
types of chorus generally cbserved in magnetic morning and in meg-
netic evening is not possible becaunse none of the storms considered
inveolved data from both local time regions.

We sghall now discuss further the results just presented
and compare them with the findings of other investigators. The
observation of normal chorus during the first four days of magnetic
storms is consistent with the results of Storey [1953] and Allcock
[1957], who find that middle latitude (normal) chorus correlates
positively with magnetic activity. Crouchley and Brice [1960] and
Ungstrup and Jackerott [1963] report a'negative correlation of polar
chorus, as seen from the ground, with magnetic activity. We infer a

positive correlation. This apparent discrepancy is removed by the
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hypothesis of Pope [1959, 1963] that the negative correlation is due
to ionospheric sbsorption, which is not an important factor in the
satellite observations. Helliwell [1965] offers evidence in support
of this interpretation. Ungstrup amd Jackerott [1963] report also
that polar chorus often disappears during disturbed periods. Our
observations confirm this.

It has been found that chorus occurrence peaks in MLT
at dawn at middle latitudes and that the peak spirals towards noon
at high latitudes [Ondoh, 1961; Pope, 1963]. The broad peak we
cbserve centered on 9 hours MLT at high latitudes ‘does not seriocusly
disagree with this, and a slight discrepancy may be expected dus to
the effect reported by Laaspere, et al. [1964], who find that
disturbed day chorus peaks earlier than quiet day chorus. The 9
hours MIT result for the position of the diurnal maximum is con-
sistent with the results of a 1963 ground station study by
Jgrgensen [1965] and with e statistical study using Injun 3 data by
Oliven and Gurnett [1968]. Brice [1964b] offers a theoretical
explanation for this diurnal variation. An evening peak in chorus
occurrence was discovered in Australia by Crouchley and Brice [1960]
using ground station data. .

If we compare the pattern of chorus occurrence indicated

by the dashed line in Figure 15 with the boundary for trapped
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= U0 keV electron fluxes of Frank et al. [1964], we note that the
high latitude cut-off for chorus has approximately the same shape
as the particle trapping boundary and that chorus occurs on the low
latitude side of the trapping boundary. VLF hiss has been shown by
Gurnett [1966] to occur on the high latitude side of the trapping
boundary. These generalizations are consistent with the individual
pass data shown in Figure L.

It has been mentioned that variation in the average number
of passes through a sector which were analyzed for each day of the
storm may affect the probability of detecting a pﬁenr::menon and
hence distort the occurrence results. Figure 17 shows the number
of passes per sector (averaged over all the sectors for which data
were analyzed) versus day of storm. Comparison with the data in
Figure 13 and 14 reveals no systematic correlation; while some
maxima in the number of passes per sector coincide with peaks in
the data, others coincide with minima in the data. We conclude that
the variation in the number of passes per sector does not signif-

icantly distort the gross features of our results.
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IV. INTENSITY OF VLF EMISSIONS

The VLF radio noise intensity in the frequency range
0.2 to 7.0 kHz is studied by means of the AGC feedback voltage.
The objective of this portion of the study is to produce contour
maps of constant wide-band VLF field strength (AGC) on L versus
UT axes. A description of the procedure follows. AGC readings
are available every four seconds during a satellite pass over a
receiving station. Only northern hemisphere data with 3 <1 < 8
and 28 April < UT = 28 August (1963) were used, since the density
of data was too low outside these limits. That 4 second AGC
reading which was nearest to, but at higher latitude than, each
0.2 L increment was selected for each revolution (REV). The
resulting grid of AGC values, one for each 0.2 L by 1 REV block,
ie called a preliminary AGC map. The highest AGC value for each
0.2 L increment during each day was selected as the grid point
for that 0.2 L by 1 day block. Contours of constant AGC were
drawn on the grid thus created. These final maps are reproduced
in Figures 18 and 19.

The analysis was performed separately for northbound and
southbound passes because these occurred at substantially different

magnetic local times, as can be seen from Figure 6, which shows
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g typical orbit in magnetic coordinates. Even on & northbound or
a southbound map, datae for any one day may come from within about
a 6-hour MIT range.

The preliminary maps were initially reduced to a
different set of final maps by averaging the corresponding points
for all revolutions during one day. Because the intensity of VLF
noise fluctuates on a time scale usually less than two hours (one
revolution) the averaging process removes many features of the
maps. To retain these features and to facilitate the comparison
described in Section V of thisz paper, selection of the maximm AGC
is preferable.

Another set of preliminary maps has been made on INV
versus UT exes at 2° intervals for 50° = IV = 82°. Data density
for these maps is more uniform than for those on L versus UT
coordinates because the speed at which the satellite "scans" the
maps is nearly constant. However, differences between the two
sets of maps do not seem important in the range 3 <L = 8, which
includes most of the features of the data, and L is a more useful
coordinate than IV for comparisons with particle fluxes.

The preliminary maps themseives were not satisfactory
because data were rarely available for more than a few of the 12

Dossible revolutions per day. However, these relatively fast time
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gcale data were useful in clarifying details of boundaries on the
final maps.

The largest error in the production of the maps is the
error introduced in drawing the contours. A reasonable standard
deviation for the positions of the lines drawn is 0.2 L by 1 day.
That is, we believe another experimenter analyzing the same data
by the same guidelines would agree with us to within one grid point.
The guidelines adopted were the following:

(1) single points are ignored unless they fit into a
larger trend of the data. -

(2) Details of contours (for instance, whether two close
peaks should be joined) may depend on & single point only if such
dependence is clearly substentiated by the preliminary (fast time
scale) maps.

The result of the application of these guidelines is to remove from
the maps variations on a time scale of one day or less, or on an L
scale of 0.2 or less. The extent of "active" areas will in general
exceed that indicated, since lines through regions of sparce data
have been drawn conservaetively.

The utility of this method of presenting the data may be
emphasized by pointing out that the contours presented in Figures 18

and 19 summarize about 105 L-second experimental measurements.



Given below is a summary of observations of wide-band
field sltreng’ch made from the INV versus REV, L versus REV, and L
versus UT contour meps. The last set is reproduced in Figures 18
and 19.

(1) Contour peaks center on about 63° INV (L = 5).

(2) Most regions of activity extend northward to about
75° INV, and few regions exceed this limit. We call this 75° INV
limit an average maximum northern extent of activity.

(3) Activity extends below 50° INV, which was the lowest
latitude for which data were analyzed.

(4) Rough MLT dependence can be investigated by comparison
of data taken during northbound passes with data taken during south-
bound passes. Regions of high AGC appear largest during forenocon MIT
(6 to 12 hours) and smallest during evening MIT (18 to 24 hours).

(5) Continuity was observed in latitude readings; that is,
peaks fade gradually on both sides.

(6) Iittle continuity is cobserved in the data between
revolutions. The time scale of the details of the phenomena is less
than two hours.

(7) Correspondence with maé;netic index KP is fair. Each
peak with ICP = L4 can be associated with a major peak or region of

enhancement on the AGC maps, although the converse is not true. Also,



periods indicated to be guiet by KP are generally quiet in radio
noise intensity. In comparing the AGC maps with KP and Dst it

must be kept in mind that the maps will reflect local substorms
which may not be reflected in the planetary averages Iip and Dst'

(8) Correspondence with the horizontal component Dy
is good. Major fluctuations in Dst. can nearly always be assocciated
with increases in wide-band field strength, and, unlike the
correspondence with KP, the details of small fluctuations in Dst
often appear to be reflected in the AGC readings.

(9) Three sudden commencement magnetic -storms occurred
during the period for which AGC maps have been made. These occurred
on 30 April, 6 June, and 18 August (Cf. Table 1). The wide-band
VLF field strength rises above background noise at the onset
of the storm, grows during the initial and main phases, and peaks
during the early recovery phase. The first two storms are of the
standard type [Cf. Akasofu, 1966] and show this effect clearly, but
the 18 August storm has no clearly defined main phase.

The results just presented will now be discussed further
and compared with the findings of other investigators. Figure 20
reproduces the fregquency of uccurrencé distribution of VLF emissions
observed by Injun 3 found in a statistical study by Taylor and
Gurnett [1968]. There is good agreement with the observation made

from the AGC maps of a magnetic morning maximum at about 63° INV.
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An average maximum northern extent of activity at 75° INV is also
consistent with Taylor and Gurnett's results.

ELF hiss is the strongest and most common emisgsion observed
by Injun 3 [Taylor and Gurnett, 1968], and little error is made if
the maps of wide-band field strength are assumed to reflect the
intensity of ELF hiss. Comparison of the wide-band field strength
contour meps with the equatorial omnidirectional = 4O keV electron
flux contours of Owens and Frank [1968] (Cf. Figure 21) discloses
no more egreement than would be expected due to the general
correlation of the two phenomena with K. '

Toluda [1962] and others have previously reported that VLF
emission activity correlates with the horizontal component of the

gecmagnetic field,



V. INVESTIGATION OF THE KENNEL~-PETSCHEK HYPOTHESIS

Kennel and Petschek [1966a and b] have proposed & model
for wave-particle interactions which predicts a limiting flux for
given energy trapped particles due to energy losszes to whistler
mode noise. The limiting equatorial flux i Lo ﬁE?

electrons is predicted to be

10
« 7 x 10

J s — (cem® sec)_l .

L
The Kemnel-Petschek model predicts that when the eguatorial
electron flux J is greater than J* on & given L shell, VLF noise
will be generated. This noise will in general propagate along
the magnetic lines of force of that L shell to the earth. The
equatorial strength of the noise should be of the order of lﬂ-gy.
Awey from the equator some attenuation can be expected due to
non-ideal propagation conditions.

Values of eguatorial = 40 keV omnidirectional electron
fluxes cobtained with the Explorer 1k satellite are given by
Owens and Frank [1968]. Omnidirectional electron flux is

approximately equal to trapped electron flux. Electron fluxes

23
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and VIF noise intensity data are both available for May, June, and
July of 1963. During the latter two months electron fluxes exceeded
the limiting flux by small margins five times. Figure 21 shows
electron intensity contours, regions of J = J*_, and wide-band
field strength contours.

The correspondence of J = J* regions to AGC peaks is not
good. Selecting VLF data taken in the morning quadrant of MLT,
we can identify a radio noise intensification region with each
Jd = J* region. However, centers of the VLF noise regions are
about two L-shells lower than centers of the J = J regions,
and the outlines have little in common. Only one of the correspon-
dent VLF regions has & magnitude as high as 8 x 10'3w,.r.

While the data do not provide much support for the Kennel-
Petachek hypothesis, they cannot be regarded as conclusive evidence
egainst it. The major unknown remaining in the problem is the set
of propagation conditions between the generation region at the
equator and the satellite position near the poles. The following
possibilities remain:

(1) Assume that the wave attenuation factor is € 107t.
The expected wave intensity is then reduced to below the Injun 3
receiver background noise level.

(2) Assume that the wave attenuation factor is ~ % and

also assume some mechanism for shifting the waves to lower L values.
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OQur data and such a mechanism would constitute a strong support for
the model.

(3) Assume thet the noise generated was limited to
frequencies greater than 7 kHz, the upper limit of the Injun 3
receiver, or less than 1 kHz. The wide-band field strength measure-
ment was calibrated using a white noise source which caused all
frequency components to be weighted equally. Because the receiver
frequency response is not flat (see Figure 3), the AGC reading will
give an incorrect field strength measurement if the magnetic field
noige spectrum is not flat. As the frequency of the peak spectral
contribution decreases below 1 kHz, the error (a low AGC reading)
rapidly inecreases from ~ L db.

(k) Reject the Kennel-Petschek hypothesis.

Some combination of the first and third possibilities is
probably the most reasonable solution. Thorne and Kennel [1967]
have pointed out that waves which reach low altitudes will have
predominantly electric rather than magnetic fields and can account
for the low VLF noise levels observed with Injun 3. However, the
0GO-I VLF/IF experiment by Stanford [Dunckel and Helliwell, 1966]
reports magnetic intensities in the eguatorial plane very similar
to those reported by us at high latitudes. It is unlikely that

Injun 3 simply missed the noise; three of the J = J* regions
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occurred with the satellite traversing the morning MIT gquadrant,
where VLF noise is most likely to be observed.

A more significant test of the hypothesis could be made
with simultaneous particle and VLF measurements in the vicinity of

L = 6 at the magnetic eguator.




27

2T BEOE-TOOE ET - TT 9snBny TT 3sniny SWLI 8Tnh
ET gT62-9292 £ gsndny - gz Lmpe OE ATne  jusuEOweYUE OTIouTEN
2 HTGE-20HE 0t - 2T Jequejdsg Ce6T-ET  E€T aoquegdss
ET GLTE-TGOE fi2 - ST gsndny 9TRO-gT gT gsusny
8T Lyge2-H912 IT - G sunp TTST-90 g sump
g ZIgT-00LT L fey - 62 Trady 226T-0E 0E Trxdy
£ SOHT-6LET 6 - € Trady gH50~t0 f Trady SuLtog.g oTgeudel
DezATeuy | 'SON UOTN[OAGH EEELT (NIN SH-O0n) (E96T) °dAT, potxeq
81039089 33 TIT=a9es pav=lii=lalu =] innia g] 298]
Jo Jaqumy pozhTeUy 81RQ usppng

PaTPN4s SpoTaed

T TTEVL




TABLE 2

April L Magnetic Storm Sector Analysis
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MLT-TNV April

Sector L 5 6 7
1-50

23 - 50 c

22 - 60 H EC H

H VIF hiss (> 2 kHz)
E ELF hiss (< 2 kHz)
€ chorus

X no data
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July 30 Magnetic Enhancement Sector Analysis

TABLE 7

33

MLT - INV l July August
Sector 28 29 30 31 1 2 3
16 - 50 X E E E E EC
2 - 60 X E EC EC HE C
17 - 60 E E E HE E E E
0~ 70 E E E E E E E
1-70 E E HE E E
17 - 70 E HE E E HE E
18 - 70 E E E E E
19 - 70 HE E E E X E
20 - 70 X E E E X E
21 - 70 HE E E E E X HE
22 - 70 HE E E HE E X HE
23 - 70 X E E HE E E HE
(0-6)- 80 E X E E E

H VLF hiss (> 2 kHz)

E FEIF hiss (< 2 kHz)

C chorus

X no data



August 11 Quiet Period Sector Analysis

3k

T MIT - INV August

Sector 11 12 13
1k - 50 E E E
15 - 50 E E E
1k - 60 ﬁc EC E
15 - 60 EC E EC
16 - 60 X E E
17 - 60 X EC E
15 - 70 EC E HE
16 - 70 E E E
17 - 70

18 - 70 E

19 - 70 E

20 - 70 E

H VIF hiss (> 2 kHz)
E ELF hiss (< 2 kHz)
C chorus

X no data
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FIGURE 1.

Block diagram of the Injun 3 VLF experiment.
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FIGURE 2. Photograph of the Tnjun 3 satellite showing the VLF loop

antenna,
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FIGURE 3.

Frequency response of the Injun 3 wide-band VLF system.

h3



Ly

ZHY Aousnbaiq

00l O 'O
O O S [TFTr T T & [TTTT T 1T T 0

- (THN 06 /0 gp 98 —) -

W i
1
i

- i
i

- - w
" :
1 e 5
i
[ §=

- H =
| ('

- 1 -
i o

— p/al } o

_ JHjoubow 0 85U0ASIY —ba e pum==" -

N 0 G O T | T O l it 1 _
F[96-199 Qi




FIGURE k.

Wide-band VLF field strength, VLF emission spectra, and
= 40 keV trapped and precipitated electron fluxes

observed by Injun 3 on 7 June 1963. A large magnetic

storm began on 6 June.
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FIGURE 5.

Wide-band VLF field strength, VLF emission spectra, and
> 40 keV trapped end precipitated electron fluxes
observed by Injun 3 in magnetic evening on 5 April

1963. A magnetic storm began on U April.
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FIGURE 6. Orbit of Injun 3 during revolution 2196 while data
shown in Figure 4 was being received by the College,

Alaska tracking station.
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FIGURE 7. Orbit of Injun 3 during revolution 1403 while data
shown in Figure 5 was being received by the Iowa

City, Iowa tracking station.
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FIGURE 8.

Sample of VLF emissions observed by Injun 3 in MLT-INV
sector 9-60 during the 30 April 1963 magnetic storm.

(SC) indicates the sudden commencement of the storm.
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FIGURE 9. ©Sample of VLF emiszsions observed by Injun 3 in MLT-INV
sector 3-50 during the 6 June 1963 magnetic storm.

(sC) indicates the sudden commencement of the storm.
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FIGURE 10. Sample of VLF emissions cbserved by Injun 3 in MLT-INV

sector 5-60 during the 6 June 1963 magnetic storm.

(sC) indicates the sudden commencement of the storm,
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FIGURE 11.

Sample of VLF emissions observed by Injun 3 in MLT-INV
sector 13-50 during the 18 August 1963 magnetic storm.

(sC) indieates the sudden commencement of the storm.
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FIGURE 12.

Sample of VLF emissions observed by Injun 3 in MLT-INV
sector 14-60 during the 18 August 1963 magnetic storm.

(8C) indicates the sudden commencement of the storm.
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FIGURE 13, Time development of chorus during three magnetic storms.
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FIGURE 14, Time development of ELF hiss, VLF hiss, and chorus during

five magnetic storms.
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FIGURE 15.

Time-averaged oceurrence of chorus in invarient latitude
and magnetic local time during five magnetic storm
reriods. BSuggested boundaries of chorus regions are

indicated.
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FIGURE 16. Daily occurrence of chorus in inveriant latitude and

magnetic local time during five magneﬁc storms.

Suggested boundaries of chorus regions are indicated.
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FIGURE 17. Density of data sample used in sector analysis.
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FIGURE 18. Injun 3 wide-band VLF field strength contours for May

and June, 1963 shown with Dat and I{P indices.
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FIGURE 19. Continuation of Figure 18 for July and August, 1963.
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FIGURE 20.

|

The frequency of occurrence of VLF ani-ssions with wide-
band field strengths greater than 1.8 my in magnetic
local time and invariant latitude (after Taylor and
Gurnett [1968]).
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FIGURE 21.

79

Top: Explorer 1k equatorial = L0 keV electron flux
contours for June and July, 1963 from Owens and Frank
[1968] with regions exceeding the Kennel-Petschek
limiting flux indicated.

Bottom: TInjun 3 wide-band VLF field strength contours.
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