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ABSTRACT

In this report we present and interpret very~low~frequency (VLF)
signals observed with the polar orbiting 0G0O-4 satellite. The VLF
signals of interest in this research originate in the air space below the
ionosphere and cover the frequency range ~ 0.3 to ~ 30 kHz. The sources
are lightning flashes and high-power VLF transmitters. The observations
are compared with calculations based on a full-wave treatment of trans-
mission through the lower ionosphere and a ray theory treatment in the
upper ionosphere and in the magnetosphere.

In this research we consider several situations related to the
propagation of VLF waves. Included are the amplitude of the wave fields
when OGO 4 is in the vicinity of VLF stations, two equatorial phenomena
corresponding to propagation at low latitudes, and several phenomena
observed at mid-high latitudes. The study also includes the differences
between daytime and nighttime propagation.

The equations determining the ionospheric wave~field amplitudes
of the signals radiated by a ground-based vertical dipole are derived.
The equations are based on geometrical factors, on a transmission co-
efficient through the lower ionosphere given by a full-wave technique,
and on a focusing factor which is derived from the analysis of the ray
trajectories in the ibnosphere. Calculations based on the derived
equations agree well with the wave-fields generated by the Omega trans-
mitter (frequency = 12.5 kHz) of Forest Port, New York.

A study of VLF propagation at low latitudes reveals two different
phenomena. One effect, called "equatorial erosion,’ occurs on the day-
side and involves frequency-dependent attenuation, with all VLF signals
from ground sources eventually disappearing below the level of detectability
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as the satellite approaches the equator. The above phenomenon is

explained primarily by absorption in the D and E regions of the iono-
sphere and to a lesser extent by the ray trajectories followed by the

waves above the F-region. The other phenomenon, interpreted as "equatorial
defocusing' is observed in the nighttime ionosphere and involves abrupt
decreases in the intensity of manmade VLF signals. This effect is caused
by ionospheric defocusing of VLF rays near the magnetic equator. The
defocusing is related to the change of the vertical gradient of ionization
that exists near the transition height.

In addition to the equatorial phenomena just described, world-wide
measurements of signals from mid-latitude VLF stations show two remarkable
phenomena in the conjugate hemisphere. One is an enhancement of the
signals in the conjugate region of the transmitter and the other is a
high-latitude "erosion" of the signals in the conjugate hemisphere. A
detailed study of the ray trajectories in realistic models of the magneto-
sphere shows that the signals radiated from mid-latitude stations reach
the conjugate hemisphere after following trajectories not aligned with
the geomagnetic field lines. This study leads to the theory of the pro-
longitudinal (P-L) mode of whistler propagation. The P-L mode is
characterized by propagation with the wave normal inside a characteristic
cone relative to the geomagnetic field. The propagation properties of the
P-I. mode account for the wave~field amplitudes observed in the conjugate
region of the transmitters and for almost all whistlers observed by
0GO 4 at mid-high latitudes. The high-latitude "erosion’ of the down-
coming signals is explained by a latitudinal cutoff that occurs for the
P-L mode. This cutoff is caused by gradients of electron density inside
the plasmasphere and by steep gradients at the plasmapause.
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L. INTRODUCTION

A. OBJECTIVES

The main purpose of this research is to present and interpret
measurements of very-low-frequency signals observed with the low-altitude,
polar-orbiting, OGO-4 satellite. The interpretations of the measurements
are based on amplitude and spectrum analysis of the received signals as
well as on the related position of the satellite. The phenomena to be
discussed in this research are observed on nearly all revolutions of
OGO 4. The present study is mainly concerned with signals generated on
the ground by lightning strokes and by VLF transmitters.

This research may also be classified as a global study of very-low-
frequency propagation in the ionosphere and in the magnetosphere of the
earth. It includes the general problem of excitation of waves through
the lower ionosphere under different conditions and the characteristics
of propagation inside the anisotropic plasma above the earth. The
study covers a variety of situations, including signals received when
OGO 4 is relatively close to the ground sources and signals received at
low, middle, and high latitudes. The differences between daytime and

nighttime propagation are also included in this study.

B. THE EARLY WORK

The burst of current produced during a lightning flash involving a
cloud-to-cloud or cloud-to-ground electric discharge radiates electro~
magnetic energy like an electric dipole. The surge of current whose
duration is of the order of 100 milliseconds radiates a large spectrum
of waves extending from a few Hertz up to about 20 MHz. These waves are
heard as clicks in radio receivers tuned to any frequency inside the
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above band and correspond to the power spectrum vradiated in the pass-~
band of the receiver. The radiated waves (whose spectrum usually peaks
between 5 and 10 kHz) enter the ionosphere and travel inside the magneto-
sphere following curved trajectories. The wave components radiated by
the lightning source travel with different velocities because the mag-
netosphere is a dispersive medium, and finally they may penetrate the
air space below the ionosphere in the conjugate hemisphere. When
reproduced in audible form these wave components usually sound like
whistling tones of steadily falling pitch, known simply as "whistlers."
Whistlers represent a valuable tool for studying properties of the
magnetosphere because some of the whistler characteristics are directly
related to ionization and gradients of ionization that exist in the
magnetosphere.

The first successful study of whistlers based both on experimental
observations and on theoretical treatment was presented by Storey [1953].
Since then the number of publications concerning the propagation of VLF
waves in the magnetosphere has increased steadily. Substantial contri-
butions to the understanding of whistlers and related phenomena have
been provided by the VLF Group of Stanford University during the last
15 years [Helliwell, 1965]. °

Storey [1953] showed that if the frequencies of the whistler com-
ponents were much smaller than both the electron gyrofrequengy and the
plasma frequency along the whistler path, then the whistler-packet
should travel approximately along the earth's magnetic field. Under
the above circumstances the maximum departure of the rays relative to
the fieldlines would be 19%29" . Storey also observed long trains of
echoing whistlers that presented very low amplitude decrement from each
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whistler to the corresponding echo. He suggested that ionospheric
irregularities like columns of auroral ionization could have a guiding
effect on the waves and thus explain the low amplitude decrement.

Helliwell et al. [1956] reported whistlers whose frequency-time
spectrum presented a rising and a falling branch connected together at
a frequency of minimum delay time relative to the causative lightning
discharge. These whistlers are known as 'nose’ whistlers and the
frequency of minimum delay is called the nose frequency. The authors
showed that the whistler dispersion was explained by the magnetoionic
theory when the frequency components of the whistlers were permitted to
be comparable to the electron gyrofrequency along the whistler path in
the magnetosphere.

Smith et al. [1960] developed quantitatively the existing ideas of
magnetospheric ducting, proposing a theory of trapping of whistlers in
field-aligned ducts of enhanced ionization. Smith [1961la] presented
some evidence of ducted propagation and showed that the theory of
trapping also predicfed a cutoff frequency of approximately one-~half the
minimum gyrofrequency along the whistler path.

Since then whistlers have been used to measure the profile of
electron density at the equator. The method is based on finding the
propagation trajectories of the whistlers from their nose frequencies
[Helliwell, 1961; Smith, 1961b, Carpenter, 1962].

In a study based on whistlers Carpenter [1963] showed that the
electron distribution in the magnetosphere does not fall off smoothly.
He frequently found an abrupt decrease of electron densityrusually at
fieldlines with an equatorial radius of about 4 earth radii. This very
steep decrease of ionization, known as the plasmapause, exhibits inward/
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outward motions related to the geomagnetic activity and is ‘a permanent
feature of the magnetosphere.

With the advent of the space age new tools became available for the
study of whistler-mode propagation. It was then possible to observe
whistlers inside the magnetosphere before they reached the low region of
the ionosphere where they can be reflected, transmitted or absorbed by
the medium. Similarly it was possible to observe whistlers that do not
return to the earth. With satellite measurements new forms of whistlers
were observed in the magnetosphere, namely the 'subprotonospheric’
whistler [Carpenter et al., 19641, the "ion cyclotron' whistler [Gurnett
et al., 1965], the "helium' whistler [Barrington et al., 1966], the
"magnetospherically reflected’ and the "'Nu' whistler [Smith and Angerami,
1968], the "ion cutoff' whistler [Muzzio, 19681, and the "walking-trace'
whistler [Walter and Angerami, 1969].

The satellite age also brought the possibility of controlled experi-
ments in VLF propagation by means of satellite observations of signals
transmitted by ground-based U. S. Navy stations. VLF waves were first
observed in the magnetosphere in 1961 by the Lofti-I satellite [Leiphart
et al., 1962]. 1In this experiment VLF signals were received from the
U. S. Navy stations, NBA (24 kHz) in the Canal Zone and NPG (18.6 kHz)
in Jim Creek, Washington; A number of features of the data were inter-
preted by Ro;den et al. [1964].

Observations aboard OGO 1 and OGO 2 of whistler-mode waves generated
by U. S. Navy stations were reported by Heyborne [1966]. He found
several interesting features presented by the VLF signals from NPG and
NAA, both located in the northern hemisphere. He observed a ﬁorthern

hemisphere latitudinal cutoff in the amplitude of the signals; reception




of whistler-mode signals in the southern hemisphere at latitudes 'for-
bidden" by the theory of cutoff at one-half of the gyrofrequency [Smith,
1961lal; an amplitude cutoff at high latitudes in the southern hemisphere;
and a dip of field intensity over the geomagnetic equator.

Storey [1966] described the main features of the French satellite
FR-1 and presented some preliminary results from wave-field measurements
of VLF signals transmitted by NBA in the Canal Zone and by FUB (16.8 kHz)
in Sainte Assise, France. FR-1 was able to measure the wave-normal
direction of the waves. For example, an important result from FR-1
reported by Aubry [1967, 19681, is that the wave normals of the waves
generated by FUB and received at midlatitudes in the northern hemisphere
are directed toward the equator. Sometimes the wave normal is tilted
toward the equator by more than 50° with respect to the vertical at
750 km. He interpreted the phenomenon in terms of horizontal gradients
of electron density that effectively bend the waves toward regions of

higher ionization.

C. BRIEF DESCRIPTION OF EXPERIMENT 02 ABOARD OGO 4

The Orbiting Geophysical Observatory OGO 4, is a multi-experiment
satellite that was launched into a polar orbit in July 1967. The orbit
period is of the order of 100 minutes, the height varies from approximately
400 to 900 km and the orbit inclination is 86°. 0GO 4 carries more than
20 different experiments, one of which will be described briefly below.

The Stanford University/Stanford Research Institute experiment
aboard OGO 4 consists of a loop antenna, a broadband preamplifier that
drives three stepping receivers, two broadband receivers, and one phase-

tracking receiver. The loop antenna may effectively work as an electric




or as a magnetic field sensor depending on the position of switches
suitably placed at the antenna and at the input of the preamplifier.

All the measurements shown in this report were taken when the loop
antenna was working as a magnetic antenna. The VLF spectrum covered by
the broadband preamplifier ranges from 30 Hz to 100 kHz. The stepping
receivers (No. 1, No. 2, and No. 3) operate together, the tuning fre-
quency for Band 3 being 8 and 64 times the tuning frequencies for Band 2
and Band 1, respectively. The stepping receivers provide the following

amplitude measurements of the electric or magnetic wave fields.

Frequency range 3 db bandwidth
Band 1 130 - 1560 Hz t* 20 Hz
Band 2 1.05 - 12.5 kHz t* 75 Hz
Band 3 8.4 - 100 kH=z + 250 Hz

Each band may be tuned to one of 256 different frequencies when operating

in fixed-frequency mode or the stepping receivers may sweep in frequency

from the bottom to the top of each band in 256 successive steps when

operating in the sweeping mode.

The broadband receivers provide spectral information in the range

30 to 300 Hz (ELF channel) and 0.3 to 12.5 kHz (VLF channel).

The phase tracking receiver measures amplitude and phase of waves

in the range 14 to 27 kHz. The phase of the arriving wave is measured
by comparison with the phase of a stable spacecraft oscillator and the
amplitude is measured in a sharp-edged passband of *25 Hz that falls
approximately 30 db at £50 Hz from the tuned frequency.

Amplitude measurements with the phase tracking receiver and the
stepping receivers are telemetered to ground in a form of pulse-code-

modulated (PCM) signals. The signal may be sampled in a low bit rate
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(4 kbit/sec) which is suitable for tape storage inside the spacecraft
or it may be sampled in a high bit rate (64 kbit/sec) when telemetering
in "real time' to ground .

The amplitude and the spectrum content of the signals received by
the broadband receivers are telemetered in analog form and in real time
to ground. The signal is log-compressed in amplitude and then used to
modulate a voltage-controlled-oscillator (VCO) between 15 and 20 kHz.
The spectrum content is obtained after the signal is fed into a saturating
clipper and its output filtered to retain frequencies between 30 Hz to
12.5 kHz. The VCO has several uses, namely it can be modulated by the
amplitude of the ELF and VLF channels and alsoc by the output of the
stepping receiver No. 3. (In this case, therefore the telemetry of the
stepping receiver No. 3 is obtained in analog form.)

Experiment 02 onboard OGO 4 is nearly similar to the corresponding
experiment carried onboard OGO 2. More details about the equipment can

be found in a publication prepared for QGO 2 by Ficklin et al. [1965].

D. 0GO-4 OBSERVATIONS

A systematic coverage of VLF phenomena throughout the world is
obtained by recording continuously the signals from the stepping receivers
and the phase tracking receiver onboard the satellite. In the course of
the present research the interpretations of several phenomena have been
initiated by observing the data from these four receivers. We start
with a discussion related to the kind of measurements that are basic in
this work and the global features presented by the 0GO~4 receivers during
a complete revolution of the satellite.

Figure 1 shows a portion of a strip=-chart displaying PCM data
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Figure 1. Portion of strip-chart displaying demodulated PCM data corresponding to signals
received by the stepping receivers (Bl, B2, B3) and by the phase tracking receiver

(P and A).




stored by OGO 4 and subsequently received by tape-dumping at the telemetry
station in Rosman, North Carolina. Five records are illustrated, reading
from top to bottom: outputs of Band 1 (Bl), Band 2 (B2), and Band 3 (R3)
of the stepping receivers operating in the sweeping mode, phase (P), and
amplitude (A) of the phase tracking receiver. ©Nearly 10 minutes of PCM
data are shown as a function of universal time (UT), geographic position,
and the L value of the satellite. Small crosses above the Band 1
record show the position of synchronizing pulses where each frequency
sweep starts. The 256 steps of each sweep occur during an interval of
73.6 seconds. At about 0216 UT the stepping receivers were switched
to a fixed mode of operation commanded by the telemetry station at
Santiago, Chile.

The phase tracking receiver is tuned to NAA at 17.8 kHz. The phase
P is useless when the transmission mode of operation is CW or FSK
(the present case) because the phase is random during the Morse code
intervals corresponding to ''mo signal" (CW) or "another frequency' (FSK).
The phase may be useful during intervals of key-down mode transmission.
The phase and the amplitude of the phase tracking receiver are each
sampled 512 times in each 73.6 sec interval. The magnetic field of the
waves is measured in db relative to 1 gamma, represented here by the

symbol dby. Gamma is related to ampere/meter by

-4
1y = -__1_5 Amp/m = 7.9577472 X 10 Amp/m  (1.1)

43 X 10
The data recorded by the stepping receivers and by the phase
tracking receiver are independently processed. This fact is very

important for interpreting the measurements correctly. For example, if




a reasonable value of wave field is measured by the phase tracking
receiver then a spike must appear at the corresponding frequency during
the sweep of Band 3. This is shown on the right side of Figure 1 where
two rectangular segments of B3 and A are displayed on an expanded scale.
Observe that the NAA signal measured by the phase tracking receiver is
easily recognized by a spike of the same amplitude recorded by the
stepping receiver No. 3 at 17.8 kHz. It is also possible to observe
the signal transmitted by NSS at 21.4 kHz.

The presence of noise is easily detected by the stepping receivers
when, instead of spikes, a continuous curve is displayed during the
sweep. For example, Figure 1 shows that at 0210:30 UT the NAA signal
is detected by the phase tracking receiver as recognized by the corre-
sponding spike at B3. However, the sweep starting at about 0209 UT
exhibits a continuous amplitude behavior denoting a band of noise that
goes from about 13 kHz to 50 kHz. Therefore the amplitude measured at
A is noise and not signal from NAA.

PCM data of a complete revolution of OGO 4. Figures 2a to 2c show

portions of a continuous strip chart corresponding to 139 minutes of
PCM data stored by OGO 4 on 19 February 1968 between 0017 and 0236 UT.
The onboard tape recorder began to store data just after tape dumping
at the telemetry station‘at Orroral, Australia; later at 0236:30 UT
the stored data were telemetered to Rosman, North Carolina. The ground
projection of the satellite trajectory is superimposed on the mercator
projection of world shown in Figure 3. The numbers on the satellite
trajectory indicate times (UT) of interesting events which will be
discussed below.

Figures 2a to 2c show the amplitudes of the three stepping receivers,
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Segments of a continuous strip-chart recorded by 0GO 4
on 19 February 1968. Bl, B2, B3 are the amplitudes of
the stepping receivers operating in sweeping mode as
indicated in Figure 1. The phase tracking receiver

(P and A) was tuned to NAA at 17.8 kHz. C denotes a
calibration sweep which occurs after 16 consecutive
sweeps .
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Bl, B2, and B3, operating in the sweeping mode and the phage (P} and the
amplitude (A) of the phase tracking receiver tuned to NAA at 17.8 kHz.
The synchronizing pulses for the band receivers are represented by
vertical bars in the top record Bl. The main features presented by B1,
B2, B3 and A are discussed below.

1) Low latitude observations.

The signal levels from mid-latitude VLF transmitters decrease
at low latitudes. There is an abrupt decrease of signal at nighttime
equatorial crossings as shown in Figure 2a between ~ 0048 and ~ 0054 UT
and in the subsequent pass between 0223 and ~ 0230 UT (Figure 2c). The
geographic positions of these regions where the NAA signal drops below
the threshold level of the equipment is shown in Figure 3. There is an
absence of signal in B2 and B3 while Bl measures some signal below
~ 1 kHz. There are spikes in the stepping receivers corresponding to
interference lines that appear when the external signal level is very
low. The common interference lines for Bl are 400, 800, and 1200 Hz
corresponding to harmonics of the power supply line at 400 Hz. For B2
the interference lines are harmonics of the spacecraft dc converters
at 2461 kHz. The interference in B3 are odd harmonics of 2461 kHz.
Measurements in real time with the broadband receiver indicate the
presence of whistlers‘at these low 1atitﬁdes during the night. The
reason for the total absence of signals in B2 and B3 is because these
whistlers present small dispersion at the higher frequencies and there-
fore they are ignored by the low sampling rate of the equipment.

During daytime equatorial crossings the signal from the trans-
mitter situated in the nightside decreases progressively and goes below
the detectability level as the satellite approaches the equator (see
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Figure 2b about 0139 UT and the satellite position in Figure 3). B,
B2, and B3 follow the same pattern of A, as shown in Figure 2b. Observe
that the decrease of the external signal level is quite marked in Bl.
When real time data are analyzed the above effect is manifested by a
progressive disappearance of the high frequencies of whistlers as the
satellite approaches the equator. There is a complete absence of
signals in satellite records obtained near the magnetic equator during
daytime.
2) Mid-latitude observations.

There is an enhancement of signals transmitted by mid-latitude
VLF stations and received by the satellite at mid-latitudes in both
hemispheres. In the hemisphere of the VLF transmitter a maximum signal
is received when the satellite is nearly east-west from the transmitter
(see Figure 2a about 0104 UT for nighttime and about 0127 UT when the
satellite is in the dayside over Russia). These signals reach the
satellite from below, after traveling inside the ground-ionosphere
space from the transmitter to the foot of the ray trajectory between
the low-ionosphere and the satellite. In the conjugate hemisphere of
the transmitter the signals that reach the satellite coming from above
are much stronger than signals excited from below. (This was checked
by measuring the travel times of signals.) Therefore the signal levels
observed in the conjugate hemisphere are related to fields measured in
the hemisphere of the transmitter. Enhancements of NAA signals in the
southern hemisphere are observed at ~ 0038 UT and in the succeeding
revolution at ~ 0214 UT (bhoth in the nightside) and ~ 0150 UT (dayside)
when the satellite is over Australia.

The signal level in Band 1 and Band 2 increases toward mid
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latitudes on both sides of the equator, and also for both dayside and
nightside (see Bl at left and right of 0052 UT (nightside) and 0139 UT
(dayside)). The signal behavior in Bl and B2 is chavacterized by scattered
points caused by the reception of whistlers. The whiétler energy that lies
inside the bandwidth of the sweeping receiver is more efficiently sampled
at mid-latitudes where downgoing whistlers present greater dispersion.
Some noise probably is also present inside Bl and B2 at mid-latitudes
but this noise is masked by the reception of whistlers. Whistler energy
is also observed in fewer cases by B3 at mid-latitudes. The spikes
related to whistlers are different from those related to signals trans-
mitted from VLF stations because in this last case the spikes remain at
the same frequency for all sweeps.
3) High-latitude observations.

There is a high-latitude cutoff in the intensity of the signals
from mid-latitude transmitters observed in the conjugate hemisphere
(see the cutoff in amplitude A of the NAA signal at 0032 UT and in the
following revolution of OGO 4 at 0210 UT). The phenomenon is well
documented by the disappearance at higher latitudes of the NAA spike
in B3. The high-latitude cutoff in the conjugate hemisphere of the
transmitter is also detected in the dayside (see Figure 2b at 0154 UT)
although in this case the cutoff is less pronounced.

The high-latitude cutoff in the conjugate hemisphere of NAA
is in fact a particular case of a more general phenomenon detected in
every OGO-4 pass, namely a high-latitude "erosion'' of downgoing whistlers.
The cutoff in the occurrence of whistlers at high latitudes is more
easily observed with the broadband receiver. However it can be reason-

ably observed in Figure 2c¢ near 0210 UT: as the signal of NAA decreases
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the signal in B2 disappears and the signal in Bl progressively decreases
toward higher latitudes (to the left of 0210 UT).  This effect converted
to whistler observation means that the downgoing whistlers are "eroded"
at high latitudes with the higher frequencies disappearing first as the
observation goes from mid latitude to the nearest pole. Disregarding
the occurrence of well-localized auroral noise AON (discussed below)
the stepping receivers exhibit typically empty bands in polar regions
(see Bl, B2, and B3 about 0024, 0117, and 0202 UT).

In every revolution of OGO 4 it is possible to identify two
rings of intense noise around each magnetic pole. The same ring is
crossed twice during each high-latitude pass. The regions labeled AON

in Figures 2a, b, and c stand for auroral oval noise, This noise has a

typical spectrum ranging from 2 - 5 kHz to above 50 kHz, but the intensity

of the noise seems to depend upon the zenith angle of the sun. AON's
are observed in the southern hemisphere near 0021 and 0027 UT and in
the succeeding revolution of OGO 4 near 0158 and 0208 UT. 1In the
northern hemisphere AON's are observed near 0114 and 0121 UT. The
amplitude of this auroral noise in the 50 Hz bandwidth of the phase
tracking receiver is very intense as shown in the record of amplitude
A just below the AON symbols in Figures 2a, b, and c.

In the hemisphefe of the mid-latitude transmitter there is
also a high-latitude decrease in the intensity of the upgoing signals
related to the position of the AON. 1In this case the signal from a
powerful VLF transmitter competes with the AON level and the signal
returns when the satellite crosses the polar region. Observe for
example the decrease of the NAA signal as the satellite moves northward
at 0112 UT. A close observation of B3 indicates that the NAA spike
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competes with the noise level near 0113 to 0116 UT and the signal from
NAA remains (although in a somewhat irregular fashion) when the satellite

crosses the polar region near 0117/0119 uT.

E. CONTRIBUTIONS OF THE PRESENT WORK

In this research the excitation of VLF waves through the lower
ionosphere is studied by means of a "'full-wave' treatment of the wave
equations. The related computer program is fully discussed in a report
by Scarabucci [1969].

The wave fields set up by VLF stations in the nearby ionosphere of
the transmitter are calculated by means of the full-wave computer
program and a ray-tracing computer program developed by Walter [1969].
It is shown that very good agreement is obtained between calculated and
measured signal levels (Chapter 2).

A study of VLF propagation at low latitudes reveals two different
phenomena. During daytime equatorial propagation is dominated by
collisional absorption in the lower ionosphere which increases sharply
at lower latitudes. This effect is manifested by a complete disappearance
from satellite records at low latitudes of all signals originating on
the ground. During nighttime the collisional absorption is less
important and it will be shown that in this case the propagation is
highly dependent upon the change of vertical gradient of electron density
at the [O+ - H*] transition height. These vertical gradients of ioniza-
tion produce defocusing of VLF waves near the equator. The above
equatorial phenomena are discussed in Chapter 3.

In Chapter 4 a simple interpretation of the amplitude measurements

in the conjugate hemisphere of NAA also justifies several properties of
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commonly received whistlers aboard OGO 4. 1t is shown that the VLF
signals radiated by mid-latitude stations are received at mid-high
latitudes in the conjugate hemisphere after following a trajectory that
is not aligned with the geomagnetic fieldlines. A ray that starts at
high latitudes travels inward, crosses the equator at relatively low
heights and follows a descending path toward high latitudes in the
conjugate hemisphere. This ray behavior is demonstrated by a realistic
model of magnetosphere that includes latitudinal gradients of electron
density. A detailed study of ray trajectories in the magnetosphere
leads to the theory of the ''pro-longitudinal” (P-L) mode of whistler
propagation. The P-L mode is characterized by propagation with the
wave normal of the waves inside a characteristic cone relative to the
geomagnetic field, producing travel times and downgoing wave normals
that are typical of purely longitudinal propagation along the field-
lines. The P-L mode accounts for almost all whistlers received by
OGO 4 at mid-high latitudes and also provides a possible interpretation
for certain whistlers received on the ground.

The high-latitude cutoff of downgoing signals is interpreted as a
result of the existing gradients of electron density inside the plasma-
sphere and the steep gradients at the plasmapause. The calculated cutoff
follows very closely the satellite observations (Chapter 5).

Finally a class of deep fading in the amplitude of wave-fields
set up by ground-based VLF transmitters is tentatively explained in
Chapter 6.

An important result of this research and one strongly suggesting
further studies is that the P~L mode predicts a concentration of VLF
energy between 5‘1.9 to ~ 2.5 earth radii over the equator. This

- 20 -




result may be the starting point for future research relative to wave-

particle interactions at these equatorial heights.
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I1. EXCITATION OF WHISTLER-MODE WAVES

THROUGH THE LOWER ITONOSPHERE

In the lower region of the ionosphere the electron concentration
shows substantial variation over distances comparable to the local wave-
lengths of very-low-frequency waves. The propagation of these VLF waves
inside the D-region of the ionosphere is dominated by internal reflections,
coupling between different modes of propagation and by collisional absorp-
tion. The amplitude of the propagation wave fields does not present a
sinusoidal vertical variation, thus ruling out field solutions of the
form exp(-jBz). Under the above circumstances a 'full-wave' method of
solution must be used in which the wave-field solution is constructed
point by point inside the ionosphere by solving numerically the related
wave equations.

The set of differential equations governing the propagation of plane
waves inside a horizontally stratified anisotropic ionosphere was
derived by Clemmow and Heading [1954]. These linear differential wave
equations are numerically integrated throughout the D and E ionospheric
regions by specifying the height distribution of the local ionospheric
parameters and the direction and polarization of an incident wave. A
computer program for integrating the Clemmow-Heading equations for waves
generated below the ionosphere has been developed by Scarabucci [1969].
The numerical technique assumes that there is an electromagnetic plane
wave propagating in free space which is incident upon a planarly strati-
fied ionosphere that varies only in the z-direction as shown in Figure 4.
The geometry is such that the planes of stratification are parallel to

the (x-y) plane. The y axis is parallel to the ground and in the
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Figure 4. The assumed geometry. Planes of

stratification are parallel to the

(x-y) plane. DIP is the angle _

between the geomagnetic field B

and the y-axis. Bo lies in the®

(y-z) plane. 1 is the angle

between the Veriical and the wave~-

normal vector k. Y =‘:'Ls the

azimuthal angle for k.
magnetic meridian (plane y-z) with its positive direction pointing north-
ward. The earth's magnetic field is in the y-z plane making an angle
DIP with the y axis. The wave normal of the incident wave makes an
angle 1 with the z axis (angle of incidence) and an angle % with
the maghetic meridian (azimuthal angle).

In this chapter the full-wave computer program of Scarabucci [1969]

will be used for studying the excitation of VLF waves through the lower

ionosphere. First some properties of the full-wave method of solution
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will be discussed. This discussion is followed by a derivation of the
equations required for calculating the ionospheric fields generated by
ground transmitters by making use of the full-wave method. The equations
may be used for predicting the ionospheric fields generated by ground-
based VLF transmitters or, similarly, the ionospheric fields originated
from naturally occurring lightning flashes. The bursts of current pro-
duced by lightning flashes simulate the radiation of a small vertical
electric dipole when the discharge occurs between cloud and ground. The
process of calculation is then applied for computing the wave fields
that should be measured by a polar satellite during its pass in the
nearby ionospheric region of a 12.5 kHz transmitter. More specifically
the purpose of the calculation is to compare the computed field with
measurements made aboard the 0GO-4 satellite near the Omega transmitter
located in New York. The results are discussed and it is shown that the
full-wave method produces field values that match the measurements in a

very consistent and stable manner.

A. SOME PROPERTIES OF THE NUMERICAL FULL~WAVE METHOD

Most of the properties presented by the numerical full-wave method
have been extensively studied in three brilliant papers by Pitteway [1965],
Piggot et al. [1965], and Pitteway and Jespersen [1966]. The purpose
here will be to establish some fundamental properties that will be continu-
ously used from now on and to emphasize aspects of the method that have
not been covered by the above referenced papers.

The full-wave solution for the problem of incidence of upgoing waves
in the lower iocnosphere is given in terms of ”penetrating" and 'non-

penetrating” mode waves. Given the direction of the incident wave, the
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penetrating mode is found by determining the polarization of the incident
wave which maximizes the power transmitted through the lower ionosphere.
The non-penetrating mode has polarization such that no power-flow is
produced at the top of the ionosphere. Therefore the ability of an
incident wave to generate whistler-mode waves inside the ionosphere is
directly related to the degree of similarity between the polarizations

of the incident wave and that of the penetrating mode.

Figure 5 shows the envelope of the total ZOHX field set up by a
penetrating mode wave of 18.6 kHz that encounters the D region of the
ionosphere at an angle of incidence of 30O and travels from east to
west (Y = —900). The field envelope is shown together with some night-
time height distributions of electrons and electron collision frequency
(right side of Figure 5) in order to emphasize some relationships between
the wave field distribution and the assumed models of electron density
and collision frequency. The jionospheric profiles a,b, and ¢ were
derived by Deeks [1966a] baséd on measurements of reflection coefficients
made in England and using the full-wave computer program of Pitteway.

The nighttime profile b 1is appropriate for winter at sunspot maximum
and also for summer and equinox at sunspot minimum. This profile will
be used extensively in this report.

Laboratory experiments (Huxley [1959], Phelps and Pack [1960]) have
shown that the collision frequency of electrons with air molecules
(nitrogen, oxygen) is directly proportional to electron energy. Using
the above relationship for the collision frequency and the theoretical
approach of Sen and Wyller [1960] for the susceptibility of a medium
having a Maxwellian distribution of electrons, Deeks [1966Db] derived

new wave equations describing propagation of waves through the ionosphere.
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He showed that no essential new features were introduced into the results

of full-wave calculations by the use of the generalized theory and that

a suitable choice of effective classical collision frequency gives

numerical results in good agreement with the more complicated theory.

The cffective classical collision frequency v in Figure 5 was calculated

by Deeks [1966b] based on experimental results and is valid for VLF waves.
For daytime and mid-latitudes appropriate electron density models of

the D region were given by Mechtly and Smith [1968]. However, no cal-

culations for daytime at mid-latitudes will be presented in this report.
The envelope of the penetrating ZOHX field shown at the left of

Figure 5 presents a standing wave pattern below the principal reflection

level at ~ 89 km. It shows that the small electron densities provided

by model b below 89 km do not substantially interfere with the propa-

gation of the 18.6 kHz waves because the distance separating peaks or

valleys in the standing wave is essentially that resulting from propa-

gation in free space. Above 90 km the amount of energy reflected is

very small, the "wave 1ength” decreases and although some absorption is

occurring at these heights the magnetic wave field increases because of

impedance transformation. Some small reflections still occur above

104 km where the electron density exhibits again substantial vertical

variation. However the wave length inside the medium becomes smaller

and soon the medium is a slowly varying ionosphere for 18.6 kHz waves

as denoted by the smooth variation of the envelope of ZOHX above 115 km.

Therefore an incident penetrating mode wave gives rise to a reflected

downgoing wave and to an upgoing whistler-mode wave high in the ionosphere.

Although the power carried through by the whistler-mode wave is maximized

by the choice of a suitable polarization (penetrating mode) for the
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incident wave; it does not necessarily produce the smallest amount of
reflected power.

Figure 6 illustrates the behavior of the transmission coefficients
in the lower ionosphere for 17.8 kHz waves as a function of the angle of
incidence and for propagation along the north-south meridian (¥ = OO).
The ionospheric model used is the one labeled b in Figure 5. The
earth's magnetic field and the wave frequency are such that Figure 6
simulates nighttime conditions near the VLF Navy transmitter NAA in
Cutler, Maine (44.70N, 67.30W). The square of the transmission coefficient
is defined as the ratio between the z-directed power flow carried by the
whistler-mode wave high in the ionosphere and the z-directed power flow
of the incident wave (see Scarabucci [1969]). The transmission coefficient
characterizes the total loss (reflection plus absorption) suffered by the
input wave. Figure 6 shows the transmission coefficient Tp for the
penetrating mode and the coefficients Th and TV corresponding to
horizontal and vertical polarizations. Th and Tv are related to Tp
by

T2 + Ti =T (2.1)

Figure 6 shows that the transmission coefficients decrease for I
approaching the limiting‘angles of i90O and that they present a broad
maximum around I o -15° when the incident wave normal is directed
along the earth's magnetic field (DIP = 750). Figure 6 also shows that
for the assumed ionospheric conditions the vertical polarization is
related to more losses relative to horizontal polarization. However
observe that for angles of incidence near -15° we have T =T and

T =/2 Th, which means that both vertically and horizontally polarized
p
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Figure 6. Transmission coefficients for the penetrating mode

T , vertical polarization TV and hori%ontal
pglarlzatlon at 17.8 kHz. DIP = 75
fH = 1.6 MHz ana the propagation is along the
meridian Yy = 0 . Ionospheric profile b
from Figure 5.

waves only lose 3 db relative to the whistler-mode wave set up by the

penetrating mode.

Figure 7 shows the polarization pp of the penetrating mode for the
same conditions of Figure 6. The polarization is defined here by the
ratio between the electric field component in the plane of incidence
EP 1.? and the horizontal component of the electric field EHOR'

Figure 7 shows that the polarization of the penetrating mode is nearly

circular to the left near I = -15° where lpp[ is close to 1 and

lpp is close to —900.
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Figure 7 shows that Tor most angles of incidence the penetrating
mode is elliptically polarized to the left. However when the angle
between the incident wave normal and the magnetic field is very large
the optimum polarization changes the sense of rotation from left to
right after achieving linear polarizations at 1 %568.50 and I 35—790.
These linear polarizations of the penetrating mode are neither horizontal
nor vertical for the ionospheric conditions of Figure 7. For example,

o

at 1 = 68.57, pp 2= 0.47 which means that the penetrating incident

electric wave field makes an angle of ~ 25° with the horizontal plane.

B. IONOSPHERIC WAVE FIELDS GENERATED BY GROUND TRANSMITTERS

In this section we derive the equations for calculating the wave
fields high in the ionosphere produced by a ground-based small vertical
dipole antenna. The adopted geometry is given in Figure 8 where a ray
trajectory from the ground transmitter T to a satellite S is shown.
The wave radiated by T hits the lower boundary of the D region of the
ionosphere whose height is h after traveling a distance s. The
wave normal of the incident wave bends toward the vertical during the
D region crossing and the ray is finally launched in the whistler medium
above the E region of the ionosphere. The point of entry in the lower
ionosphere occurs at a ground distance d from the transmitter and the
angle of incidence is I as shown in Figure 8. Observe that in addition
to the ray shown in Figure 8 other rays may also reach the satellite by
bouncing one or more times between the lower edge of the ionosphere and
the ground, finally following a trajectory that also intercepts the
satellite S. This fact introduces the possibility of fading and will

be discussed near the end of this section. The equations to be derived
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Figure 8. Ray-trajectory between a ground
VLF transmitter T and a
satellite S.
are valid for distances d inside a circle of radius ~ 1000 km where
the polarization of the waves hitting the ionosphere may easily be
determined. For distances d larger than 2000 km a better procedure
is to discard the ray approach between the transmitter and the point of

entry in the ionosphere, and to assume the earth ionosphere waveguide
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approach. In order to determine the leakage of the waveguide, further
assumptions must be made by assuming only the existence of the waveguide
mode n = 1 and a transmission coefficient in the lower ionosphere
given by the penetrating mode. Obviously the accuracy of the calculation
must be relaxed. i

Heyborne [1966] calculated ionospheric wave fields using results
deduced by Crary [1961] in which a sharply bounded model of the lower
ionosphere was assumed. Among other assumptions, Crary assumed a vertical
magnetic field and a homogeneous ionosphere. Heyhorne assumed some
values for the reflection coefficient and that ionospheric loss was
represented only by absorption. The polarization and the azimuthal
direction of the incident wave were disregarded.

The process of calculation used here differs significantly from the
one presented by Heyborne [1966] because of a different mathematical
approach followed here which simplifies the analysis. The behavior of
the waves in the lower ionosphere is studied by using the full-wave
computer program of Scarabucci [1969], while the ray trajectories above
the E region are analyzed by means of a ray-tracing computer program
developed by Walter [1969].

1. Power Radiated by a Small Vertical Grounded Dipole

The power flux p radiated by a vertical grounded dipole whose
length is much smaller than the wave length at the frequency of excitation

is purely radial relative to the dipole and is given by
2 2
p=F sinzﬂ/s watt/m (2.2)

where 1 is the declination angle shown in Figure 8 and F is a constant
that depends on the amount of radiated power P. The radiation pattern
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of the small grounded dipole at any vertical plane that contains the
dipole is a half "eight' figure (see for example Terman [1955] Sec. 23-6)
which means that n is defined between 0° and 90°. The radiated power
P is found from p by summing up all the fluxes emanating from a closed

surface that contains the dipole, for example

/2
F sin2 4xF
P = pdS = —-§~—n + {2ns -sinn) .edn =
s
e}

3
sphere
(2.3)
Therefore, the power-flux, Eq. (2.2) is given by
. 2
_ 3Psin n (2.4)
= 5 .
4ns

2. Transmission in the Lower Ionosphere

The z-directed power flux p; above the E region is related
to p by the transmission coefficient for vertical polarization, i.e.,

1
2 pz

_ (2.5)
v pcosl

Above the E region the W.XK.B. method replaces profitably the
full-wave method. The assumption of planar stratification for the medium
is discarded and a ray-tracing technique is used in order to find the
trajectories of the upgoing rays. The ray trajectories may involve
more attenuation caused by further absorption above the E region and
divergence of rays. On the other hand there may be some gain caused
by focusing of rays.

Absorption above the E region is caused mainly by Coulomb

collision. Calculations of absorption using a realistic collision
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frequency profile and for several electron~density profiles provide 1 to
3 db extra attenuation, depending on the ionization between 120 and

600 km. This extra loss is small and will not be considered in the
following calculations.

3. Focusing Gain

Under the above circumstances the power flux that arrives at
the satellite is related to the input power above the E region by the
ray behavior. The focusing gain is defined by the ratio between the
input and the output cross-section areas of a 'tube of rays.' The tube
of rays may be determined by two adjacent rays separated in latitude by
Ad, and by a longitudinal increment Al. If we suppose that the rays
remain in the same magnetic meridian, which is a good assumption for
the purpose of power calculation, the focusing gain is then independent
of A and is given by

r. 2 Ap.cosg,cosR,
i i i i

G = |- (2.6)
F ro A¢scos¢scosBS

where i refers to the position of input above the E region and s to
the position of the satellite. Figure 9 shows the geometrical parameters
involved in Eq. (2.6):

r 1is the geocentric radius

¢ 1is the magnetic latitude
and B is the angle between the ray and the local vertical.
All elements in Eq. (2.6) are determined by the ray-tracing computer
program. The focusing gain defined by Eq. (2.6) may assume values
above or below the unity which means that divergence of rays is also

considered in Eq. (2.6).




Figure 9. Tube of rays and geometrical
parameters for determining
the focusing gain.

The power flux p'' at the satellite is related to the power-flux

just above the E region by

LAl

p

p! 7CO°-“‘='SBi = GF (2=7)

Z

Observe that p; is the vertical component of the total power flux

p;/cosBi just above the E region.
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EBguations (2.5) and (2.4) are substituted in Eg. (2.7) to give

3pG T .2
. ¥ v coslsin n (2.8)
4ﬂ82 cosBi

In Eg. (2.8) s is the distance from the transmitter to the
lower edge of the ionosphere as shown in Figure 8.

4. The Magnetic Wave Field at the Satellite

Brice [1964] showed that under the Q.L. approximation the

magnetic field of the wave is related to the average power flux by

P = (2.9)

where H is the amplitude of the magnetic field and us is the longi-
tudinal refractive index at the satellite height. Equation (2.9) is
independent of the wave normal direction, an approximation that is good
unless the angle between the wave-normal and the magnetic field is close
to the resonance cone [Brice, 1964]. Replacing p' from Eg. (2.9) in
Eg. (2.8) we obtain

F 1/2 Tvsinn

= . 2.10
H 41Z cosB, s ( )
o i

3HSPG cosl

If in Eq. (2.10) we express P in kilowatt and s in kilometer
and recall that ZO =~ 120x ohms we have
1/2 .
T
pSGFPcosI V51nn

H = . . Amp/m (2.11)
cosBy S 47X10
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Finally we express H in gammas (v):

2
H Amp/m = 4nx10° H vy (2.12)
Therefore, the field at the satellite will be given by

KL_G_Pcosl 1/2 T sinn
H = if._— . _V__...._.. (2 13)
cosBi s Y )
P in kilowatt

s 1in kilometer

In order to use Egq. (2.13) to calculate the magnetic wave field at
the satellite the following procedure is used.

1. Ray trajectories in a model ionosphere determine the focusing
gain GF and the longitudinal refractive index g at the
satellite height as a function of satellite position. In

‘ particular, given a point S high in the ionosphere the ray-
tracing technique determines the latitude and the longitude

where the ray begins just above the E region.

2. The distance d is then calculated (see Figure 8). Observe
that in general the ray trajectory above the E region is not

coplanar with the trajectory below the ionosphere.

3. The distance s, the angle of incidence I and the declination
angle 7 are then determined by
0 1/2
s ={h" + 2r0(r0+h)[l—cos(d/ro)] (2.14)

sin(d/ro)
(h/fo) + 1 - cos(d/fo)

tan I = (2.15)

and n=1I+ d/rO (2.16)

r ig the earth radius.
o
I and 71 are shown in Figure 10 as a function of the distance

d from transmitter and for h = 90 km.
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and other rays.

90°

60°

30°

0° 1 i ] ] ] 1 1 1 1 |

0 500 1000
DISTANCE FROM TRANSMITTER, km

Figure 10. Variation of angles I and 7 as functions
of the distance d for an ionosphere whose
height is 90 kn.

4. Given I and the azimuth X of the ray direction below the

ionosphere is then possible to determine Tv.

field at S.

Equation (2.13) determines the amplitude of the magnetic wave

Finally we discuss briefly the possibility of fading caused by

interference between the direct ray (the one calculated by Egq. (2.13))

between the ground and the lower edge of the ionosphere before following
a trajectory that also intercepts the direct ray at S. The calculation
of the ionospheric fields under these circumstances is somewhat involved

because the phase of the wave must be computed in all steps of calculation.
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Furtheymore the transmission coefficient can be greatly modified after
each ground-ionosphere hop because the polarization of the reflected
waves is used as input for the succeeding incidence in the ionosphere.
Extensive calculations of fading have been done for profile b of
Figure 5 and for propagation of 12.5 kHz waves along the meridian at
mid 1atifudes. The results indicate a spatial pattern of fading,
presenting a maximum of ~ 5 db between the peaks and valleys of the
signal. However the fading usually observed aboard the 0GO-4 satellite
is much deeper than 5 db which shows that the above kind of fading is
not the dominant factor controlling the total field strength.

There are several other effects that can produce deep fading at the
satellite. One of these effects, likely to occur in the actual ionosphere,
is interference between direct rays that enter the ionosphere at different
points and that follow ray trajectories that intersect at the satellite
height. Such intersections would be caused by horizontal gradients of
electron density. The analysis of deep fading in the amplitudes of
ionospheric wave fields will be pursued further in Chapter 6.

C. 0GO-~4 AMPLITUDE MEASUREMENTS OF WAVE FIELDS IN THE VICINITY OF

GROUND TRANSMITTERS

In this section we present typical nighttime amplitude measurements
of signals recorded ahoard the 0GO-4 satellite in the vicinity of ground
VLF transmitters. The theory developed in the previous sections is now
applied in order to predict the signal levels that should be measured in
a specific case. Calculated and measured wave fields are compared and
good agreement is obtained.

Figure 11 presents 0GO-4 records showing amplitude measurements of
signals transmitted by NAA at 17.8 kHz and Omega (New York) at 12.5 to
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12.6 kHz as well as broadband spectrum information for wave fregquencies
between 300 Hz to 12.5 kHz. Each panel of Figure 11 inciudes about

1.5 minutes of data and the measurements are presented as functions of
time (0131 UT to 0134 UT), L value and height of the satellite. 1In each
panel there are 5 independent records, namely from top to bottom:

1. magnetic field of 17.8 kHz waves measured by the phase-~tracking
receiver (PTR);

2. magnetic field of 12.5 to 12.6 kHz waves measured by the stepping
receiver No. 3 (B3);

3. same as in B3 but telemetered to ground via VCO;
4, +time marks at one second intervals;

5. broadband spectrum from 300 Hz to 12.5 kHz (BB).

The magnetic field amplitudes are given in db relative to 1 gamma
(dby). Several aspects of the data displayed in Figure 11 will be
analyzed in Chapter 6. Here we concentrate on the amplitude features
presented by the stepping receiver No. 3 relative to signals transmitted
by the Omega station of Forest Port, New York. The schedule of Omega
(New York) was composed of transmission segments at 10.2, 11.33, 12.5,
12.6 and 13.6 kHz. With the exception of the 13.6 kHz segment, lying
outside the pass band, the transmission segments are observed by the
broadband spectrum receiver (bottom record of each panel). The trans-
mission segments detected by the stepping receiver No. 3 correspond to
12.5 kHz radiated in the interval [0, 3.4] sec and 12.6 kHz in the
interval [7.4, 9.8] sec inside each 10 second interval (see Figure 11).

Figure 12 shows the satellite trajectory and the locations of the
Omega (New York) and NAA transmitters in respect to geographic coordinates.
Also shown is a magnetic meridian plane that crosses the satellite tra-
jectory near the Omega transmitter in order to illustrate schematically
how a signal radiated from the transmitter reaches the satellite at S.
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Figure 12. O0GO-4 trajectory for the records of Figure 11.
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The wave travels belcw the ionosphere to the entry point @ in the lower
edge of the D region, is launched in the whistler medium above the E
region and finally follows a ray path nearly along the magnetic meridian
to the satellite.

In order to calculate the fields at the satellite by using Eq. (2.13)
we start with the ray trajectories of 12.5 kHz waves in a model magneto-
sphere. The model used here includes latitudinal variation of electron
density and is the same model employed in Chapter 5 where it is used
for the purpose of studying general characteristics of the ray trajectories
in the magnetosphere. The details of the assumed model are given in
Section D of Chapter 4. Figure 13 shows the receiving latitudes of rays
for a satellite at 640 km altitude as a function of the input latitudes,
where the rays start at 120 km. Also shown is the longitudinal refractive
index at 640 km for the assumed magnetospheric model. Once Figure 13 is
determined by the ray-tracing computer program, we introduce the magnetic
latitudes of the satellite for the pass of Figure 11 by means of time
marks. Using Figure 13 and the angles BS from the ray-tracing computer
program, we determine the ratio GF/cosBi which is independent of Bi
as shown in Eq. (2.6). This ratio varies from 1.02 to 0.92 when the
magnetic latitude of the satellite changes from 60o to 500 for the model
magnetosphere.

Another important use of Figure 13 is to determine the entry point
Q (see Figure 12)at 120 km for each satellite position. This is shown
in Table 1 where the geographic latitudes and longitudes of the entry
points are given in the second and third columns as functions of time.
With the locations of the entry points wé determine the distance d by
using a standard equation of spherical triangles. Distances s are then
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OUTPUT LATITUDE, h=640 km

60°

50°

L

Figure 13.

L.
' 60°
INPUT LATITUDE, h=120 km

Receiving latitudes of rays and the corresponding
longitudinal refractive index u for waves of
12.5 kHz as a function of the input latitude.

The ionospheric model is given in Chapter 4,
Section D. '
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TABLE 1.

TIME ENTRY Q d s T n o x |7, FULL-WAVE RAY-ABSORPTION
UT LAT  LONG | km | km H,10 °y | H,dBy H,10"%y | H,dBy
131.0 50.0 =-76.0 | 727 | 737 | 80 | 86 | -15 |0.21 | 0.149 | -76.6 0.665 -63.6
131.5 47.6 -76.0 | 461 | 473 | 77 | 81 | -18 |0.23 | 0.282 | -71.0 1.15 ~59.0
132.0 45.6 -75.8 | 239 | 257 | 68 | 71 | -24 |0.30 | 0.820 | -61.7 2.56 -52.0
132.5 43.8 -75.8 | 75 | 118 | 40 | 40 | -70 |0.59 | 3.70 -48.6 5.90 -44.6
133.0 41.9 -75.6 | 183 | 205 | -63 | 65 | +9 |0.48 | 1.93 -54.3 3.77 -48.5
133.5 40.1 -75.5 | 378 | 391 | -75 | 78 | 0 |0.41| 0.730 | -63.0 1.67 -55.6
134.0 38.4 -75.4 | 565 | 576 | <79 | 84 | -4 |0.38| 0.420 | -67.6 1.04 ~60.0




calculated by Eq. (2.14) and angles I and 1 are taken from Figure 10.
Values for d, s, I, and 1 are shown in Table 1. The knowledge of
all pertinent geometrical factors affecting the propagation is completed
by determining the azimuthal angles <Y at the points of entry in the
lower ionosphere. Y% is added to Table 1.

The next step is to find the nighttime transmission coefficients in
the lower ionosphere suitable for the region of New York. The ionospheric
profile b from Figure 5 is used together with a gyrofrequency of 1.6 MHz
and magnetic field dip of 75° as input to the full-wave computer program.
The resulting transmission coefficients are shown in Figure 1l4a for north-
south propagation (y = 00) and Figure 14b for east-west propagation
(y = —900). Among other features, Figures l4a and 14b show that vertically
polarized waves have greater transmission coefficients relative to
horizontally polarized waves when propagating westward and southward.

For the values of Y shown in Table 1, the transmission coefficients
for vertical polarization are found by interpolating Tv between
Figures 14a and 14b, shown in Table 1.

The powers radiated by the Omega transmitter of Forest Port, New
York during the period 0129 to 0135 UT on 5 July 1968 were 278 watts at
12.5 kHz and 295 watts at 12.6 kHz (information provided by M. L. Tibbals).
In the following calculation a radiated power of 285 watts has been assumed.
Now all the factors affecting Eq. (2.13) are known and the value of the
magnetic field at the satellite can be estimated. This is shown in
Table 1 and plotted in Figure 15. Figure 15 shows the predicted "full-
wave'' magnetic field amplitudes in db relative to one gamma (continuous
curve) as a function of time. In addition Figure 15 shows the amplitude
measurements of Omega signals displayed in Figure 11 and also the magnetic
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f =12.5 kHz
fH =1,6 MHz
DIP = 75°

Figure 14. (a) Transmission coefficients at 12.5 kHz along the
s o C o . i
meridian, vy = 0. (b) Transmission coefflglents at
12.5 kHz in the east-west azimuth, Yy = -90".
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field values that would be predicted using a ray-absorption method
(dashed curve). The measurements are represented in Figure 15 by broken
lines where the corresponding amplitude values at each integer second
are the average values of the field measured by OGO 4 during one second.

The field values predicted by the ray-absorption method are also
shown in Table 1. They were calculated by integrating the imaginary part
of the refractive index through the same ionospheric profile b of
Figure 5 and hence finding the total absorption. The resulting trans-
mission coefficient has a constant value of 0.937. The fields were then
calculated with Eq. (2.13), replacing TV by a constant value of 0.937.

Figure 15 shows that the wave fields predicted with the full-wave
method agree very well with the average measurements made on OGO 4. The
reason for the success of the full-wave method is that this process
takes into account all the important factors that control the losses in
the lower ionosphere, namely polarization of the wave, reflection and
absorption. On the contrary the ray-absorption method only takes into
account the absorption of the wave. Therefore the shape of the related
curve displayed in Figure 15 is almost exclusively controlled by the
variation of the distance s (see Eq. (2.13)). As a consequence the
predicted field amplitude varies as mal/s at great distances from the
transmitter which is inadequate as shown in Figure 15.

Observe finally that the values supplied by the ray-absorption
method are in better agreement with the measurements south of the trans-
mitter (after ~ 0133 UT). This happens becazause the transmission co-
efficient for vertically polarized waves is only about 3 db below the
coefficient for the penetrating mode wave when propagation is’southward
as shown in Figure 14a. However, the transmission coefficient for
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vertically polarized waves traveling northward is smaller (Figure 14a).
Therefore the values predicted by the ray-absorption method in this
case lie well above the field measurements recorded by OGO 4 north of

the transmitter as shown in Figure 15 between 0131 and 0132:30 UT.
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I111. OGO-4 OBSERVATIONS OF EQUATORIAI ABSORPTION ~

AND DEFOCUSING OF VLF ELECTROMAGNETIC WAVES

A. INTRODUCTION

In this chapter two new ionospheric phenomena involving the propa-
gation and absorption of VLF waves near the magnetic equator are presented
and discussed. Both phenomena are related to attenuation of VLF signals
received aboard a polar orbiting satellite when the spacecraft travels
at low latitudes. One effect, called "equatorial erosion,” occurs on
the dayside and involves frequency-dependent attenuation, with all VLF
signals from ground sources eventually disappearing below the level of
detectability as the satellite approaches the equator. An example of
equatorial erosion observed from OGO 4 is shown in Figure 16, which
displays frequency from 0 to 10 kHz versus magnetic latitude and time on
a northbound pass. As the satellite moves toward the equator between
2049 and 2050 UT, broadband VLF whistler signals are 'eroded,' cutting
off at successively lower frequencies with decreasing latitude. The
activity recovers north of the equator, but in somewhat irregular fashion.

The other new phenomenon, interpreted here as "eqguatorial defocusing,”
is observed in the nighttime ionosphere and involves abrupt decreases in
the intensity of manmade VLF signals, typically more than 15 db in less
than 50 km. Two examples of equatorial defocusing are shown by the 0GO-4
records of Figure 17. The two panels show for two consecutive nighttime
equatorial passes the amplitude of the magnetic field of signals trans-
mitted by NAA (17.8 kHz) and received aboard the satellite by the phase
tracking receiver. The records show NAA signal levels of about -80 to
-90 dby when the satellite is at geographic latitudes of about -25° and

as the satellite moves northward a pronounced drop in signal intensity
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FREQUENCY (kHz)
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Figure 16.

HEIGHT 670 km
I9AUG 1967 GEOGRAPHIC LONGITUDE-68°
SOLAR ZENITHAL ANGLE~69°

-8.5 EQUATOR +99 MAG.LAT

IO 120 130 :40 50 2050

Frequency-time spectra of broadband VLF data from OGO 4 showing a typical example of
daytime "equatorial erosion.” The bottom panel shows a portion of the upper record
in expanded time scale where downgoing whistlers entering the ionosphere in the
conjugate hemisphere exhibit a latitude-dependent upper cutoff. The horizontal
lines are caused by interference from the odd harmonics of the spacecraft dc
converters at 2461 kHz (heavy lines) and even harmonics from the 400 Hz power supply
line (weak lines) which show up when the external signal level is very low.




0G0 4 29 JAN 1968
MAGNETIC ANTENNA
PHASE TRACKING RECEIVER TUNED TO NAA AT 17.8 kHz

0350 0352 0354 ‘ 0%56 0358 uTt
{
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£ Lamim ;
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Figure 17. O0GO~4 records showing the NAA magnetic field amplitude as measured by the satellite
phase~tracking receiver in two consecutive equatorial crossings. The records present
the nighttime "equatorial defocusing' with the amplitude of the signal dropping below
equipment threshold at about =100 dby. The relative position of the magnetic equator
is indicated by M.E. At about 0357 UT the pattern of NAA signal changes to Key-down
mode, preceding the major change from CW (0300-0400 UT) to FSK (0400-0500 UT) in
the mode of transmission.




occurs at the vicinity of ~200 with the field strength dropping below
the noise level of about ~100 dbvy. The signal remains bhelow the noise
level in the succeeding 150 of northward satellite flight and emerges
from the noise at a geographic latitude of about -50.

Very-low-frequency waves were first observed in the magnetosphere
in 1961 by the Lofti~I satellite [Leiphart et al., 1962]. 1In this
experiment VLF signals were received from U.S. Navy stations NBA in the
Canal Zone and NPG in Jim Creek, Washington. Interpreting these measure-
ments, Rorden et al. [1964] reported a higher attenuation in the signals
from NBA, and suggested that the difference could be attributed to a
greater absorption at low latitudes. A more systematic observation of
this kind was reported by Heyborne [1966] who studied the continuous
reception aboard the O0GO-2 satellite of VLF signals from NPG and NAA.
The records showed a consistent drop of the VLF wave fields at each
satellite pass over the equator. It was shown that this effect could
be attributed to higher ionospheric absorption around the equator.

Better observations of equatorial phenomena have been obtained
from the stabilized satellite OGO 4 which~provides repeatability of
measurements and more confidence in data analysis. Data interpretation
has been aided by a new approach involving a full-wave study of the
transmission coefficient in the lower ionosphere and a ray~-tracing
technique to determine effects such as defocusing of the power flow.
This approach has led to a satisfactory interpretation of the data, in
which the roles of absorption and defocusing in the day and night regimes
have been separately identified.

The present work will show that the equatorial erosion is caused

by the combined effect of high absorption in the D region at low latitudes
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plus the ray trajectories followed by the signals above the F region.

At night the absorption effect is less important, with low-altitude
equatorial propagation being dominated by a pronounced ionospheric
defocusing caused by a rapid increase of the electron-density scale-
height above about 500 km. It will be shown that the defocusing phenom-
enon represents a method of detecting large variations in the vertical
gradient of electron density. Therefore, this effect may be used for

measuring the nighttime o - H+] transition height at the equator.

B. THE EQUATORIAL EROSION

The equatorial erosion effect is manifested in every one of about
200 0GO-4 records of eguatorial crossings obtained in daytime during
1967 and 1968. Frequency-time records such as those of Figure 16
typically show that as the satellite approaches the equator the highest
frequencies disappear first. Although Figure 16 is typical with respect
to the sharpness of the cutoff south of the equator, it shows an unusually
smooth variation as compared with most records. Sometimes the erosion
is not complete, and the lowest whistler frequencies are observed
throughout the equatorial crossing. The erosion effect is also consis-
tently observed at the output of the stepping receivers when these
receivers are working in the sweeping mode. It is then usually observed
as a disappearance of all ground-source VLF signals from 0.13 to 100 kHz,
as shown in Figure 2 near 0139 UT.

1. Qualitative Explanation of the Observations

The equatorial erosion may be understood in terms of an increase
in the transmission loss through the ionosphere with decreasing magnetic

latitude. In daytime all VLF waves propagate upward with nearly vertical




wave normals, a consequence of applying Snell's law to the lower strati=-
fied layers of the ionosphere. Hence, in the region of high VLF absorp-
tion (70 to 80 km), the angle between the wave normals and the earth's
magnetic field increases as the satellite approaches the equator. The
medium becomes optically thicker which means that the wave numbers
inside the medium increases, and therefore the wave experiences greater
collisional absorption. Thus for a collision-frequency constant in
latitude, the absorption should become greater at lower latitudes.

Above 100 km and except under conditions of strong sporadic=E
ionization, the ionosphere is a slowly varying medium for all VLF waves,
and geometrical optics may be applied in order to determine the path
followed by a wave packet. /The ray trajectories are not symmetrical
around the equator which, as will be seen, accounts partially for the
non-symmetrical properties of the erosion effects displayed in Figure 16.
In fact daytime propagation around the magnetic equator is influenced
primarily by the high vertical gradient of electron density above the
F-region, and to a lesser (but nevertheless important) extent by the
nearly flat profile of ionization around the bulge of the F region and
the curvature of the earth's magnetic field. The high vertical gradient
extends to heights above 1000 km for daytime conditions, and is a conse-
quence of a scale—height dominated by oxygen and helium ions. For the
range of latitudes where erosion is observed, it has been found that the
ray trajectories are curves that cross the equator below 1000 km. Hence
the effects of equatorial erosion are observable only by satellites
operating below ~ 1000 km at low latitudes.

2. Details of the Analysis

The equatorial erosion phenomenon can be predicted by a study
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of D-region absorption, followed by a study of ray trajectories to
determine the region of space where the effect should be observed at
the satellite.

The ionospheric model used included the electron collision
frequency and density profiles for the daytime D region of Piggott et al.
[1965], shown in Figure 18. For heights above 100 km an analytical
electron-density profile was developed satisfying measurements made by
Alouette 11 in August 1967 (data provided by L. Colin). This profile
of ionization is shown in Figure 19 together with Alocuette measurements.

The wave equations governing reflection and transmission in the
lower ionosphere were numerically integrated by means of a ''full-wave'
computer program [Scarabucci, 1969]. The main interest here was to
determine the transmission coefficient in the lower ionosphere as a
function of the magnetic latitude. At each magnetic latitude the direction
of the incident wave was chosen so as to give maximum transmission. The
polarization at each latitude was selected to be the polarization of the
"penetrating mode." Under the above condition the total loss (reflection

plus absorption) in the lower ionosphere is given by
L = 20 1og10 Tp db (3.1)

where Tp is the transmission coefficient for the penetrating mode
defined in Section A of Chapter 2. Equation (3.1) represents the minimum
loss, since L is calculated for the angle of incidence that gives
maximum Tp. The computer calculation was programmed to stop at 120 km,
where the collision frequency is small and where the W.K.B. method can
replace the "full-wave' method. The remaining E-F region absérption is
small compared with the D-region absorption, and has been neglected.
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Figure 20 gives the ionospheric loss L as a Ffunction of input magnetic
latitude for a range of frequencies. The higher frequencies exhibit
relatively greater losses, and both the amount of loss and its frequency
dependence increase rapidly toward lower latitudes.

Figure 20 shows that if the receiver threshold is constant with
frequency the highest frequencies should disappear first and the lowest
frequencies later for a satellite approaching the equator. Thus the
absorption analysis qualitatively explains the equatorial erosion effect.

For daytime ionospheric models the transmission loss is caused
almost exclusively by absorption, the amount of loss introduced by
reflection being comparatively small. Hence, the behavior shown in
Figure 20 could be predicted with a simpler technique. As an example,
curves of absorption given by Helliwell [1965, Chapter 3], which are
based on the integral of the imaginary part of the refractive index,
agree reasonably well with Figure 20.

3. Daytime Ray Trajectories Around the Equator

The next necessary step is to follow the ray'trajectories in
order to determine further effects and the satellite positions where
the absorption introduced by the lower ionosphere will be detected.
Figure 21 shows some 1 kHz ray paths produced by a ray-tracing computer
program [Walter, 1969j using the ionospheric model shown in Figure 19.
The illustrated rays start at the height of 120 km and at 8, 10, 12, and
14 degrees of latitude with vertical wave normals, as indicated by small
arrows. The ray that starts at 80 follows a trajectory well-inclined
toward the equator because of the guiding effect of the magnetic field
which has low dip angles at these latitudes. The result is that a sub-
stantial length of the ray trajectory occurs at the height of the bulge
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Figure 21. Ray trajectories for 1 kHz waves in the equatorial ionosphere using the
electron-density model of Figure 10. The assumed dipole geomagnetic
field has an equatorial gyrofrequency of 870 kHz at the ground.




region of the F-region where the vertical gradient of electron density
is small. Therefore, the rate of change of the wave-normal direction
which is primarily dependent on the vertical ionization gradient is also
small. Hence the ray proceeds upward until higher gradients of electron
density are met above 500 km which then bend the wave normal downward
and the ray returns to the lower ionosphere.

Rays that start above 8° of latitude are affected by magnetic field
lines with higher dip angles and therefore the rays cross the F-region
less obliquely (see Figure 21). Such rays will be affected by the high
electron-density gradient above the F-region closer to the input latitude
for successively higher input latitudes. As a consequence the apogeeé
of the trajectories move from negative to positive latitudes when the
input latitude varies from 8 to 14 degrees as shown in Figure 21. The
resulting downgoing rays present the possibility of wave'interference
because of ray crossings and also some focusing caused by ray bunching.

The ray trajectories for wave frequencies between 1 and 10 kHz are almost

equal to the curves shown in Figure 21, the maximum difference being
approximately half degree in latitude for some rays at 10 kHz. Therefore
it is only necessary to show the propagation properties displayed by one
wave frequency.

Figure 22 shows the‘relationship between the input latitude at

120 km where 1 kHz rays start and the latitudes where a 600 km polar-

orbiting satellite would receive the rays (continuous curve) together

with the related travel times (dashed curve). Figure 22 is to be used

in the following way: Given an upgoing ray at a specified latitude

(left side of figure) it will cross the height of 600 km at two latitudes,
namely as an upgoing wave (section CD) or as a downgoing wave (section ABC).
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where 1 kHz rays will be detected by a 600 km polar-
orbiting satellite. For a given satellite latitude
(bottom) the related travel time can be read at the
right hand side of the figure (dashed curve).

For a given satellite latitude the travel times are read on the right
side of the figure. For example, a 1 kHz ray that starts at 10O of
latitude will be received by the satellite at 2° as an upgoing wave
with a delay time of 0.76 sec, and will also be detected at -3.6° as a
downoing wave with 1.10 sec time delay.

Figure 22 shows the fact already described by Figure 21 that the
trajectories are not symmetrical around the equator: there is bunching
of rays at negative latitudes and some divergence of rays at positive
satellite latitudes. Numerical calculations indicate that the above
divergence loss and focusing gain represent less than +3 db, a number

that is negligible in comparison with the low ionosphere absorption
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shown in Figure 20. A strong focusing of rays may occur at point B
where the derivative of the curve is infinite; this point will be dis-
cussed later.

Figure 22 also shows that wave interference should occur in a
certain range of negative latitudes where rays that come from different
starting latitudes are observed at one point. Although this statement
is certainly true for a sinusoidal wave of long duration it requires a
further discussion for the case of whistler reception where each wave
frequency exists only during a short duration. For example, if the
satellite location is -5° it would receive 3 distinct rays (see Figure 22)
whose delay times are 1.090, 1.155 and 1.170 seconds but the last 2 rays
would appear as 2 distinct traces only if the duration of the 1 kHz
packet is smaller than 15 milliseconds at the receiving point. Other-
wise and more generally if two interfering rays are received at the same
location they will produce wave interference only during the period when
both packets coexist. The amplitude of the interfering waves may be
very different because they were affected differently by the lower iono-
sphere absorption (as given in Figure 20) although the above effect may
be compensated by the position of the lightning source relative to the
entry points below the ionosphere. Therefore the complete picture of
whistler interference near the equator is somewhat involved. It depends
on several factors, namely ionospheric profile (controlling the delay
times and trajectories), frequency, and relative positions of lightning
source and satellite. Typical 0GO-4 records of downgoing whistlers at
low latitudes display fading in the whistler traces as well as the
occurrence of almost coincident traces which sometimes merge fogether.
The above features together with the erosion effect are present in the
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0GO~4 spectrogram of Figure 16 at negative latitudes where downgoing
whistlers are being received (see bottom panel).

Using Figure 22 the ionospheric loss of Figure 20 is related to
the satellite latitude by following the ray trajectories up to 600 km.
This is shown in Figure 23 for wave frequencies 1, 4, and 7 kHz. Figure
23 shows that the erosion effect should be unsymmetrical around the
equator if the lightning sources are located at one side of the magnetic
equator. For example, the curve for 1 kHz shows that for a northbound
equatorial pass of a 600 km satellite the signal decreases 10 db between
—5.4O and —30. However, this loss is recovered north of the equator
between 5O and 11.60. Figure 23 also shows that the rate of loss with
latitude is greater at higher frequencies.

The predicted focusing of the rays at the latitude B of Figure 22
is probably effective only at the low frequencies where ionospheric
losses have not been excessively high. The focusing is ineffective at
higher frequencies because these waves are absorbed by the lower iono-
spheric medium.

The asymmetry of the erosion effects around the equator is caused
in part by the non-symmetrical ray trajectories around the equator and
partially because of the response of the receiver under different
regimes. This is the difference in the response of the satellite
receiver to 'short" upgoing whistlers and "dispersed” downgoing signals
and the fact that upgoing whistlers were concentrated north of the
magnetic equator and downgoing whistlers on the southern side. In the
case of short upgoing ‘whistlers received north of the equator the peak
signal is large; the instantaneous AGC of the log-compressor receiver
acts to lower the gain so as to reveal some amplitude details (hence the
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irregular structure of Figure 16) that fall below a certain clip level.

In the case of dispersed downgoing whistlers ebservedﬁsouth of the
equator the signal is on the average relatively weak and of long duration,
the AGC action maintains high gain levels with much of the signal near
the clip level and the result is an abrupt change in darkness of the

display at the cutoff or beginning of high attenuation.

C. EQUATORIAL DEFOCUSING

At nighttime the transition height at which the equatorial ionosphere
changes from a scale-height dominated by oxygen to a scale~height dominated
by hydrogen is usually below 1000 km (see for example, Prasad [1968]).
Therefore the vertical gradient of electron density may change rapidly
between the peak of the F region and 1000 km. In what follows we use
the results of a ray-tracing computer program [Walter, 1969] to analyze
the effects of this change in ionization gradient upon the propagation
characteristics of VLF waves.

Figure 24 shows some ray tracings for typical day and nighttime
electron~density profiles. Both daytime and nighttime profiles simulate
Alouette 1 topside measurements taken over the equator in November 1962.
The ray path shown for the daytime profile (dashed curve) is more or
less typical for waves starting between 50 and 150, i.e., the ray
trajectories are approximately symmetric around the equator. In this
case the curvature of the earth's magnetic field plus the high vertical
gradient of electron density above the F region provide a significant
rate of change of the wave normal direction all the way along the path.

As a consequence the wave normals bend initially toward the equator,
cross the equator oriented almost horizontally and finally bend rapidly

inward from the field line direction. These waves ayrive in the D region

- 69 -




_OL“.

HEIGHT, km

1000

O 1 )|
To 10° 108
ELECTRON DENSITY cm™3

MAGNETIC LATITUDE

.29

Figure 24. Typical daytime and nighttime ray trajectories followed by waves of
17.8 kHz near the magnetic equator. The directions of the wave normal
are represented by small arrows, showing that the equatorial defocusing
occurs when the medium loses the ability of effectively bending down
the wave normal. This effect is caused by a weak vertical gradient
above the transition height in the nighttime electron-density
distribution.




of the conjugate hemisphere with almost vertical wave normals.

The two ray paths shown for the nighttime profile (solid curves)
present two types of behavior. The ray path that starts at +90 is
typical of waves whose incident latitude is relatively close to the
equator. This path is similar to the one presented by the daytime curve,
in that the wave normals bend rapidly earthward in the region of high
vertical gradient of ionization below 600 km, where the nighttime
profile is dominated by the O+ scale-height. The nighttime ray whose
starting latitude is +10o presents a behavior that is typical for
rays starting above ~f100, i.e., it crosses the equator above the
transition height. As a consequence, the rate of change of the ray
direction, which is approximately proportional to the vertical gradient
of ionization, is much smaller for this group of rays. Figure 24 shows
that in this case the wave-normal remains pointing upward over a wide
range of latitudes, bends slowly toward the horizontal, and finally
bends rapidly earthward when the ray enters the region of low scale-
height below the transition height. The differences in the behavior of
the ray trajectories presented for the nighttime profile, depending on
whether the ray crosses the equator above or below the transition height,
produce the defocusing of the rays labeled a and b.

The defocusing phenomenon can be quantitatively analyzed if a
relationship is found between the latitudes where the rays start and the
latitudes where they should be intercepted by a satellite crossing the
equatorial region at constant height. The result of such a calculation
is shown in Figure 25 for the nighttime ionospheric model of Figure 24
and for two satellite heights, hS = 450 and 700 km. Figure 25 shows

that rays starting at a given input latitude (the independent variable)
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The height at the input latitude is 120 km where the wave normals are assumed vertical.
The ionospheric model is the nighttime profile shown in Figure 24. The assumed dipole
geomagnetic field has an equatorial gyrofrequency of 870 kHz at the ground.




may obviously be detected by a satellite in two different ways: as
upgoing or as downcoming waves. Arrows indicate the satellite latitudes
for which the rays will be detected as upgoing (UP) or downcoming (DOWN)
waves. For example, the curve for hS = 450 km shows that rays whose
input latitude is 8.5° will intercept the satellite at 2° latitude as
upgoing waves and at —6.50 latitude as downgoing waves. Little defocusing
loss is predicted for these rays. Defocusing loss is apparent where the
curves are flat, meaning that there is a very wide range of latitude

where the satellite will be receiving energy that comes from a very

narrow range of input latitudes. Observe, for example that rays starting
between 9° and 9.6° are detected upwardly between 3° and 4° by a satellite
at 450 km and tha£ the corresponding power flux will be weaker in the
southern hemisphere because the downcoming rays will be detected from

-9° to -22° latitude.

The focusing gain is defined by Eq. (2.6) and Figure 9. The factor
(A¢1/A®S) is readily determined from Figure 25, and § 1is a side
product of the ray~tracing computer program. Hence, the focusing gain
can be calculated as a function of the latitude of the satellite. This
is shown in Figure 26 for ray inputs in the northern hemisphere and for
two different satellite heights, hS = 450 and 700 km (solid curves).

The calculations predict that the drop in the signal will occur when the
satellite is in the hemisphere conjugaté to that of the transmitter, and
that the signal will decrease abruptly in space, in good agreement with
the measurements as shown by the dashed curves. The calculations also
indicate that the signal should recover at a slower rate which, again,
is usually observed.

In order to compare the calculated focusing gain with the observations
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it is necessary to normalize the amplitudes of the measurements made

Jjust before the equatorial defocusing. This has been done in Figure 26,
by fixing the initial signal level at +2 db and placing the leading
edge of the measured defocusing region at w240. The two consecutive
measurements, separated by 250 in longitude, present qualitative similar-~
ity but substantial differences in level. For example, Figure 17 shows
that to the south of the defocusing region the upper record (longitude
—540) presents smaller field levels compared with the bottom record
(longitude —780). Because of this fact the noise level displayed by the
records of Figure 17 inside the defocusing regions is represented in
Figure 26 by flat lines 9 db apart, the higher line corresponding to
the equatorial pass at the longitude -54°, Figure 26 shows that the
curve predicted for a satellite height of 450 km is the one that reasonably
matches the observed defocusing for the pass of LONG = —780, although
0GO~4 height was 730 km. It will be shown that this fact suggests a
higher transition height for the ionosphere at —78O longitude. This
point will be discussed in the next section.

Nighttime ionospheric loss. Next, it is proposed to determine the

role played by the lower ionosphere during the night. In order to
estimate the leakage of the earth-ionosphere wave guide at different
magnetic latitudes thé following procedure is taken. The leakage of the
dominant wave guide mode n = 1 1is produced by waves whose angle of
incidence in the lower ionosphere is ~ 80° Wait, 1962]. The full

wave computer program is then used4in order to determine the transmission
loss as a function of the latitude for a constant 80O angle of incidence.
The nighttime electron density (model b) and collision-freéuency profiles
were taken from Deeks [1966a] (see Figure 5). The result is shown in
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Figure 27 where the transmissicn loss 1s plotted for different input
latitudes and for waves traveling southward from NAA. It shows that

the transmission coefficient is maximum at m/140 latitude, experiences
at sharp decay at latitudes below 10° and falls to zero at -6 latitude.
In the southern hemisphere the transmission coefficient recovers slowly,
reaching significant values again only for latitudes below —450. These
abnormally low values for the transmission coefficient come from the
fact that at ionospheric heights where the wave normals are changing
direction from —800 to almost vertical, the wave normal crosses a region
of high collision frequency while making an angle of nearly 90° with

the earth's magnetic field. Figure 27 is in good qualitative agreement
with a similar study made by Pitteway and Jespersen [1966] for a different
low ionosphere. Figure 27 leads to three conclusions:

1. The sharp decay of the transmission coefficient below 100 does
not interfere with the equatorial defocusing, because the
satellite height is such that it will only receive rays which

start above ~ 9° latitude (see Figure 25).

2.  Between OO and —20O latitude the transmission coefficient is so
small that signals coming from below cannot be detected in the

defocusing region of Figure 26.

3. The region of high transmission coefficient for whistlers
excited from one side of the equator coincides with the low
transmission coefficient region for whistlers excited in the

opposite hemisphere and vice-versa.

Conclusions (1) and (2) substantiate the results previously provided
by the ray=tracing technique, i.e., a’region of defocusing for waves
starting below the ionosphere and coming from one side of the equator
should be observed. Conclusion (3) notes that the equatorialrerosion
cannot be observed during the night because the defocusing region for
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Figure 27. Lower-ionosphere transmission coefficient
for penetrating mode waves traveling
southward. The propagation is assumed to
be in the magnetic meridian and the angle
of incidence is ~80 as indicated in the
sketch by the curve.

whistlers generated in one hemisphere is filled with upgoing whistlers
from the other hemisphere and vice~versa. Only a short dispersion
characteristic for whistlers inside the defocusing region corresponding

to upgoing whistlers should be observed; this phenomenon has been

observed.

D. FACTORS AFFECTING THE EQUATORIAL DEFOCUSING
As we pointed out previously the equatorial defocusing is directly

related to the change of the electron-density scale-height at the
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transition height. Between the peak of the F region and the ro" - H+]
transition height the vertical density gradient is usually high because
the electron scale~height is almost exclusively given by the scale-height
of 0. As a consequence the ray trajectories below the transition
height remain reasonably unchanged for different ionizations. For
example, the nighttime and the daytime ray trajectories shown in Figure
24 are exactly the same below the nighttime transition height although
the two ionospheric profiles present substantially different electron-
density levels.

Above the transition height the defocusing is controlled by the H+
scale-height. A smaller H+ scale-height produces a smaller defocusing
loss. Another very important factor is the smoothness of the transition
from the O+ dominated region to the H+ dominated region. If enough
helium is present the transition region is smoothed out because the He+
scale~height is only 4 times greater than the O+ scale~height. A smooth
transition profile around the transition height produces a smaller
defocusing loss. Hence, a strong equatorial defocusing is an indication
that the He+ concentration around the transition height is necessarily
very small.

In order to give a numerical treatment to the above discussion we
shall consider the three different ionospheric models A, B, and C
shown in Figure 28. The ionospheric models have been calculated assuming
a diffusive equilibrium distribution [Angerami and Thomas, 1964]. Profile
A is the nighttime model previously shown in Figure 24. This model has
an H+ scale~height of 1600 km (i.e., a neutral H scale~height of
800 km). Profile C has an H+ scale~height of 1120 km, naﬁely 70% of

the H+ scale-height presented by profile A. Profile B is obtained
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Figure 28. Three ionospheric models A, B, and C. Model A is
the nighttime model of Figure 24. Model B is
obtained from A by increasing the transition
height. Model C has a hydrogen scale-height 70%
of the hydrogen scale-height of Model A.
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from A, essentially increasing the transition height by about 150 km.
Figure 29 is the result of several ray-tracing computations showing the
satellite latitude where the rays will be detected as a function of the
latitudes where they start. Curves for the ionospheric models B and
C are shown where the satellite height: has been aséumed equal to 700 km.
These results can be compared with the results for profile A shown in
Figure 25. Figure 29 indicates that the ionospheric model C gives no
substantial defocusing (observe the derivative d¢s/d¢i). Calculations
show that the maximum defocusing for this model is around 5 db for a
satellite height of 700 km. In contrast, profile B produces a strong
defocusing as we should expect because the corresponding electron density
distribution is essentially the same as profile A Dbut vertically
shifted. Observe that the B curve in Figure 29 resembles the curve
corresponding to hS = 450 km in Figure 25. Figure 30 gives the focusing
gain for this ionospheric model B as a function of the satellite lati-
tude for hs = 700 km. Notice that the calculated defocusing region has
a length very similar to the one presented by the curve for hS = 450 km
in Figure 26. This indicates that we can effectively modify the iono-
spheric model in order to obtain a prescribed result. Another feature
introduced by profile B relative to profile A is a northward shifting
of ~/50 in the position‘of the defocusing region and a fraction of db
in loss (compare with Figure 26). In Figure 30 we also show the satellite
measurements for the equatorial pass corresponding to LONG = —780. A
very good agreement is now obtained.

The transition height for model B is 750 km, a value that suits
the extrapolation of the midnight transition height curves given by
Prasad [1968] which were based on the analysis of frequency spectrum of
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700 km for the two ionospheric models B and C. Compare with the curves
derived for Model A in Figure 25.
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The continuous curves show the focusing gain as a function of the satellite latitude
for ionospheric model B. The dashed curve represents one of the measurements shown

in Figure 17. For the experimental curve the starting signal level has been normalized
to +2db and the leading edge of the defocusing region has been place at -24°,




radar backscatter signals from the ionosphere.

A discrepancy still remains, namely that the place of the calculated
defocusing region is shifted about 100 southward relative to the measured
defocusing region of Figure 17. This point will be discussed in the

next section.

E. SEASONAL VARIATION OF THE EQUATORIAL DEFOCUSING

Measurements of the equétorial defocusing between November 1967 and
July 1968 suggest a seasonal variation in the magnetic latitudes where
the equatorial defocusing takes place. This is shown in Figure 31 where
the defocusing region is indicated by the position of vertical bars along
some satellite passes. They show that the defocusing region for trans-~
mitters located in the northern hemisphere occurs just below the magnetic
equator (as predicted) for months in which the sun's declination is
negative. For months of positive declination of the sun (northern
hemisphere summer) the defocusing region seems to move northward. A
detailed study of this northward shift is difficult because the passes
shown in Figure 31 have occurred at different local times as illustrated
in the same figure by the numbers below each date. Therefore it is
speculative whether the northward shift presented in Figure 31 is caused
only by a seasonal variation in the ionosphere or whether the influence
of local time may be a cause. Nevertheless, based only on the propagation
properties of the waves, it is suggested that the northward shift of the
defocusing region during the northern hemisphere solstice is caused by
horizontal gradients of electron density near the magnetic equator. The
direction of the latitudinal gradient for obtaining this effect should

be northward, in accordance with electron density measurements made by
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Figure 31. Position of the defocusing region relative to
the magnetic equator. The figure suggests a
northward movement of the defocusing region in
the northern hemisphere summer months. The
number below each date is the local time at the
crossing of the equator.
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Reddy et al. [1967]1. This problem can be analyzed when a more complete

seasonal behavior of the egquatorial defocusing is known.

F. CONCLUSIONS

In this chapter we have presented the equatorial erosion and the
equatorial defocusing of VLF waves propagating at low magnetic latitudes.
It has been shown that the equatorial erosion is caused by ionospheric
losses (absorption plus reflection) in the D region. These losses
increase for lower latitudes and may cause the complete disappearance of
all VLF waves from the receiver of a low altitude satellite. During the
night absorption is less important but nevetheless a very pronounced
drop in the signals of VLF transmitters has been observed. We showed
that this new phenomenon is caused by ionospheric defocusing of VLF rays
near the magnetic equator. This defocusing is related to the change of
the vertical gradient of the electron-density distribution that takes
place around the transition height. A full-wave treatment has been
applied to the propagation through the lower nighttime ionosphere. This
study confirmed the defocusing interpretation by showing that upgoing
rays were prevented from reaching the defocusing region by excessive
ionospheric loss in the lower ionosphere. Finally we showed that the
ionospheric model can‘be modified in order to obtain a prescribed equatorial
defocusing pattern. Given the satellite height we can approximately state
that:

1. the amount of the defocusing loss can only be achieved with a

hydrogen scale-~height greater than a specified value;

2. the width of the defocusing region determines the minimum height

of the transition region of the ionosphere;
3. the position of the defocusing region relative to the magnetic
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equator will be a measure of the horizontal gradient in the

ionosphere.
Although these three steps are not completely independent, they change
the equatorial defocusing in the way indicated above,

The above process of matching a measured defocusing loss by suitable
changes in a basic ionospheric distribution represents a potential
diagnostic tool for obtaining the [0' - H'] transition height and the
hydrogen temperature in the equatorial ionosphere. As pointed out pre-
viously the defocusing phenomenon is highly sensitive to the height of
the [0° - H'] transition and hydrogen temperature just above that height.
On the other hand the phenomenon is relatively unaffected by different
electron distributions below the transition height (compare for example
the upgoing sections of the ray trajectories for nighttime and daytime
profiles of Figure 24). Therefore, in order to fit a specified defocusing
measurement the most important parameters are the transition height and
hydrogen temperature, regardless of possible discrepancies between the
assumed profile and the actual ionospheric profile. Further development
of this propagation method could provide indirect measurements whose
accuracies might compete with presently available processes of measuring
transition height and temperature. Obviously the suggested method can
only be applied at the magnetic equator and during nighttime because
there is no significant defocusing during the day. However, the process
would provide measurements at all longitudes and the cost of analyzing

the data is relatively low.
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IV. O0GO-4 AMPLITUDE MEASUREMENTS OF SIGNALS

GENERATED BY GROUND VLF TRANSMITTERS

In this chapter we discuss the general features presented hy the
measurements of amplitude of VLF signals, generated by ground-based
transmitters, as observed during the polar revolutions of 0GO 4 around
the earth. Two aspects of these measurements have already been considered,
corresponding to reception of waves in the nearby ionosphere of the
transmitter (Chapter 2) and equatorial phenomena (Chapter 3). The
discussion of the measurements given here is intended to be more specific
than the introductory considerations of Chapter 1, Section D. It will
be followed by a detailed study of the controlling parameters affecting
the waves that propagate from the hemisphere of origin to the conjugate
hemisphere. As will be shown, the theory of wave propagation derived

from that study is one of the most important results of this research.

A, NIGHTTIME MEASUREMENTS

Figure 32 shows nighttime measurements of the magnetic field of
waves transmitted by the VLF station NAA at 17.8 kHz and recorded ahoard
OGO 4 by the phase tracking receiver. The corresponding position of the
satellite is shown in Figure 33. Panels A-B, B-C, C-D, and E-F of
Figure 32 correspond to the orbit segments shown in Figure 33. The
panels of Figure 32 show the amplitude of the magnetic field in dby
as a function of time and L value of the satellite. Between A and D
the satellite moves approximately from one magnetic pole to the other
(from L = 33 at 0330 UT to L = 38 at 0420 UT) in a half orbit period.
Panel E-F corresponds to measurements taken 50 minutes later and is

displayed here in order to show the repeatability of the main features
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H FIELD AMPLITUDE, dBY

0G04 I7 JAN 1968 MAGNETIC ANTENNA
PHASE TRACKING RECEIVER TUNED TO NAA AT i7.8 kHz
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Figure 32.

0GO-4 amplitude measurements of NAA signals at 17.8 kHz. Panels A-B, B-C, and C-D
are sequential pieces of a continuous strip-chart, while E~F corresponds to measure-
ments taken 50 minutes later and recorded in the same strip-chart. The corresponding
satellite trajectories are shown in Figure 33.
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Figure 33. O0GO-4 trajectories for Figure 32.
Point C in the southern hemisphere
is the magnetic conjugate of NAA.
The two curves surrounding the
transmitter are 10°, 20° wide in
latitude and longitude, respectively.
The corresponding conjugate regions
are also drawn in the southern
hemisphere.
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recorded in A-B. The records of Figure 32 present properties that are
typical for amplitude measurements taken when both transmitter and
satellite are on the nightside of the earth. The main features displayed
in the records of Figure 32 are discussed below.

1. Enhancement of the Signals in the Conjugate Region of the

Transmitter

Panel A-B shows that the signals from NAA are very strong in
the conjugate region of this station. The conjugate point for NAA and
the conjugate locii for two curves surrounding the transmitter are shown
in Figure 33. The regions where the signals are so strong that they
saturate the receiver (see A-B or E~F) are shown in Figure 33 with a
thicker line along the orbit in the conjugate region of NAA. Such high
signal levels (above -30 dby) are usually measured when the satellite
is in the neighborhood of the NAA transmitter. Therefore the measure-
ments show that the fields in the F region near the transmitter are
mapped into the southern conjugate ionosphere with negligible loss. In
fact on some occasions an enhancement of a few db has heen measured in
the conjugate region.

2. High=Latitude "Erosion' in the Conjugate Hemisphere

Arrows indicate in panels A~B and E-F that near L =5 there
is a cutoff in the intensity of the signals from NAA. The corresponding
satellite positions are also marked by arrows in Figure 33. Usually the
magnetic field decreases by ~ 70 db in a distance of 1° to 4° and the
signal is generally not observed again above the cutoff magnetic latitude.
This phenomenon has been observed previously aboard the 0GO-2 satellite
[Heyborne, 1966] and must not be confused with a highwlatitude'cutoff

observed in the hemisphere of the transmitter recently reported by
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Heyborne et al. [1969] (see paragraph (5) below).

The high-latitude cutoff in the conjugate hemisphere of NAA is
in fact a particular case of a more general phenomenon detected in every
0GO~-4 pass, namely a high-latitude erosion of downcoming whistlers. The
high-latitude erosion of downcoming whistlers and the cutoff in the
intensity of the NAA signal are shown simultaneously in the 0GO-4 spectro-
gram of Figure 34. Frequency ranging from O to 12.5 kHz is shown as a
function of time and L value together with the frequencies of the voltage-
controlled oscillator (VCO) modulated by the output of the stepping
receiver No. 3 (upper trace). Observe that there is a complete absence
of whistlers closer to‘the magnetic pole and that as the satellite
travels equatorward the lowest frequencies of the downcoming whistlers
appear first and the higher frequencies appear later. During this time
signals are not received in Band 3 and only when the spectrum 0 - 12.5 kHz
is completely filled with downcoming whistlers does the NAA signal rise
out of the noise, as seen by the VCO. The high-latitude cutoff in the
occurrence of whistlers has been reported by Carpenter et al. [1968]
from Alouette 1 and 2 observations. There are other features in Figure
34 that will be discussed later.

3. Equatorial Defocusing

The signal lévels from mid-latitude VLF transmitters decrease
abruptly near the magnetic equator as shown in panel B-C of Figure 32.
It has been shown in Chapter 3 that this phenomenon is caused by ionospheric
defocusing related to the change in ionization gradient that occurs around
+ + s .
the [00 - H ] transition height.

4, Enhancement of the Signals in the Hemisphere of the Transmitter

Panel C-D of Figure 32 presents measurements made in the northern
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Figure 34.

0G04 09 JULY 1968

BAND

MAGNETIC ANTENNA SATELLITE HEIGHT =670 km

3 RECEIVER TUNED TO 17.8 kHz RANGE OF LONGITUDES: -91° TO-83°
46 4.3 4.0 L
-75° -74° -73° GEQ. LAT
fn - B - N I .

e

0GO~4 record displaying
spectrum from 0 to 12.5
17.8 kKHz as seen by the

the high-latitude "erosion'' phenomenon. A frequency-time
kHz and the amplitude of the stepping receiver #3 tuned to
VCO (upper trace) are shown.




hemisphere. These signals reach the satellite from below, after traveling
in the ground-ionosphere waveguide from the transmitter to the foot of

the ray trajectory connecting the low ionosphere to the satellite. The
signal is maximum when the satellite is nearly east of the transmitter.

5. Rings of Noise in the Auroral Region

In every revolution of OGO 4 the auroral oval noise (AON) is
detected in the 50 Hz bandwidth of the phase tracking receiver when the
satellite crosses the polar regions. The same ring of noise is crossed
twice at each high-latitude pass. The AON measured in the conjugate
hemisphere of NAA (panels A-B or E-F) does not interfere with the ampli-
tude measurement of NAA signals. This is due to the occurrence of AON
above the latitudes where a complete erosion of the NAA signal has
already taken place in the conjugate hemisphere. On the contrary, the
AON measured in the transmitter hemisphere (panel C-D) seems to be
related to a high attenuation in the upgoing waves. In this case the
NAA signal may disappear below the noise level but it returns when the
satellite is over the polar region. This phenomenon has been reported

by Heyborne et al. [1969].

B. DAYTIME MEASUREMENTS

The magnetic field of signals transmitted by mid-latitude VLF stations
and received aboard OGO 4 on the dayside presents the same nighttime
features discussed above with two main exceptions: signal level and
equatorial behavior. First, the signal levels are of the order of 30 db
weaker than the nighttime levels (see, for example, Figure 2 in Chapter 1).
Second, propagatioh near the equator is not dominated by defocusing as

on the nightside but rather by absorption in the lower ionosphere as
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discussed in Chapter 3. For a situation like the one exemplified in
Figure 33 where both satellite and transmitter are on the nightside of
the earth the signal levels for the other half dayside orbit are very
small. For example, the signals from a powerful 1 Megawatt transmitter
like NAA are barely detectable. A better situation occurs when satellite
and transmitter are on the dayside of the earth. In this case inter-
merdiate signal levels are measured on the dayside because of trans-—
mitter proximity. Intermediate levels are also found on the nightside
caused by a combination of increased earth waveguide attenuation followed
by high transmission coefficients in the nightside ionosphere. With the
exception of the conjugate polar region, it is then possible to observe
complete world coverage of VLF reception aboard OGO 4 for a station

such as NAA. One example of world coverage with NAA is given in Figures
35a, b, c¢. These figures show about 175 minutes of stored data corre=-
sponding to almost two 0GO~4 revolutions on 19 November 1967 as indicated
by the ground projection of the satellite trajectory in Figure 36. The
stepping receivers Bl, B2, and B3 were operating in the sweeping mode

and the phase tracking receiver (P and A) was tuned to 17.8 kHz. BI1,

B2, and B3 present the characteristics already discussed in Chapter 1,
Section D, therefore we concentrate here on the features displayed by
amplitude A of NAA. The satellite orbit was nearly in the dawn-dusk
meridian: It was early evening at the equatorial crossings near Australia
(local time ~ 19.3) and early morning at the equatorial crossings over
South America (local time ~ 7.3). This fact yields interesting properties
related to the trajectory of the waves received by OGO 4 and the corre-
sponding D region absorption taking place just after the waveé entered

the ionosphere. For example, Figures 35a and 35c¢ show that reasonable
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0GO~-4 strip-chart recorded on 19 November 1967.
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field levels ave measured in the socouthern hemisphere, south of Australia,
in the two comsecutive revolutions, between 0912 and 0924 UT and between
1052 and 1105 UT. The zenith angle of the sun at 0925 UT and at 1105 UT
was ~ 880 at the satellite trajectory, indicating daylight. However
the signal was coming from above after traveling along a meridian whose
conjugate region was in the nightside as shown by the field line projection
B—BC in Figure 36. Therefore, the signals received in these southern
regions (almost in the antipodal region of NAA) reach the satellite
after traveling in the nightside ground-ionosphere wave guide from Cutler,
Maine to west of Alaska, before being launched into the whistler medium
around point B. This is mot the only possible trajectory but it is the
one that gives minimum total attenuation.

Figures 35a and 35c show also that the signal from NAA saturates
the receiver during the two passes (between 0940 to 0948 UT and 1118 to
1124 UT) in the southern hemisphere over South America. Here again it
was sunlight in the above southern regions but in both cases the satellite
was receiving signals from a region near NAA where it was nighttime as
shown in Figure 36 by the field line projection A—Ac. The zenith
angle of the sun was 1110 at point A at 0945 UT and 101O at the entry
point (LAT = 500, LONG = —700) from where the satellite was receiving
signals at 1120 UT.

The NAA signal is not received in the polar regions of the southern
hemisphere as shown in Figure 35. We observe world coverage of NAA

signals with this one exception.

C. SIGNALS IN THE CONJUGATE HEMISPHERE

From the properties discussed in the previous sections relative to




magnetic field measurements of VLF fransmitters, we now concentrate on
the features that occur in the conjugate hemisphere of the transmitter
(panel A-B or E-F of Figure 32). It is proposed to interpret these
measurements and to discuss their implications. To be more specific,

the first step will be to deduce the properties the medium must present
for the purpose of matching the requirements imposed by the measurements.
Next, the deduced properties of the medium will be applied to the analysis
of whistler propagation in the magnetosphere. It will be shown that a
simple interpretation of the amplitude measurements in the conjugate
hemisphere of the transmitter will predict concomitantly several features
for the whistlers commonly received aboard the same satellite. This
provides proof of the new theory of VLF propagation in the magnetosphere.

Theoretical discussion. The measurements of Figure 32 for the

conjugate hemisphere of the transmitter put the following constraints on
the ray-wave properties received aboard the satellite:

1. Possible Doppler shift must be confined to +*25 Hz because
differences in amplitude have not been observed when the same
VLF transmitter is tuned simultaneously by the stepping receiver
No. 3 and the phase tracking receiver, whose bandwidths are
+250 and *25 Hz respectively. For the orbital velocity of
0GO 4 the above condition implies that the horizontal component

of the refractive index at the satellite must be below 57.

2. The propagation cannot be along ducts of enhanced ionization
because a cutoff should then occur for the duct whose minimum
gyrofrequency is 2 x 17.8 kHz [Smith, 196lal. Hence, the
maximum latitude where the dowmncoming signal could be observed
is ~ 54° (L = 2.9). The measurements indicate that the VLF
signals are received aboard the satellite at much higher latitudes

in the conjugate hemisphere.

3. Ray tracjectories in 2 latitudinally smocoth ionosphere produce
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downcoming waves in the conjugate hemisphere whose main character=
istics are: very large angle between the wave normal and the
earth's magnetic field (large refractive index) plus a maximum
latitude range of about 48°. This corresponds to the "walking-
trace' mode of propagation discussed by Walter and Angerami
[1969]. The measurements displayed in Figure 32 rule out the
walking-trace mode, because of a latitude range of observations
and a refractive index at the satellite necessarily smaller than

about 57.

From the above discussion is is concluded that the waves probably
cross the equator at a radius less than 2.9 earth radii. Hence, the
upgoing rays starting from below the ionosphere at high latitudes must
migrate to lower L-shells, cross the equator below 2.9 earth radii, and
follow a descending path toward higher L values in the conjugate hemi-
sphere. In order to achieve the above ray behavior it is necessary to
deflect the upgoing wave normal toward the equator. This equatorward
orientation of the wave normal is accomplished by introducing a negative
latitudinal gradient of electron density in the ionosphere at mid-high
latitudes. In fact, this kind of ionization gradient exists and has
been detected systematically at the orbiting altitudes of satellites
Tiros 7, Explorer 22, and Alouette 1, and Alouette 2 (see for example,

Brace et al. [1967]; Reddy et al. [1967]). The effect of these horizontal
gradients of jonization on the behavior of the wave normal has been
discussed by Aubry [1967] for upgoing rays just after the waves entered
the ionosphere.

In order to introduce the need'for a latitudinal gradient of electron
density the following study of wave-normal behavior is made. The
differential equations governing the propagation of waves in a slowly

varying two-dimensional ionosphere may be expressed by a closed set
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where r and 6 are respectively the radius and the colatitude of the
ray trajectory, and 1 1is the angle between the wave normal and the
earth's magnetic field. These equations describe the ray path of a
wave packet in the magnetosphere as a function of time t, and can be
numerically integrated by means of standard computer procedures. These
equations have been written in this form by Walter [1969] who showed

that when electrons only are considered the equation for ¢ is

ay_ _ -%{siné [au L X BY}_ cosb [Bu . X % BY”_ 4. 1)

odt . X It xw o T X o6 ' Y]
, 2
_ 3sind . (cos™ 8+1)
ur (3cos20+1)

where | is the refractive index

2
(fN/f) and f is the local plasma frequency

o]
i

N

is the local gyrofrequency

]
1}

fH/f where fH
f 1is the wave frequency
¢ 1is the velocity of 1light
and § 1is the angle between the local vertical and the wave normal.
The geometry is shown in Figure 37. For very-low-frequencies and when

only the motion of electrons is taken into account the refractive index

is approximately given by

2 X
b= ey (4.2)

where C = cosy (see, for example, Helliwell [19651).
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NORTH
POLE

Figure 37. Geometry assumed for the two-dimensional
ray equation, Eq. (4.1).
There are several approximations in Eq. (4.2), namely X >> 1,
Q.L. approximation [Ratcliffe, 19591, uz >> 1, and finally

fH
— siny << /2 .

f
N
Of all the approximations the last one fails when { is near the

resonance cone for a wide range of heights in the magnetosphere.

2
resonance cone is defined by the angle { for which u = . In

The

general the Q.L. approximation is good for all magnetospheric conditions,
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including § at the resonance cone. On the other hand we assume that

the earth's magnetic field comes from a centered dipole, i.e.,

\ 3
o
Y = ) .
YO ” ) 1+ 3 cos © (4.3)

where ro is the earth's radius and YO corresponds to the equatorial

gyrofrequency on the ground. Using Eq. (4.2) and Eq. (4.3) and noting
2 .

that fN is proportional to the electron density N, Eq. (4.1) may

be written as

cosd

d 0 3 0
2u €%¥ = - sind > logN + iy (mc+my)% + {5§ logN + me; (4.4)

where the influence of the curvature of the earth's magnetic field is

given by
3 2(l+cosze) (4.5)

¢ (1+3c0528)

and the influence of the magnetic field over the wave normal is dependent

upon the angle | between the wave normal and the magnetic field,

namely
YC
= m— 4.6
mo= geo1 (4.6)
_ 3sinb cosb . m (4.7)

m =1
® (1+3cosze) y

In Eq. (4.4) logN stands for the natural logarithm of N.
Assume for the moment that N does not vary in latitude and that

N decreases with height as it does above the peak of the F region.
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Therefore, Eg. (4.4) gives

dy 3 ‘
D e = 5 e oN .
ST sind { S5 logN } +

o}

@]
O

@ e

8

° §s;pé (m +m ) (4.8)
r c oy

The first two terms in Eq. (4.8) provide positive values for the derivative
of | (bending toward the equator) while the last term introduces

negative values for dw/dt. The waves that emerge from the E region of

the ionosphere have an almost vertical wave normal (§ = 0), a result
provided by the application of Snell's law to the lower ionosphere.
Therefore, the only term that will produce some equatorward deflection

at the starting heights will be me= This effect will in turn cause §

to be different from zero and then the other terms in Eq. (4.8) become
effective as the ray proceeds upward.

Observe that m decreases as the ray approaches the equator and

8

is much smaller than the other magnetic terms for (say) +10° near the
equator. At these latitudes critical conditions occur:

1. If in Eq. (4.8) the term involving the radial derivative of N
is of the order of the term involving (mc+my) then the ray
may cross the equator with not very large ¢ and may continue
traveling downward with reasonable angles {4 between the wave

normal and the magnetic field.

2. If the term involving the radial derivative of N is smaller
than the one involving (mc+my) a degeneration may happen
namely that 1| increases negatively and the product YC may
approach unity. This in turn increases the difference further
between the terms in Eq. (458) until the wave normal is attached
to the resonance cone with a very large refractive index. It
can be shown that from this point on the ray will follow closely
a line of force and will arrive at the conjugate hemisphere

with very large refractive index [Walter and Anggrami, 196917.

- 105 =~




Now we ask what would be the scale height of the electron density
that would overcome the above degenerating effect. Suppose the electron
density is given by a hydrostatic-equilibrium distribution [Angerami
and Thomas, 1964] and that at high altitudes only hydrogen ions and

r

electrons exist. Then, the electron density is given by

rr T
N = Nr exp i— BT (1 - ;—) (4.9)

where Nr is the electron density taken at a reference radius r, and

H is the neutral scale height of hydrogen. If Eq. (4.9) is now sub-

stituted into Eq. (4.8) and the condition imposed that %% is nearly
zero around equatorial latitudes, we get
H =200 km at r = 2 earth radii (4.10)

H =160 km at r 2.5 earth radii

It

The reference level has been assumed to correspond to a height of
400 km. The neutral scale-height values for hydrogen generally measured
above 1000 km are of the order of or greater than 1000 km and therefore
the values given by Eq. (4.10) are unrealistic. Therefore, certainly
the term involving N in Eq. (4.8) will lose control of { to the
magnetic terms around the equator because the real scale height is
certainly much greater than the values displayed in Eq. (4.10). Hence,
it is conclusive that g%- will be negative in a region around the
equator and this situation cannot be changed. Nevertheless { can be

conveniently shaped outside the equatorial region in such a wéy that the

ray entering the equatorial region may cross it and emerge from the other

- 106 -




side before the degeneration takes place, i.e., before the wave normal
gets attached to the resonance cone. The idea is then to introduce
convenient gradients of ionization in order to get g% > 0 at the L
shells where presumably the ray trajectory will take place and outside
the equatorial region. Equation (4.4) shows that a negative latitudinal
gradient of electron density would work in the desired direction starting
from the beginning of the ray path. Therefore, this gradient of electron
density would bend the wave normal to positive values of |, the ray
would migrate to lower L shells, and penetrate the degenerating region
with positive | values. The ray may come from the degenerating region
with negative 1 values (as it usually does) but for a symmetric mag-
netosphere %% will again be positive in the conjugate hemisphere and
then reasonable values of | may be achieved in the downward ray flow.
These ideas are expressed by the ray trajectories of Figure 38. 1In
Figure 38 a ray-tracing computer program [Walter, 1969] has been used

in order to obtain the behavior of 17.8 kHz rays that start at the same
latitude for two different magnetospheres: one with no latitudinal
variation of electron density (Ne = 0) and one presenting a latitudinal
gradient of electrons toward the equator (Ne #+ 0). Both models of
electron density are of the hydrostatic-equilibrium type and the details
for the model having ‘Ne ¥ 0 will be given in Section D of this chapter.
The wave normal to magnetic field angle | is negative for the Ne =0

model, and the ray degenerates in the walking-trace mode of propagation

presenting a refractive index of 1200 and a delay of 3.6 seconds at the
arrival height of 500 km in the conjugate hemisphere. To the contrary,
the ray that travels inside the medium presenting Ne:% 0 has the wave
normal rapidly bent toward the equator at low heights. The ray migrates
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~ DEGENERATION REGION

f=17.8kHz

Figure 38. Ray trajectories in a latitudinally constant magneto-

sphere (N, = 0) and in a magnetosphere presenting
an increasing trend of ionigation toward the equator
(Ne +0).
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to lower I shells and is launched inside the degeneration region with
positive § wvalue. Inside the degeneration region dw/dt becomes
negative driving  to negative values. However, the gradient of
electron density across the field lines restrains the negative variation
of  and the ray arrives approximately at the conjugate point from
where it started. The important fact is that although this ray arrives
at 3500 km with | of the order of 80O the refractive index is relatively
small (u = 34) and the delay is 0.47 second (a typical travel time

for longitudinal propagation).

The satellite VLF reception at high latitudes in the conjugate
hemisphere of the transmitter is interpreted as the result of effects
upon the ray trajectories caused by electron density gradients across
magnetic field lines in the ionosphere. A numerical study follows in
order to analyze the predictions by a computer ray-tracing program when
rays are allowed to travel in a realistic latitudinally variable magneto-

spheric model.

D. PROPAGATION IN A MODEL MAGNETOSPHERE

Electron density measurements in the upper ionosphere have shown
that the jonization at a constant height is highly variable in latitude.
More than that, topside sounders Alouette 1 and 2 have shown that the
general latitudinal trend of ionization observed at a specific height
is also observed at all heights above the F region and below the
satellites. Nighttime features of the ionosphere include a flat profile
of ionization around the equator, a peak at mid latitudes, a decrease
toward high latitudes, a high-=latitude trough and an irregular behavior

at polar latitudes [Reddy et al, 1967]. A model magnetosphere will be
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derived having the above features and satisfying the equations of
diffusive equilibrium along the magnetic field lines. No claim will be
made that the derived model has the actual properties of a global mag-
netosphere, but the model will carry the features generally found at
nighttime below 2500 km.

First we start with a diffusive equilibrium model whose composition
includes hydrogen and oxygen ions. For a constant temperature along the

field line the electron density is (see Angerami and Thomas [1964])

- 4,
N Nr ao+ + aH+ (4.11)
where
—z/HO
a =g . e (4.12)
—Z/HH
a = g - e (4.13)
ut gt
and ‘
z=r (1 - /r) (4.14)
r r

Nr is the electron density at a reference level radius r.; g

ot
and £ ., are respectively the oxygen and the hydrogen ion percentages
H
at rr; r is the geocentric radius, and HO and HH are respectively

the neutral scale heights of oxygen and hydrogen. The reference level is

taken as 400 km, i.e.,

r, = (400 + 6372) km (4.15)

The E, F regions of the ionosphere are simulated by a gaussian

distribution that matches the ionization and the vertical gradients of
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ionization of the above diffusive-equilibrium model at a height below
400 km and has a given value of electron density at 100 km. Therefore,
a complete description of electron distribution above 100 km is derived.
Very good agreement between calculated models and Alouette profile
measurements is easily obtained by using the present technique.

Next, the derived model is modulated as a function of latitude,

i.e.,

Nr = Nr(GO) (4.16)

HH = 16 HO = H(eo) (4.17)

where 60 is the colatitude at ground level. The fact that the hydrogen
scale height is 16 times greater than the oxygen scale height has been

used. Observe that Nr and H depend on r and © because the

distribution is along the field lines:

L - .. (4.18)

This means given a point (r,0) in the magnetosphere it is necessary
to use the relation, Eq. (4.18), to obtain the colatitude 80 of the
foot of the field line passing through (r,0). Now Nr and H can be

calculated. The geometry is shown in Figure 39. It is easily seen that

N = N(r’eo) (4'19)

BN(r,eo) BN(r,GO)

ON ~ 1
or or o8

(4.20)
0 2r(LO-1)1f2
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ON 1 . ON(r, )
(Loal) tanb o]

so that a variable density across lines of force produces both radial

and latitudinal derivatives in the diffusive equilibrium model.

Figure 39. Geometry for developing the equations of
ionization oriented along the field lines.
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One of the models tested has the electron density distribution at
1000 km as shown in Figure 40. The basic electron-density profile for
obtaining the latitudinal varistion of Figure 40 is an equatorial model
having an ionic composition given by

£+ = 0-96, gH+ = 0.04

at the base height of 400 km. The equatorial hydrogen scale height is
Heq = 850 km, corresponding approximately to a temperature of 1000 OK.
This basic equatorial model simulates typical equatorial profiles taken
at nighttime by Alouette 1. The equatorial model is modulated as a
function of latitude presenting a gaussian overshoot of jonization at
the invariant latitude ¢O = 400, a decrease toward high latitude, a
gaussian trough at ¢O = 600 and an increase of density above 600, as
shown in Figure 40. The ratio between the densities at 400 and at 600
in Figure 40 agrees with nighttime Alouette measurements and with curves
given by Brace et al. f1967]. The latitudinal modulations imposed on
Nr and H are equal in the present magnetospheric model. This model
produces at high altitudes the equatorial profile of Figure 41. The
small values of electron density produced by the model above Lo = 2.5
are represented by the dashed portion of Figure 41 because they are not
relevant in the following discussion.

Figure 42a shows a ray trajectory followed by waves of 17.8 kHz in
the magnetospheric model and Figure 42b shows the corresponding behavior
of the wave-normal angle  as a function of latitude. The figures
show an approximately symmetric ray path that crosses the equator at

LO = 2.2, coming from (and proceeding to) L0 = 3.6 at 120 km. Figures
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Figure 41. The equatorial ionization profile of the assumed
magnetospheric model.
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f =17.8 kHz

Figure 42a.

Ray~trajectory for 17.8 kHz waves that start with
vertical wave-normal at 120 km height and at 58°
latitude. The magnetospheric model includes the
electron distribution of Figures 40 and 41 and a
centered dipole for the geomagnetic field whose
gyrofrequency at the equator is 870 kHz on the
ground level.
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42a,b reproduce all the requirements imposed by the measurements whose
properties have been deduced in the last section. Observe, for example
dw/dt in Figure 42b and the wave normal progression in Figure 42a
represented by the direction of arrows placed at some points of the ray
trajectory (they follow the pattern predicted previously). Figure 42a
also shows the refractive index surface and the geometrical relationship
between the refractive index |1 and the direction of the ray at an
arbitrary point of the ray path in the conjugate hemisphere. This
geometrical relationship emphasizes the mechanism by which the ray
returns to higher L shells. The refractive index surface of Figure 42a
illustrates another very important point, namely that the difference
between the walking-trace behavior and ''small-dispersion' behavior is
characterized by gradients that permit or do not permit the angle ]w[
to become greater than ‘wm‘. The angle wm is determined by the angle
¥ for which the component of the refractive index vector along the

magnetic field is minimum, i.e.,

%ﬁ (pcosy) = 0 (4.22)

For the density gradients generally found (N decreases with height)
the angles iwm separate three distinct regions of ray behavior:

1. If {§ becomes greater than wm at any point of the ray path
then ¢ will continue to increase toward the resonance cone
from this point on. The ray may or may not return to ground.
This situation would occur for extremely large latitudinal
gradients: the upgoing wave>norma1 would bend rapidly toward the
equator, { would become greater than wm’ and from this
point on the ray would travel to high L values with the wave
normal attached to the resonance cone. It can be shown that

the wave will then suffer a defocusing effect above the height
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where the frequency of the wave is greater than half the gyro-
frequency. The ray may veturn to ground if § > i occurs in
m

the downcoming section of the ray path.

2. For |¢‘ < ‘wms during the whole ray path the downcoming ray
may reach theoretically any latitude in the conjugate region.
The delay time for the entire path is comparable to calculated
delays supposing longitudinal propagation. We define this as

the pro-longitudinal mode of propagation (PL-mode) bhecause

wave normals inside the cone defined by !ml = [mml produce
ray trajectories and/or travel times that are similar to

characteristics given by purely longitudinal propagation.

3. If -§ becomes greater than —wm at any point of the ray
path then, again, -{ will rapidly increase toward the
resonance cone and the ray will present the properties of the
walking-trace mode of propagation: very large delay time and
very large refractive index in a restricted region of observa-

tion at mid latitudes (see Walter and Angerami [1969]).

If started with a smooth magnetosphere where gradients of electron
density are progressively introduced in the usually observed directions,
the walking~trace mode of propagation will be excited first. Above a
certain level of gradients, the PL-mode is introduced and it may be
observed for a wide range of conditions. Finally for extremely large
gradients, which are probably unrealistic for the real magnetosphere,
the mode discussed inAl G > wm) will then be excited. The term
"gradient” is used here in a broad sense because the gradients of electron
density may be completely different at different points of the magneto-
sphere resulting in complex conditions for exciting the above modes of
propagation. In fact some modes of propagation may coexist in a model
magnetosphere, depending on the place and the intensity of the electron-
density gradients, as well as on the frequency, initial angle between

the wave normal and the vertical, and the latitude where the waves start.
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We return now to the numerical study of the model magnetosphere
which produced the ray behavior of Figures 42a,b. For waves of 17.8 kHz
starting at any northern latitude, Figure 43 gives the corresponding
arrival latitude at 500 km in the southern hemisphere (left side of
Figure 43) as well as the related travel time for these rays (right side
of Figure 43). The maximum input latitude of Figure 43 is slightly
smaller than 60o which corresponds to the position of the high-latitude
trough of Figure 40. Waves starting above 600 are disregarded because
they will encounter electron-density gradients which support the walking-
trace mode of propagation beginning at low altitudes. Consequently these
rays travel to very high altitudes with the wave normal at the resonance
cone and therefore with very large refractive index. This implies an
enhancement of collisional absorption. The result is that the integrated
absorption over a long path is extremely high and these rays are in fact
absorbed by the medium.

For input latitudes between 0O and 350 Figure 43 shows that the
travel time and the arrival latitude at the conjugate hemisphere are
both monotonically increasing functions. The flat region for the arrival
latitude that occurs around 10O of input latitude denotes a defocusing
region and has been fully discussed in Chapter 4.

For input latitudes.between ~1350 and ~ 450, the peak of ionization
that occurs along the mid-latitude field lines performs like a very wide
duct. Depending on the latitude of excitation the upgoing rays will
meet gradients at the top of the path’which correspond to the center or
to the sides of the duct. The result is the wiggly behavior of the
latitude where the rays will be observed for input latitudes varying

from 350 to m1450.
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Figure 43. Arrival latitude and corresponding travel times for waves of 17.8 kHz as a function

of the input latitude in the northern hemisphere.



For input latitudes bhetween «1460 and 60° the negative latitudinal
gradient of electron deﬁsity displayed in Figure 40 performs in the way
previously deduced and provides rays that reach higher L values for
increasing values of input latitude until a cutoff occurs at L = 4.0
after which the arrival latitude decreases again. That cutoff, in this
particular case, is caused by the steep gradient of electron density at
the plasmapause. Figure 44 shows the details of the last portion of the
ray trajectory which produces the above cutoff for the downcoming waves
of NAA in the southern hemisphere. Arrows indicate the directions of
the wave normal pushing the ray toward the plasmapause shell at LO = 4.
After reaching the plasmapause the ray deviates inward to lower L values
because of the elevated locai gradients of electron density (W becomes
positive). Raysstarting in the northern hemisphere at latitudes higher
than the input latitude of the above cutoff ray change the sign of
from negative to positive at higher altitudes at LO < 4 and arrive at
the receiving height of 500 km at lower latitudes as displayed in Figure
43. Clearly the mechanism of cutoff is related to the position where
 passes through zero which in turn is related to the gradients of
ionization met by the ray during its progression. Therefore the high
latitude cutoff in the hemisphere conjugate to the transmitter may oOccur
at the plasmapause, as in the present magnetospheric model, but it may
also be caused by the existing gradients inside the plasmasphere in
which case no connection would exist between the cutoff latitude and
the plasmapause position. This point'will be pursued further in the
analysis of whistlers received at the downcoming end of the trajectory
(Chapter 5). Figure 43 displays all the features of nighttimé satellite
measurements we were looking for, namely:
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2000

Figure 44.

f=17.8kHz

Lo =4

50° 60°

LATITUDE

Details of the last descending part of the ray
that produces the high-latitude cutoff of NAA
waves. At L =4 there is a steep gradient

of ionization corresponding to the plasmapause
boundary .
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1. equatorial defocusing.

2. enhancement of the signal in the conjugate region: Figure 43
shows the southern ionosphere corresponding to the conjugate
region of NAA, mapped by rays coming from the neighborhood of
the transmitter in the northern ionosphere. Therefore, as
saturation normally occurs in a region surrounding NAA we should

also observe saturation in the conjugate region.

3. high latitude cutoff in the conjugate region.

E. CONCLUS IONS

In the present work emphasis has been placed upon the importance
of the latitudinal gradients of electron density for the propagation of
VLF waves in the magnetosphere. In fact a new theory of VLF propagation
(the PL—mode) has been derived from the discussion. Propagation in a
model magnetosphere including latitudinal gradients of ionization
justifies all the features presented by typical 0GO-4 records of magnetic
field amplitude from signals generated on the ground by VLF transmitters
during nighttime. For daytime the trend of increasing ionization toward
low latitudes is maintained (see Brace et al., [1967]; Reddy et al.,
[1967]) and therefore the same kind of propagation is expected to
dominate in the magnetosphere.

Several new phenomena related to the PL-mode of propagation will

be discussed in Chapter 5.
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V. THE PRO-LONGITUDINAL MODE OF WHISTLER PROPAGATION

Al INTRODUCTION

Having examined the principal propagation effects of cross-field
gradients of electron density, on whistler mode waves of 17.8 kHz, it
is proposed to examine the effects these gradients may have in other
parts of the whistler spectrum. It will be seen that the PL-mode,

characterized by propagation with the wave normal inside the cone iy

m

around the geomagnetic field, is a stable mode of propagation in the
sense that it can be excited for a broad variety of magnetospheric
models and wave frequencies. It is believed that the following discussion,
necessarily short, is the beginning of much future work in whistler
research because the PL-mode seems to be the most naturally occurring
mode of propagation in the magnetosphere. For example, the PL-mode
will supply the dispersion interpretation of whistlers that are received
almost continuously by low—aititude polar orbiting satellites. The PL-
mode also provides a possible interpretation for certain whistlers
received on the ground.

In the following discussion we will present some properties of the
PL-mode 'of whistler propgation based on the model magnetosphere that
has been employed in the previous section. It is understood that some
of the propagation features provided by that model are not necessarily
of gener51 character, but may be a feature supplied by the particular

model magnetosphere. Again, only the effects of electrons is considered.

B. HIGH-IATITUDE CUTOFF IN THE OCCURRENCE OF WHISTLERS
Figure 45 shows the mapping of the southern hemisphere ionosphere
by whistler frequencies whose lightning sources originated in the northern
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hemisphere. Arvrival latitude of whistler waves at a receiving height

of 120 km is plotted as a function of the input latitude for the range
450 to 60O in the northern hemisphere. The curves of Figure 45 are
parametric in frequency and illustrate several features. A general
feature of Figure 45 is that at a fixed frequency each single downcoming
whistler received at a specified 1atitude'usua11y comes from more than
one point in the conjugate hemisphere. For example, a 500 km orbiting
satellite at --50O latitude would receive a 1 kHz downcoming wave that
started in the northern hemisphere at 46.20 and 51.80 latitude (slightly
different values are shown in Figure 45 where the receiving height is

120 km). Observe next how the curves change when the frequency increases
consecutively from 1 to 20 kHz: the arrival latitude decreases when the
input latitude varies from 50° to 60O at low frequencies and has a
reversed behavior at higher frequencies. The dissimilarities in the

ray paths presented at different frequencies are related to the frequency
dependent integrated effect of magnetospheric gradients upon the wave
normal during the ray progression. A mathematical treatment of ray
behavior as a function of frequency and electron-density gradients is
difficult and beyond the scope of the present work.

Figure 45 also displays a maximum latitude of observation for each
frequency and therefofe predicts a high-latitude cutoff in the occurrence
of downcoming whistlers. For example, the highest latitudes where
whistler waves of 1, 5, and 10 kHz could be observed would be respectively
—53.60, —58.20, and -59.0° for the‘particular model magnetosphere used.
An important fact about the high-latitude cutoff is that the cutoff may
pbe "natural,” i.e., caused by the existing gradients inside the plasma-
sphere, or it may be caused by the high gradients at the plasmapause
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which are associated here with the high-latitude trough of electrén
density at LO = 4. In Figure 45 only frequencies above ~ 10 kHz'
present high-latitude cutoff caused by the steep plasmapause gradients.
Below 10 kHz the rays display a 'natural’ cutoff. Figure 45 shows that
in a satellite traveling poleward the low whistler frequencies should
disappear first and just before the plasmapause crossing all high
frequencies should also disappear. The above feature must be considered
a property of the assumed magnetospheric model because, for example,

for another model magnetosphere tested the behavior was reversed, i.e.,
lower frequencies were cut off at higher latitudes relative to the
higher frequencies. Therefore we can conclude that the high-latitude
cutoff is a phenomenon explained by the ray behavior in the actual
magnetosphere (all tested models presented the cutoff feature) and that
the latitudinal behavior of the cutoff frequency is dependent upon the
gradients of the electron-density in the magnetosphere as well as upon
the position and gradients at the plasmapause. This interpretation agrees
with the measurements in the sense that the behavior of the cutoff fre-
quency with latitude does not follow a unique pattern. However, an
erosion that begins at high frequencies and progressively erodes all
lower frequencies as OGO 4 moves poleward seems to be the most frequently
occurring observation (see Figure 34).

For some tested magnetospheric models only the "nmatural’ high-latitude
cutoff occurs. Therefore, without further knowledge of the existing
electron distribution in the magnetospﬁere, we cannot distinguish whether
a given high-latitude cutoff observation is caused by the plasmapause
gradients or, rather, caused by the smooth gradients inside tﬁe plasma=
sphere. This point requires further investigation.
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C. WHISTLERS WITH IATITUDE-INDEPENDENT TIME-DELAY

Figure 46 shows the time spent by each whistler frequency energy
to travel from the northern hemisphere to a receiving height of 500 km
in the southern hemisphere as a function of the arrival latitude. Arrows
in each curve show how the input latitude progresses between 450 and 600
in the northern hemisphere for each frequency. For example, the curve
for 2.5 kHz shows an almost constant delay time between -45° and the
cutoff latitude -54.5° when the input latitude varies from 45° to 49°
(as seen in Figure 45) and shows slightly smaller delay times for input
latitudes between 49° and 60°.

Figure 46 displays the outstanding phenomenon of an almost constant
time delay for whistlers as a function of latitude as denoted by nearly
horizontal curves. It shows also that for a certain range of latitudes
it should be possible to observe two distinct whistler traces at high
frequencies and that the traces should converge at low frequencies.
Figure 47 shows the frequency-time spectrogram of this "gemini' (or
"hook') whistler that should be received by a 500 km satellite at -52°
latitude.

The above double-trace "hook" whistler, whose distinct traces
converge at low frequencies, was first reported by Gurnett et al.,
[1966]. The explanation of the "hook' whistler given by Shawhan [1966]

assumes that for a given input latitude two different wave-normal directions

may produce two distinct rays that would present a crossing point in the
opposite hemisphere at the satellife. There are three strong objections
to the above interpretation:

1. The explanation is based on the possibility of wa&e scattering

in the E region of the ionosphere which is unlikely to occur
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Figure 46. Travel times as a function of the receiving latitudes.

Arrows in each curve show how the input latitude pro-
gresses between 45° and 600 in the northern

hemisphere for each frequency.
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Figure 47. Predicted "hook' whistler toobe received
at 500 km height and at -52° latitude.-
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for VIF waves. Furthermore, this interpretation would require
E region scattering continuously for some thousand kilometers
because hook whistlers are easily observed during 10 - 15 degrees

of 0GO-4 passes at mid latitudes.

2. The ray paths produced by the ray-tracing technique of the above
report [Shawhan, 1966] predicted heights and latitudes of

observations completely different from the measurements.

3. The PL-mode of propagation, based simply on realistic profiles
of ionization, shows that the hook whistler is caused by
reception at a single latitude of two wave packets coming from

distinct entry points in the hemisphere of the source.

The high-latitude cutoff in the occurrence of whistlers, the lati-
tudinally constant delay time for whistlers and the hook whistler are the
most impressive results explained by the present simple theory of whistler
propagation. ‘All these features are exhibited in the frequency~-time
spectrograms of Figure 34 where constant delay time whistlers are seen
followed by twin convergent traces, between L =2.4 and L = 3.9.

Figure 48 shows expanded pieces of the record displayed in Figure 34
around points 1, 2, and 3 in order to show the details of some hook
whistlers 6f Figure 34.

The spectrograms of Figure 34 show a high latitude cutoff effect
in a form of erosion with the disappearance of the high frequencies
of whistlers starting at' L = 3.9. This is followed by the gradual
vanishing of lower whistler frequencies until L == 4.8 where no more
downcoming whistler frequencies are received.

The predicted constant-delay timé whistler seems to be a general
feature of the actual magnetosphere because that property has been
generated by several different magnetospheric models. On therother
hand the two different delay times predicted for the high frequencies
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.+« Pieces of the 0GO~4 record displayed in Figure 34.
The frequency-time spectrum from O to 12.5 kHz shows
several hook whistlers. '
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of the "hook' whistler of Figure 47 may or may not be observed. For

some magnetospheric models the differences in delay times are greater
than the differences displayed in Figure 46, for other models the differ-
ences are negligible and therefore only one whistler trace should be
observed. Nevertheless, the important property that has been generated
by all magnetospheric models is that the signals received at a given
latitude come, in general, from more than one latitude in the conjugate
hemisphere, and that the delay times for the different trajectories are
in general different.

The feature of a constant delay time as a function of the receiving
latitude must be considered a result of the interrelated behavior between
the ray group velocity and the length of the path at different arrival
latitudes provided by electron-density gradients. Here again, the
mathematical interpretation of the global properties of the rays is

very difficult and is post-poned.

D. WHISTLERS RECEIVED ON THE GROUND

The PL-mode of whistler propagation also provides a possible inter-
pretation of some whistlers received on the ground. The interpretation
is based on the following study of wave=normal direction for the down-
coming waves just above the E region of the ionosphere. Wave transmission
through the lower ionosphere and excitation of propagating waves inside
the ground-ionosphere space requires that the wave-normal direction of

' The transmission

the downcoming ray lies within a "transmission cone.'
cone is the geometrical locus of the wave-normal direction having unity

horizontal projection of the refractive index. Figure 49 shows the

horizontal component Py of the refractive index at 120 km in the
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Figure 49. Horizontal component of the refractive index
for downgoing waves in %he southern hemisphere at
120 km height as a function of input latitude.
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southern hemisphere as a function of the input latitude in the northern
hemisphere. The curves are parametric in frequency. The sketch at the
bottom of Figure 49 shows the adopted sign convection for Myt positive
wave-normal angles may only produce waves traveling southward in the

air below, while negative angles may only launch waves propagating
toward the equator. Figure 49 shows that the PL-mode waves generated

by the model magnetosphere arrive in the conjugate hemisphere with a
wide range of wave-normal directions, depending on the input latitude.

Also displayed is the important fact that Hy crosses the line =0

M
one of more times for each frequency. Thus for a given whistler fre-
quency, it is always possible to find a latitude for which an upgoing
wave of that frequency will produce, in the conjugate hemisphere, a
downcoming ray whose wave normal is vertical at 120 km. Figure 49 shows
that the excitation of propagating waves below the ionosphere by whistler
mode waves should be easier below 7.5 kHz because for these lower fre-
dquencies there is a wide range of input latitude which produces down~
coming rays whose wave normals are inside the transmission cone Hy = +1
at the receiving end of the trajectory in the conjugate hemisphere. At
higher frequencies the range of input latitudes is smaller producing

HH < |1‘ in the conjugate hemisphere (observe.the curves for 10, 12.5,
and 15 kHz).

Using the results of Figure 45 and Figure 49 it is possible to
derive the range of arrival latitudes for which the downcoming whistler
waves will present wave-normal directiéns within the transmission cone
Hy = 1 at 120 km. This is shown in Figure 50 by horizontalvbars which
indicate the range of latitudes where whistler frequencies of 1, 2.5, 5,

7.5, 10, 12.5, and 15 kH=z would present < ll’ in the conjugate

by
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hemisphere. The arrows in each curve of Figure 50 indicate how the
input latitude progresses in the hemisphere of origin and small circles
mark the latitudes where the downcoming wave normals are vertical at
120 km. |

Figures 49 and 50 give the following new interpretation of whistlers
received on the ground: the gradients of electron density and magnetic
field in the actual magnetosphere bend the wave normal of the upgoing
whistler waves toward the equator producing rays that cross the equator
between ~ 2. to 2.6 earth radii and arrive in the conjugate hemisphere
with wave normals that are inside the transmission cone for a wide range
of conditions. These figures also suggest that a high-frequency cutoff
for the whistler received on the ground is caused by contraction of the

g < 111 in the

range of input and output latitudes which provide
E region at the receiving end of the trajectory. For example, if a
lightning flash occurs at 500N, Figure 49 shows that the 12.5 kHz wave
component should travel approximately 800 km northward before being
launched in the whistler medium at the convenient latitude of ~'580N
which would provide Hy = 0 in the conjugate hemisphere. Therefore
this 12.5 kHz whistler component would be much weaker than the ground

received lower frequencies because of the following factors:

1. Great distance traveled with 1/r variation. For example a
wave thattravels 800 km before reaching the ionosphere is
_attenuated 20 db more than another wave that only travels

80 km until striking the bottom of the ionosphere.

2. Smaller transmission coefficient in the lower ionosphere caused
by large angle between the vertical and the incident wave

normal (about 820), (see, for example, Chapter 2).

3. Further defocusing of the rays at the receiving end of the
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trajectory where the downcoming power flux contained in 1@60 of
latitude (see Figure 50) is dispersed in all directions inside

the earth-ionosphere space.

Hence, a ground receiver should detect whistlers whose cutoff fre-
quencies are related to the locations of the two ends of the ray trajectory
in the magnetosphere in addition to the location where the corresponding
lightning flash occurs.

As derived in Section C of this chapter, the PL-mode whistler
resembles whistlers that follow the Eckersley dispersion-law (see
Helliwell [1965]1, Chapter 3). For all magnetospheric models tested, no
nose frequency has been generated by the PL-mode for whistler frequencies
below 20 kHz. The absence of nose frequency comes from the fact that the
PL-mode waves cross the equator at relatively low heights. This means
the wave frequencies below 20 kHz are always much smaller than the mini-
mum gyrofrequency along the ray trajectory. However, for the excitation
of nose whistlers under conditions of PL propagation it is necessary |
that f be compariable to fH at some region along the ray. Therefore,
the PL-mode does not generate nose whistlers.

When detecting Eckersley-type whistlers on the ground (single
whistler, long echo train of whistlers, or whistler followed by train
of nose whistlers) the question will arise whether the whistler is
ducted or is a PL whistler. No definite answer can be given at this
time because no measurements have been planned for this purpose. One
method of recognizing the PL-mode whistler would be by the use of a
direction finder for whistler frequencies. If it is a PL-mode whistler,
the direction of arrival for different frequencies will be different,

as inferred from Figure 50.
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E. CONCLUS IONS

Ray trajectories inside a "real magnetosphere including a 'plasma-
pause boundary and electron density gradients, such as those measured
by Brace et al. [1967] lead to the PlL-mode of VLF propagation. The PL-
mode is characterized by propagation with the wave normal inside a cone
iwm relative to the earth's magnetic field. It has been shown that
the PL-mode justifies at once several features regularly observed with
the 0GO-4 satellite. Because so many effects are connected by a common
cause, namely the PL~-mode of propagation, we conclude that the real
magnetosphere cannot be very different in shape from the model magneto-
sphere used in the present study. These phenomena represent a potential
tool for measuring electron density distributions in the magnetosphere
based on whistlers observed with polar satellites. For example, for
matching delay times, latitude of observations, and multiple traces of
whistlers from low to high latitude measurements it would be necessary
to use a ray-tracing computer program with a standard magnetosphere
médéithich should be suitably changed at certain points in order to
match all of the data. Although the technique of replacing existing
magnetospheric models by more suitable models would be relatively complex
the results should be quite worthwhile. The de&elopment of this technique
of magnetospheric shaping based on whistler characteristics would mean
that the thousands of whistlers that are observed at each satellite
revolution could have important aerconomic applications.

Another important feature introduced by the PL-mode is a concen-
tration of VLF energy between ~ 2.0 and 2.5 earth radii over the
equator. This phenomenon is caused by the equatorward bendihg of the

wave normals produced by the gradients of ionization. As a result all
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the VLF waves launched in the magnetosphere from mid to high latitudes
inside the plasmasphere cross the equator with very low divergence of
power flow. This result may be extremely important in the study of
wave-particle interactions in the magnetosphere.

A property also important for the study of wave-particle interactions
is the relationship between the delay time and the wave-normal angle
presented by the PL-mode of propagation. Typically the Pl-mode may
present large angles between the wave normal of the waves and the geo-
magnetic field lines in the downcoming section of the ray-trajectory
and may show at the same time a delay time typical of purely longitudinal
propagation. Therefore the resulting low values of phase velocity
projected along the field lines may be the cause of interaction between
the waves and a stream of charged particles guided by the geomagnetic
field. For example, emissions triggered by signals from the low-power
transmitter of Omega (New York) have been observed by OGO 4 at L =4
near Byrd Station. This result fits the present theory in the sense tha
the PL-mode not only justifies the presence of Omega frequencies at high
latitudes in the conjugate hemisphere but it also provides large wave-
normal angles 1 at these latitudes. Furthermore, under certain circum-
stances the interacting waves could be obser&ed on the ground if the
gradients of ionization were such as to bend the wave normal toward the
vertical in the last part of the downcoming trajectory. Clearly no
speculation is involved here; these are results obtained by merely
analyzing the ray behavior in the model magnetosphere assumed in this
work.

Finally the PL~-mode of propagation can explain the faét that whistler

activity is low above L = 3 as observed by the O0GO-3 satellite
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(Bruce Edgsar, private communication) while the whigtler activity detected
at high L shells (above 1L = 3) but aboard low altitude satellites

(0G0 2, OGO 4) is very intense. This is exactly the main characteristic
of the PL-mode, namely ray trajectories that cross the eguator at low
altitudes upcoming from high latitudes and downgoing to high latitudes

in the conjugate hemisphere.

- 142 -




VI. AMPLITUDE FADING

A INTRODUCTION

In this concluding chapter we discuss a class of amplitude fading
that has been observed on OGO 1, OGO 2 and now on the 0GO-4 satellite.
The fading occurs for upgoing waves and is generally detected close to
VLF transmitters located at mid latitudes. Heyborne [1966] reported
this type of fading from observations with OGO 1 and OGO 2. He suggested
several fading mechanisms but definitive interpretation has not been
obtained. Here again the above fading phenomenon will be tentatively
interpreted. These tentative interpretations of fading are not completely
consistent but they may serve as a guide for further work. For example,
we will prove that certain fading mechanisms are not adequate to explain
specific features of fading observed on OGO 4. Although these proofs
represent negative results they will be valuable when a better inter-—

pretation of the phenomenon is attempted.

B. AMPLITUDE FADING RELATED TO PLASMAPAUSE CROSSING

Figure 51 and Figure 52 show two 0GO-4 spectrograms recorded approxi-
mately under the same conditions on two consecutive days, 20 and 21
September 1968. Each figure shows 4 minutes of a continuous record
displayed here in 4 segménts (one panel for each minute). The magnetic
field amplitude in dby of NAA signals at 17.8 kHz as measured by the
stepping receiver No. 3 and telemetered to ground via VCO is shown by
the upper trace in each panel. Also shown is the broadband spectrum
from 300 Hz to 12.5 kHz measured as a function of time (UT) and L value
of the satellite. The corresponding ground projections of the two

0GO-4 trajectories are shown in Figure 53. NAA was operating in the FSK
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Figure 53. Ground projections of the two 0GO-4 trajectories
corresponding to the records of Figures 51 and 52.
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mode of transmission, shifting the frequency between 17.80 and 17.85 kHz.
These frequencies are detected equally inside the 500 Hz bandwidth of
the band 3 stepping receiver whose output then displays a continuous
trace as shown in Figures 51 and 52. Morse-code transmissions in the
FSK mode can only be detected by the phase tracking receiver of 0GO 4
which provides about 30 db separation between 17.80 and 17.85 kHz.
Figures 51 and 52 show that at low L values there is a steady NAA
signal which is received together with a broadband spectrum of upgoing
and downcoming whistler waves. The broadband spectrogram shows short
whistlers and several transmission segments of Omega (New York) that
are upgoing waves. Also displayed are long whistlers excited in the
conjugate hemisphere that are downcoming waves at the satellite position.
Next we observe that as the satellite moves northward there is a point
where the NAA signal falls abruptly and then starts fading in a pseudo-
periodic fashion. The position where the fading starts is indicated by
an arrow F in Figure 53. At the same time the high-latitude erosion
begins in the occurrence of downcoming whistlers; observe for example
that the last panels of Figure 51 and 52 show only upgoing short whistlersv
and some traces of upgoing Omega waves. A close observation reveals that
these upgoing whistlers present "choppy" traces indicating that fading
is in fact occurring at all frequencies for upgoing waves. Another
interesting feature presented by the records of Figures 51 and 52 is
a band of noise between 6 and 10 kHz which is limited in space and begins
about 1.5 degrees above the latitude of the NAA fading. The center
frequency of the noise band decreases northward and disappears abruptly
about 4.3 degrees later. Observe for example that the abrﬁpt disappearance

of noise in Figure 52 at 0634:05 UT is associated with a large reduction
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of NAA signal which then increases again northward. This fact may be
significant for the study of this "plasmapause noise’' in conjunction
with the related increase of attenuation observed at the boundaries of
the noise region.

Figures 51 and 52 show that the signal from a mid latitude VLF
transmitter is steady inside the plasmasphere and that the plasmapause
crossing is associated with 1) high-latitude erosion in the occurrence
of downcoming waves; 2) deep amplitude fading for upgoing waves; 3)

a decrease of amplitude for upgoing signals as the fading begins; and
4) a band of plasmapause noise. Figure 11 in Chapter 2 shows for example
the association between the abrupt decrease of NAA and Omega signals to
the left of 0131:10 UT and the corresponding erosion for the downcoming
whistlers (record BB of Figure 11). Figure 11 shows again that the
rapid decrease of signals from NAA and Omega (New York) occurs at the
northern boundary of the plasmapause noise (observe the noise band
between ~ 0131:07 UT and ~ 0131:40 UT). In Figure 11 the NAA signal
is measured in the 50 Hz passband of the phase tracking receiver and
therefore the 17.80 to 17.85 kHz frequency shifting is detected. 1In
this case the observation of amplitude fading is contaminated by the
presence of Morse code and is discarded in the continuing discussion.

The amplitude fading of Figures 51 and 52 shows that the points of
minimum amplitude are 20 to 40 db below the average level of the signal
which, combined with the pseudo-periodic behavior of the fading, strongly
suggests interference between two andronly two waves of nearly equal
amplitudes at the satellite height. This idea of interference between
two waves of the same amplitude is pursued in the following discussion
where three interference mechanisms are considered.
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1. Interference Caused by Multiple Hops Below the lonosphere

As indicated in Section B of Chapter 2 it is possible to observe
interference between a ray that follows a direct trajectory transmitter-
ionosphere~satellite and rays that bounce two or more times between the
ground and the lower edge of the ionosphere before following a trajectory
that also intercepts the satellite at the same point. However extensive
full-wave calculations have shown that amplitude fading of the order of
5 db is predicted in this case. Therefore the fading characteristics
displayed in Figures 51 and 52 rule out this multiple hop mechanism.

2. Interference Caused by Longitudinal Gradients of Ionization

Longitudinal gradients of ionization permit two waves launched
in the whistler medium at different longitudes to interfere at the
satellite height in the ionosphere. Therefore divergent rays originated
from NAA and traveling northward may penetrate the ionosphere and inter-
fere continuously at the height of a satellite that flies approximately
in the north-south meridian. This mechanism requires longitudinal grad-
ients of ionization outside the plasmasphere and no effective gradients
inside the plasmasphere.

3. Interference Caused by Latitudinal Gradients of Jonization

Records of 0GO-4 crossings of the plasmapause are characterized
by an initial abrupt decrease of field intensity when the records are
examined from mid to high latitudes. Observe for example the signals

from NAA and Omega at 0131:10 UT in Figure 11 and the NAA signals in

Figures 51 and 52 at the beginning of the fading regime. This rapid
decrease of field intensity is probably caused by a defocusing of the
upgoing waves at the high-latitude trough of electron densify which is
associated with the plasmapause. As indicated in Figure 40 there is a
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rapid change in the sign of the latitudinal gradient of ionization at
the trough which means that while the waves launched in the ionosphere
inside the plasmasphere are pulled toward the equator the waves that
propagate just outside the plasmasphere are pulled toward the pole.
Therefore a defocusing of the electromagnetic field will certainly occur
for waves excited from below.

On the other hand the F region of the ionosphere is highly variable
at the polar side of the trough (see, for example, Calvert [1966]).
Therefore the guestion arises whether or not irregularities of ionization
may provide an amplitude fading pattern like those shown in Figures 51
and 52. The effect of small-size irregularities of electron density on
the ray trajectories of waves excited from below is studied below.

The unmodulated ionospheric model N(r) of Section D, Chapter 4
is used again with a modulating factor Fn such that the new profile

of electron density is given by

N(r,8 ) = N(»r) F (6.1)
o n

and we have used

¢~ -
Fn = 1.+ A sin < Z¢ 1) . exp {— Sﬁﬁﬁﬁggl} (6.2)

that is, the basic model N(r) is modulated by a sinusoidal irregularity
which is field oriented and that decreases with height. The notation

is the same for Chapter 4 and here we have chosen

0.2, H = 500 km ' (6.3)
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The ray-tracing computer program of Walter [1969] produces ray
trajectories in the above ionospheric model with the result shown in
Figure 54. This figure shows the latitudes where a satellite at 600 km
would receive the rays penetrating the ionosphere between the input
latitudes of 59.95° and 60.350. Also shown in Figure 54 is the modulating
factor Fn at 120 km. Observe that Fn simulates latitudinal irregular-
ities of 11 km in size (one half of the sine-wave period). Figure 54
shows that at any satellite point in the range of the figure the space-
craft receiver would detect signals simultaneously coming from different
latitudes producing wave interference. However, Figure 54 also shows
that the satellite would in general receive signals from more than two
different latitudes. Usually four or five different rays are received
at the same point. Therefore the ray behavior at 640 km given by Figure

54 does not justify the deep fading patterns of Figures 51 and 52.

C. CONCLUS IONS

In this chapter we have tried three different mechanisms of inter-
ference for interpreting the amplitude fading in upgoing VLF waves
observed on OGO 4. We showed that interference caused by multiple hops
below the ionosphere cannot provide 20 - 30 db amplitude fading. Although
not completely convincing it seems that horizontal irregularities of
electron density are the most probable cause of the fading. The hypothesis
of latitudinal and/or longitudinal irregularities of electron density
would require a smooth ionosphere inside the plasmasphere and a highly
variable ionosphere at the polar side of the trough of ionization. This
hypothesis matches exactly the findings of Calvert and Van Zandt [1966]

and Calvert [1966], who found very steep latitudinal electron density

- 151 =~




-(3x01 995) WY 0gT 3T 4 J030BY SUTIBTNPOW oYU} ST UMOYS OSTY * GE'09

puB G6°6¢ 70 sopnitiel andut oyl useeM3aq 3JE3S 3BYJ SABJI JOJ WX Q09 3B SOPN3ITIBT SUTATEOLY  *§¢§ 2an3dtg

h‘

80
Ot u

21

wy002! =y ‘ 3aNLILVT LNdNI
€09 209 1'09 009 ac
[ _ [ [ _ _ [ _ °

@]
[eny
-]
3
C
l
>
o6G m
C
(w}
m
o 4
(1]
[02]
@]
(@]
=
3

..IoO@

- 152 -



gradients in the topside F layer at high latitudes. They showed that

the electron density gradients caused by irrvegularities at the equator

side of the trough are relatively small and that the irregularity pattern
changes substantially at high latitudes. They reported low size structures
of electron density and very steep gradients at the polar side of the
trough. For example, changes of 50% in a distance of 8 km have been
observed at latitudes above the trough of ionization. Therefore the
requirement of a variable ionosphere outside the plasmasphere that would

be associated with amplitude fading for upgoing waves is confirmed
experimentally. However, the details of the fading mechanism are not

clear at this time.
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