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A study has been made of the conditions under which ~2- to 6-kHz VLF signals transmitted from
Siple, Antarctica (L ~ 4), are observed at the conjugate ground station Roberval, Canada, following
ducted propagation through the magnetosphere. In 1973 and 1974, signals detected from visual inspection
of spectrographic records were present on roughly 20% o! the days, typically for ~4 of 8 observing hours.
As had been expected, the observations appeared sensitive to conditions of whistler propagation and of
wave growth in the magnetosphere. Signal observations were most frequent during quieting following
magnetic disturbance. A diurnal activity peak was found at dawn, and day side activity levels were
generally higher than those at night. Signal travel times were compared to the dispersion properties of
whistlers recorded at Siple and Roberval during July-August 1973 and September—November 1974. The
signal path equatorial radii were found to be concentrated in the range 3.5-4.5 Rj, which is centered
roughly on the Siple/Roberval field lines. At ionospheric heights this range corresponds to a latitude
interval of ~3°. Multipath propagation was frequently observed, but a single path was usually prominent
in terms of received amplitude. During relatively quiet conditions the paths were located within the outer
plasmasphere; during moderate disturbance they frequently appeared in the region of steep plasmapause

density gradients.

INTRODUCTION

Whistler mode signals from VLF transmitters have been
used for a number of years in ground-based studies of magne-
tospheric wave propagation and wave-particle interaction phe-
nomena. Much of this work has concerned signals propagating
at L = 2-3 from =~0.1- to 1-MW sources operating in the 15- to
20-kHz range [e.g., Helliwell, 1965; Allcock and McNeill, 1966;
McNeill and Andrews, 1975; Kiselev et al., 1975]. Signals prop-
agating near L = 3.6 from the low-power ~100- to 1000-W
Omega stations at =~10-14 kHz have also been studied [e.g.,
Kimura, 1968; Carpenter, 1968a).

Recently, a new capability for probing the outer plasma-
sphere has been attained through the establishment of special
low-power (=~1-2000 W) experimental VLF transmitting facil-
ities near L = 4 at Siple, Antarctica [Helliwell and Katsufrakis,
1974], and on a campaign basis in Alaska near L = 3 [McPher-
son et al., 1974] and near L = 4 [Koons and Dazey, 1974].

The Siple (Antarctica)/Roberval (Canada) transmitting ex-
periment has revealed remarkable new features of wave-par-
ticle interactions in the magnetosphere, including exponential
growth to a saturation level, interaction of signals with radi-
ation from power distribution systems, and suppression of
natural noise in frequency bands adjacent to a transmitter
frequency [Helliwell and Katsufrakis, 1974; Stiles and Helli-
well, 1975; Helliwell et al., 1975]. It is desired to know more
about the circumstances under which these phenomena occur
and in general to investigate whistler mode propagation be-
tween hemispheres near the plasmapause. A preliminary study
of Siple signal observations has therefore been done, with
some emphasis on finding the positions in space of the signal
propagation paths. This research note presents the results of
this study.

The new experiments extend our knowledge in several ways.
Near L = 2.5 the observed properties of ~15- to 20-kHz
signals following magnetospheric paths to ground points ap-
pear to depend heavily on propagation conditions. In particu-
lar there are night side maxima in activity [e.g., Helliwell, 1965;
MecNeill and Andrews, 1975; Kiselev et al., 1975] and peaks in
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activity along field lines conjugate to the transmitter and to
receivers [Allcock and McNeill, 1966]. The occurrence data
change somewhat when attention is focused on triggering of
VLF emissions by signals from the high-powered trans-
mitters and on propagation of signals from the lower-power
Omegas; there are high levels of such activity near dawn and a
measure of gyrofrequency control such that preferred field
lines of propagation may be slightly nonconjugate with respect
to the transmitter [Kimura, 1968; Carpenter, 1968a]. Further
changes appear near L = 4 in the Siple signal data; there are
relatively high day side levels of activity, and while the pre-
ferred magnetospheric paths are on the average close to the
Siple/Roberval field lines (partly as the result of deliberate
choice of station locations and transmitter frequencies), within
the latitude range of observations there is clear evidence of
gyrofrequency control.

Variations with L are observed in the conditions of artificial
triggering of noise. Such triggering at 15-20 kHz near L = 3 by
high-power sources usually occurs in the absence of observed
triggering of emissions by whistlers or of propagation of natu-
ral emissions along the same magnetospheric paths. However,
triggering by the low-power Omegas near L = 3.5 is frequently
accompanied by such natural activity, and triggering by the
Siple signals near L = 4.0 regularly occurs in the presence of
whistler triggering and complex VLF emissions.

DESCRIPTION OF THE EXPERIMENT

Siple, Antarctica, site of the transmitter and its |associated
21-km dipole antenna, is at 76°S, 84°W, and L =~ 4. The
conjugate station Roberval, Quebec, is at 49°N and 72°W.
Beginning in late April of 1973 and throughout much of 1973
and 1974, the transmitter operated during periods of approxi-
mately 8 hours per day on 5-6 days per week. Figure 1, upper
panel, shows an example of a transmitted format. In this case,
frequency ramps were mixed with 1-s pulses at stepped fre-
quencies.

The transmitting system is relatively narrow band and usu-
ally operates within a tunable 1-kHz range. For typical oper-
ation near 5 kHz, radiated power is of the order of | kW for an
antenna input of 30 kW [Raghuram et al., 1974]. Below ~3
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Frequency-time records from Siple (top) and Roberval showing the format transmitted (top) and the signals

received about 3.2 s later at Roberval (bottom). The Siple record has been advanced 3.2 s in time for purposes of compari-
son. The long horizontal lines on the Roberval record are due to currents in the local power distribution system.

kHz, antenna input power is reduced by transmitter tuning
limitations. At these lower frequencies, antenna efficiency is
also reduced; radiated power near 2 kHz is estimated to be
~100 W for an antenna input of =10 kW. Because of the
manner in which the transmitted wave form is synthesized,
maximum power into the antenna for a given transmitter
tuning is usually achieved at the upper limit of the operating
frequency band (for further system details see E. Paschal (un-
published manuscript, 1974)).

Broad band VLF recordings were made at Roberval
throughout scheduled transmitter operations and at Siple dur-
ing scheduled interruptions of the transmissions for 1 min
either every 5 or every 15 min and during hourly or half-hourly
~10-min intervals used for discretionary changes in trans-
mitter frequency. The Roberval recordings were initially
scanned for transmitter signal activity by a combination
of aural monitoring and visual analysis of the output of a
real time spectrum analyzer. Properties of the transmitter
signals identified in this way were then determined by analysis
of spectrographic films,

Figures | and 2 show how a radial coordinate of a field-
aligned signal path is determined. In Figure 1, frequency-time
records show the Siple transmitter format (top) and the
spectra observed at Roberval (bottom) during a ~10-s interval
on November 1, 1974. The horizontal lines on the Roberval
record are induced by currents in the local power distribution
system. For purposes of comparison, the Siple record has
been moved forward 3.2 s in time to account approximately
for the time of propagation of the signals between hemispheres
along field-aligned paths. (Time at the two stations is deter-
mined from identical time code generators operated from
station frequency standards. Timing is subject to daily correc-
tions by means of WWYV transmissions or their equivalent;
relative time between Roberval and Siple is known to within
~15 ms.)

In the path analysis, travel time 7., of Siple signals at one or
more fixed frequencies f, or at various ramp frequencies is

measured, usually to an accuracy of <+2%. In most cases the
Siple signals appear to follow the path of an observed whistler
component; an observed pair 7.y, f;» corresponds within exper-
imental error to a point on the frequency-time curve of the
whistler, as illustrated in Figure 2a (see Carpenter [1968a] for
application of this method to a case of 10.2-kHz Omega sig-
nals from Forest Port, New York). From the observed nose
frequency of the whistler, labeled f,(2), a latitudinal or mag-
netic shell coordinate of the path can be determined with the
aid of calculations relating nose frequency to path equatorial
gyrofrequency (see Park [1972] for an example of such calcu-
lations).

Figures 2b and 2¢ show in a simplified way how the method
applies to cases of multipath whistler activity. In Figure 2b
there are three whistler components, labeled 1, 2, and 3. From
dispersion analysis these are found to follow paths in the outer
plasmasphere with equatorial radii of ~3.7, 4.3, and 4.6 R,
respectively. The Siple signal is readily associated with the
path of component 2. Figure 2¢ shows a more complicated
situation in which a fourth whistler component is present and
the transmitter frequency is lower. With allowance for experi-
mental error it is possible to associate the observed values of
Ter, for With either component 2, propagating to ~4.3 R in the
outer plasmasphere, or with component 4, propagating to
~>4.6 R in the region of steep plasmapause density gradients.
Such an ambiguity may often be resolved by study of addi-
tional features of the records. Whistlers originating in the
northern hemisphere and propagating to Siple are most conve-
nient for the analysis because of their high rate of occurrence
and excellent definition. However, two-hop echoes of these
whistlers at Roberval are also useful, since the component
corresponding to Siple signal propagation is often a prominent
feature, and occasionally the only feature, of the two-hop
activity.

The availability of whistler data for dispersion analysis de-
pends upon both the natural activity and the passive recording
schedule at Siple. In June-August, Siple whistler rates are
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Fig. 2. Diagrams showing the use of whistlers to determine the
equatorial radius of the field-aligned path followed by Siple signals. (@)
Case of propagation of Siple signals on the path followed by a whis-
tler, showing the relation of the whistler dispersion curve to the
measured travel time of the transmitter signal 7., at frequency f,.. (b)
Case of propagation of Siple signals on one of three whistler paths in
the outer plasmasphere, showing the relation of the whistler com-
ponent propagating on that path to the observed values of 7, and f,..
(¢) Case of possible propagation of Siple signals on two whistler paths;
one (path of component 2) is in the outer plasmasphere, and the other
(path of component 4) is in the region of steep plasmapause gradients.
Additional information is needed in order to resolve the ambiguity.

high (=1-10 per minute), and the signal path analysis is lim-
ited primarily by the ability to measure the signal travel time to
Roberval. In September-October the whistler activity at Siple
is generally below June-August levels, and the path analysis
may on occasion be limited by insufficient duration of passive
recordings.

The transmitting experiment is in a constant state of engi-
neering and scientific development. For example, in 1973 and
early 1974, signal frequencies were prescheduled, while since
mid-1974 the Siple operators have used a real time broad band
video display of the spectrum of whistler and natural VLF
noise activity as a guide to discretionary adjustments in trans-
mitter frequency. Earlier observations at Eights, Antarctica, of
natural whistlers and signals from northern hemisphere VLF
transmitters [Carpenter, 1968a] suggested that the transmitter
frequency should be set near the upper cutoff frequency of a
well-defined whistler component, as indicated in Figure 2a.
This strategy, based on the reported evidence of a maximum in
observed whistler intensity near the upper cutoff, has been
implemented with success.

Operating schedules are necessarily limited by consid-
erations of manpower and of other responsibilities and activi-
ties at the station. In the austral winter, schedules have empha-
sized the dawn sector hours of expected high levels of wave
growth activity, while near the austral summer, considerations
of outside work in daylight have dictated a shift to day side
transmissions. The limitation of daily schedules to ~8 hours in
duration is dictated in part by the need for regular involvement
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of an operator in monitoring the natural VLF background and
in occasional retuning of the system. Retuning presently re-
quires a period of the order of 5 min.

Signal formats have varied widely. For example, in July and
August 1973 the formats emphasized FSK with variable pulse
length as part of a study of wave growth, and pulsed CW as
part of a balloon X ray campaign. A ‘universal’ program,
designed to explore a wide range of effects, was in frequent use
during September-November 1974 (a part of this program is
illustrated in Figure 1). In spite of its developmental, explor-
atory nature, system operation has been remarkably regular,
and good recording coverage has been achieved at Roberval.

In the present study, certain aspects of Siple signal detection
during all of 1973 and 1974 were surveyed, and detailed path
analyses were performed on data from the 5 months
July-August 1973 and September-November 1974. The latter
data set will be called the 5-month data base, or FMDB. For
statistical purposes, observing time at Roberval was divided
into UT hours. Siple signals of whatever intensity, duration,
and time distribution, observed within a single UT hour, were
considered a single event.

EXPERIMENTAL RESULTS

Signals were detected during | or more hours on approxi-
mately 20% of the days of transmitting activity in 1973 and
1974, Table | shows the occurrence data for several periods,
including July-August 1973 and September-November 1974
(the FMDB), when the percentage of reception days was rela-
tively large, near 30%. In the FM DB the average duration of a
day’s transmitter operation was 7.75 hours. On days of signal
detection at Roberval the average time coverage of signals was
3.82 hours.

A histogram of the occurrence in 1973 and 1974 of trans-
mitted and observed signals as a function of universal time
(hottom) and magnetic local time (top) is shown in Figure 3.
The ratio of observations to transmissions, Nyss/N,,, is shown
below. Typical values are near 0.10, less than the 0.20 noted
above because of the factor of =~2 difference in duration be-
tween typical transmission and detection intervals.

The values of Noy,/N;, are relatively low between 0500 and
1000 UT. Near 1000 UT (0500 MLT) there is a factor of ~2
increase to a broad peak centered at about 1200 UT, followed
by a decreasing trend across the day side. Near 2000 UT (1500
MLT) there is a factor of ~2 drop to a level below that
observed in the 0500-1000 UT period. Between 0000 and 0500
UT there were relatively few transmissions and no cases of
detection at Roberval. That the general features of the lower
histogram are statistically significant is suggested by the lack
of large variation near 1400-1500 UT, when bath the number
of transmissions and the number of receptions decreased
sharply (this was an artifact of scheduling arrangements).

TABLE 1. Siple Signal Transmission and Detection Activity
Detection at
Transmission Roberval, Detections/
Activity, Canada, Transmissions

Period no. of days no. of days X 100, %
1973 148 35 24
1974 226 37 16
1973-1974 374 72 19
July-Aug. 1973 54 18 33
Sept.~Nov, 1974 53 16 30
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Fig. 3. Histogram for 1973 and 1974 of transmitter operations at
Siple and of signal detection at the conjugate Roberval station as a
function of time (top, magnetic local time; bottom, universal time).
For statistical purposes all transmissions or detections within a given
UT hour are considered to be a single event.

Figure 4 shows a histogram like that of Figure 3 but for the
S-month data base (FMDB). The hatched area indicates the
~60% of the hours of detection for which path analyses could
be performed. The lower histogram, showing the detec-
tion/transmission ratio, agrees in general form with the graph
for all of 1973 and 1974 in Figure 3. The broad peak centered
at ~1200 UT (0700 MLT), with onset near 1000 UT (0500
MLT), is well defined, as is the sharp drop in day side activity
near 2000 UT (1500 MLT). Again the ratio is insensitive to the
drop in transmitter activity at 1400-1500 UT.

The relation of transmitter signal detection to worldwide
average magnetic activity is illustrated in Figure 5. Two sets of
data were used: all cases of detection in 1974 (solid circles) and
the eight most intense cases of signal activity in 1974 (open
circles). Values of ZKp were recorded for each UT day of
signal detection and for the four preceding and following days.
For the two data sets, the median value onKp was found for
each day in the 9-day sequence. The results show a strong
preference for conditions of quieting. The day of observation
is on the average preceded by a gradual quieting trend, charac-
teristic of the aftermath of weak to moderate magnetic storms.
The days of exceptional activity (open circles) tend to occur
under conditions quieter than those representing the larger
data set.

The rapid rise of the median ) Kp following the day of
detection reflects the relatively fast rise time of magnetic storm
activity and the tendency for relatively deep quieting to be of
limited duration.

Histograms relating transmission activity to transmitter fre-
quency are shown in Figure 6. The data are from the FMDB;
the format is similar to that of Figure 4. Approximately 75% of
the transmissions were in the range 3.5-6.0 kHz. The lower
histogram shows relatively frequent detection near 3 kHz. The
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Fig. 4. Histogram similar to that of Figure 3 but for the FMDB
indicated. The shaded area represents the ~60% of the hours of
detection for which a path analysis could be performed.

dip in values of N,ps/N,, near 4 kHz is not presently under-
stood; more data are needed in order to evaluate details of this
kind.

A histogram of signal detection as a function of path equa-
torial radius is shown in Figure 7. The data represent 81 hours
of observation, the shaded portion of the FMDB shown in
Figures 4 and 6. The path equatorial radius was estimated
from whistler diagnostics developed by N. Seely (personal
communication, 1975) using a hybrid magnetic field model
that combines an IGRF (international geomagnetic reference
field) internal field [Mead, 1970] with the Olson and Pfitzer
[1974] symmetric model. Roughly 80% of the observations fall
in the range 3.5 < R/Rg < 4.5.

The dashes in Figure 7 show the predicted form (not the
absolute values) of the histogram under the single assumption
of a propagation cutoff on paths on which the transmitter
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Fig. 5. Relation of Siple transmitter signal detection at Roberval
to worldwide average magnetic activity. The time scale represents UT
days referred to the day of signal detection. Each data point represents
a median of the Y_Kp values for that day. Solid circles represent all
cases of signal detection in 1974; open circles the eight most active
cases in 1974.
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Fig. 6. Histogram for the FM DB showing Siple transmitter oper-
ations and signal detection at Roberval as a function of transmitter
frequency. The shaded area represents the 260% of the hours of signal
detection for which a path analysis could be performed.

frequency is above half the equatorial electron gyrofrequency.
On such paths, frequencies above fy.,/2 are expected to be-
come unducted [e.g., Smith, 1961; Angerami, 1970] and thus
undetected on the ground. The radii corresponding to the field
lines passing through Siple and Roberval at local noon are
indicated below. (In the hybrid geomagnetic model used, the
field line passing through Siple at ground level reaches R =
4.30 Ry at 0000 MLT and R = 4.25 R; at 1200 MLT. For
Roberval the values are R = 4.37 Rz at 0000 MLT and R =
4.32 Rg at 1200 MLT.)

Figure 8 shows the information of Figure 7 projected down
the field lines onto the earth’s surface (using the hybrid geo-
magnetic model) and organized according to 1° intervals in
- southern geographic latitude (6;,). A corresponding scale for
northern latitudes is shown, as are the positions of Siple and
Roberval. In Figures 7 and 8, Siple and Roberval are slightly
poleward of the centroids of the distributions. In Figure 8, 85%
of the paths project onto the range 74° < 6,, < 77°, which
represents a latitudinal spread of ~330 km.

The relation of path radius to transmitter frequency during
the FMDB is illustrated in Figure 9. Individual points repre-
sent measurements at discrete frequencies, usually at one or
both of two FSK levels. Horizontal bars indicate measure-
ments on frequency ramps. The solid curves show at what
radius a given value of transmitter frequency is equal to speci-
fied fractions of the equatorial gyrofrequency.

The obervations exhibit an inverse relation between path
radius and frequency. This relation appears to be conditioned
both by the small number of values of f;; > 0.5fue, and by a
concentration of values in the range 0.3-0.5fg.,. Figure 10
summarizes this effect by a histogram of occurrence of values
of fir/freq in the FMDB.

A scatter plot of measured travel time 7., at transmitter
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Fig. 7. Histogram for the FMDB showing cases of Siple signal

detection at Roberval (solid lines) versus inferred equatorial radius of
the field-aligned signal paths. The equatorial radii corresponding to
the field lines reaching Siple and Roberval at ground level at noon
MLT are shown on the horizontal axis. The dashed curve shows the
predicted form of the histogram under the single assumption of a
propagation cutoff on paths on which the transmitter frequency is
above half the equatorial electron gyrofrequency (i.e., the condition
for untrapping of waves in field-aligned ducts of enhanced ionization).

frequency f,, is presented in Figure 11. Frequency ramp data
are denoted by a short bar. The data show on the average an
inverse relation between f,, and 7,. This is consistent with
Figure 9, which shows that the lower frequencies tend to
propagate on the longer paths.

Equatorial electron density along the paths studied in the
FMDB is plotted in Figure 12. The densities, calculated by
using the procedures developed by Park [1972], are character-
istic of the outer plasmasphere and show the range of a factor
of ~3 over which electron density in that region is known to
vary during cycles of moderate disturbance and recovery
[Park, 1974]. The wider range of density variation beyond
R/R; ~ 3.8 is partly due to cases of propagation in the region
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Fig. 8. Histogram similar to that of Figure 7 but with the infor-
mation on equatorial radius projected down the field lines to geogra-
phic latitude at ground level. A hybrid geomagnetic field model (see
text) was used for the mapping. The positions of Siple in southern and
Roberval in northern geographic latitude are shown in the lower
margin.
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Fig. 9. Plot of inferred equatorial radius of Siple signal paths

versus transmitter frequency. A horizontal bar indicates the range of a
frequency ramp. Solid curves show at what radius a given value of
transmitter frequency is equal to specified fractions of the equatorial
gyrofrequency.

of plasmapause density gradients. On such paths, N, is less
than nearby plasmasphere concentrations by a factor of up to
~2,

Under relatively quiet magnetic conditions, Siple signal
paths are found within a region extending equatorially ~1-2
Rz inward from the plasmapause. The signals usually propa-
gate on a single path or on several paths with closely spaced
nose frequencies and travel times. This is illustrated in Figure
1, lower left, where a well-defined ramp is accompanied over
part of its range by a component with travel time shorter by
=~0.15 s or about 5%. The specific path locations appear to
depend upon the prevailing distribution of ducts and the de-
gree to which the ducts show evidence of frequency-dependent
amplification, whistler mode echoing, and triggering of emis-
sions by whistlers. Figure 13 shows electron density profiles
deduced from multipath Siple whistlers on 2 days of trans-
mitter signal reception at Roberval. In both cases there was a
single prominent transmitter signal path; the data point repre-
senting this path is marked by a T (the dashed curves represent
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Fig. 10. Histogram of the number of observations of Siple signals
at Roberval yersus the ratio of transmitter frequency to path equa-
torial gyrofrequency.
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estimates of the general trends of the profiles). In the case of
September 11, 1974, conditions were relatively quiet, and the
path was well within the plasmasphere (the plasmapause was
not defined in the data).

Under moderately disturbed conditions the plasmapause
tends to be near the field lines of Siple/Roberval. In such cases
the signal paths are frequently in the region of steep plasma-
pause gradients. A case of this kind representing moderate
substorm activity on July 19, 1973, is illustrated in Figure 13.

Under severely disturbed conditions the plasmapause tends
to be located equatorward of Siple/Roberval. Signal observa-
tions at such times are relatively rare; the paths observed thus
far have been in the outer plasmasphere and have been de-
tected during intervals of deep quieting that interrupt the
disturbance activity.

DiscussiON

It is clear that the properties of Siple signals observed at
Roberval are closely linked to the magnetospheric conditions
governing amplification of waves. While the Siple system radi-
ates only of the order of 100-1000 W, the received signals are
often as intense as the strongest whistlers and natural VLF
emissions detected at the time. Helliwell and Katsufrakis [1974]
report evidence that wave growth of the order of 30 dB com-
monly occurs on a Siple signal path. They show examples of
spectral broadening of the Siple signals, of triggering of new
frequencies, and of variations in growth as a function of fre-
quency. Such effects are illustrated in Figure 1, lower panel,
which shows triggering of new frequencies by 1-s pulses but
not by frequency ramps. Variations in signal intensity with
frequency are evident in the figure; both the ramps and the
pulses are relatively faint at the edges of the 2- to 3-kHz band.

The effects of varying transmission parameters such as fre-
quency f,, df,»/dt, and pulse length are frequently of benefit to
path analysis. A complex wave form will usually contain some
elements for which travel time is particularly well defined. An
example is the pulse at 2.2 kHz in Figure 1, lower panel, which
is not complicated by triggering effects.

The dependence of the Siple signal observations on whistler
propagation conditions has been evidenced in several ways.
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Fig. 11. Scatter plot of measured travel time 7, versus frequency

fir of Siple signals observed at Roberval, Short vertical bars indicate
measurements on frequency ramps.
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Fig. 12. Scatter plot of equatorial electron density along whistler
paths followed by Siple signals.

The spectra of multipath whistlers received at Siple frequently
contain a single component or closely spaced group of com-
ponents that is prominent in terms of broad band signal
strength, amount of triggering of VLF noise, and occurrence
of echoing back and forth along the field lines. Siple signals
observed at Roberval are frequently identified with this com-
ponent or cluster of components. In particular, Siple signals
tend to follow paths along which two-hop whistler propaga-
tion to Roberval occurs.

Whistler propagation beyond the plasmapause, while fre-
quently observed, is rare in comparison to propagation within
the plasmasphere [Carpenter, 1968b]. The Siple signal observa-
tions at Roberval show a similar effect; the paths thus far
identified have been either within the outer plasmasphere or
within the region of plasmapause gradients at positions be-
tween the mean plasmasphere and plasma trough levels. Al-
though no case of propagation at the mean trough density
level was found in the FM DB, such cases are expected to occur
as the observations are continued.

The effect of an upper cutoff frequency of whistlers, appar-
ently the result of unducting of whistler mode energy at half
the local electron gyrofrequency, appears to be a controlling
factor in Siple signal propagation. The distribution of ob-
served path radii shown in Figure 7 agrees well on its right side
with a predicted distribution (dashed) for which the governing
assumption is a propagation cutoff at half the equatorial gyro-
frequency.

Above moderate levels of disturbance and at middle to high
latitudes, whistler occurrence statistics show an inverse rela-
tion to worldwide magnetic activity [Helliwell, 1965; Allcock,
1966]. Whistler rates tend to peak in the relatively long recov-
ery periods following disturbances, as do the Siple signal sta-
tistics summarized in Figure 5. McNeill and Andrews [1975]
found a similar relation in a statistical study of 8 years of
observations of 18.6-kHz whistler mode signals from NPG
(Seattle) propagating near L = 2.5 to Wellington, New Zea-
land.

The broad peak in Siple signal activity near dawn is consist-
ent with reported near-dawn or predawn peaks in whistler
activity [e.g., Laaspere et al., 1963] and with earlier reports on
observations at Eights, Antarctica, of signals from the 100-W
Omega transmitter at Forest Port, New York. Kimura [1968]
reported that observations of artificially stimulated emissions
(ASE) produced at L =~ 3.6 by the 10.2-kHz Omega signals
were concentrated between 1000 and 1400 UT (=~0500-0900
MLT). Kimura also reported that occurrences of ASE pro-
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duced by the ~ | MW NAA transmitter at L ~ 3.0 exhibited a
peak near dawn but that they also showed relatively high levels
on the night side.

It is tempting to seek an explanation of the Siple occurrence
data in terms of the night side injection and subsequent east-
ward drift of electrons appropriate for cyclotron resonance
interactions with the Siple waves (~1-20 keV). McNeill and
Andrews [1975] found a weak but significant correlation be-
tween 18.6-kHz signal reception near L = 2.5 and the Kp index
for the preceding 3-6 hours. When the Siple signals propagate
in the region of large plasmapause gradients, signal activity
often follows the fluctuations in VLF noise generated on the
same or nearby paths. However, when the Siple signal paths
are well within the plasmasphere, as occurred in the case of
September 11, 1974, in Figure 13, relations of this kind are less
obvious. In particular, no persistent relation has been found
between onsets of signals at Roberval and indications of im-
mediately preceding substorm expansions.

Reports on whistlers [e.g., Laaspere et al., 1963] and on
whistler mode propagation of fixed frequency signals in the 14-
to 20-kHz range [Helliwell, 1965; Allcock and McNeill, 1966;
McNeill and Andrews, 1975] have shown significant decreases
in activity near sunrise and relatively low day side activity
levels. The relatively frequent occurrence of Siple signals on
the day side indicated in Figures 3 and 4 may be in part due to
the closeness of the path entrance and exit points to Siple and
Roberval, such that subionospheric propagation losses were
smaller than those typical of the reported whistler and fixed
frequency observations.

The relatively frequent detection of Siple signals during
transmitter operation near 3 kHz is not yet well understood or
documented. Typical antenna input power and radiation effi-
ciency are reduced by ~5-10 dB at those frequencies; however,
absorption for a single passage through the daytime D region
has been estimated to be from =2 to 5 dB less at 2.5 kHz than
at 5.0 kHz [Helliwell, 1965, Pitteway and Jespersen, 1966].
Some of the success near 3.0 kHz may also be due to the
availability at Siple of a video display of the VLF spectrum for
purposes of frequency selection during the Septem-
ber-November 1974 portion of the FMDB and the fact that
most of the cases for f,. < 3.5 kHz in the FMDB occurred in
this period. The success near 3 kHz is consistent with the fact
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point corresponding to a single prominent Siple signal path is marked
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that the observed growth of Siple signals tends to be of the
order of 30 dB, substantially larger than the frequency-depen-
dent effects noted. It is also consistent with reported evidence
that magnetaspheric growth of ducted whistlers is a function
of the ratio of frequency to equatorial gyrofrequency, growth
usually being largest in the range f/fueq = 0.3-0.5 [Carpenter,
1968a]. According to the hybrid geomagnetic field model used
(N. Seely, personal communication, 1975), fue, on the field
line passing overhead of Siple at 100-km altitude varies from
~8.8 kHz at 0000 MLT to ~9.5 kHz at 1200 MLT. For f,- = 3
kHz the range fir/fue, = 0.3-0.5 corresponds to field lines
located (at 100-km altitude) from ~50 km equatorward to
~200 km poleward of Siple. For paths along these field lines
the effects of latitudinal spreading losses from the magnetically
east-west horizontal dipole antenna should be relatively small.

The occurrence of a peak in signal activity near the field
lines of Siple and Roberval (Figures 7 and 8) may be attributed
to the combined effects of antenna directivity and local min-
ima in spreading losses in the earth-ionosphere wave guide,
coupled with the fact that either the outer plasmasphere or the
plasmapause are ‘overhead’ under most prevailing magnetic
conditions. (For transmitter-receiver pairs at say, L = 7, an
overhead peak would not be expected due to distance from the
apparently favored outer plasmaspheric region of propaga-
tion. Beginning in 1966, the transmitter now at Siple was
operated at Byrd Station (L = 7) for several years, using a
buried antenna. Signals were detected in the ionosphere over-
head [Siren, 1974] but were not observed in the conjugate
region, apparently because of low antenna efficiency and se-
vere carth-ionosphere wave guide losses between the trans-
mitter and duct entrance points in the outer plasmasphere.)

The rapid falloff on the low-latitude side of the histograms
(Figures 7 and 8) is probably due to a combination of factors,
including spreading losses, transmitter frequency limitations,
and a tendency for ‘active’ ducts to occur near Siple/Roberval
under a wide range of magnetic conditions. The transmitter
was not operated between ~6 kHz and 12 kHz because in that
range the antenna impedance was too high for proper match-
ing to the transmitter. For R/Rg < 3.5 the frequencies that are
apparently favored for Siple signal reception, i.e., 0.3fneq <
fir < 0.5fneq (Figure 9), are generally above 6 kHz.

With regard to duct activity, during quiet times the plasma-
pause tends to be poleward of Siple/Roberval, and a broad
region of outer plasmaspheric duct activity is frequently cen-
tered near the station (e.g., case of September 11, 1974, in
Figure 13). During moderately disturbed times the plasmapause
is usually near Siple/Roberval, and on some such occasions
(e.g., the case of July 19, 1973, in Figure 13) there is a concen-
tration of duct activity in the region of plasmapause gradients.

The means of data selection and analysis may have contrib-
uted to the concentration of observed paths indicated in Fig-
ures 7 and 8. The visual search of spectrographic records for
signals of well-defined travel time may have tended to discrimi-
nate against weak signals which represented propagation to
end point latitudes near to or less than 74° (6, in Figure 8).

CONCLUDING REMARKS

A tentative descriptive picture of the Siple/Roberval VLF
transmission experiments is as follows: growth of the injected
signals of the order of 30 dB is frequently observed [Helliwell
and Katsufrakis, 1974). The observed signal paths are located
in the outer plasmasphere and region of steep plasmapause
gradients; their equatorial radii are concentrated between 3.5
and 4.5 Rg, a range roughly centered on the Siple/Roberval
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field lines. Under these circumstances of minimal latitudinal
spreading loss the conditions of signal observation appear to
be strongly affected by the amplifying properties of the me-
dium. Thus there is a dawn side activity peak and relatively
high day side activity in spite of opposing propagation effects
such as D region absorption. There is relatively frequent detec-
tion of transmissions near 2.5-3.0 kHz in spite of a 5- to 10-dB
reduction in radiated power at these frequencies (compared to
levels at ~5 kHz). This result may be partly due to a falloff
with decreasing frequency of absorption in the daytime D
region.

The peak in signal activity near the Siple/Roberval field
lines appears to be due to the combined effects of antenna
directivity and of a local minimum in spreading losses, coupled
with the fact that Siple/Roberval are typically located on field
lines passing through the outer plasmasphere, a region of high
ducted whistler and VLF noise activity. The sharp falloff of the
path distribution on the high-latitude side appears to be due to
the half gyrofrequency limit on ducted signal propagation. The
sharp falloff near R/Ry = 3.5 on the low-latitude side appears
to be due to the combined effects of spreading losses, a lack of
transmissions in the ‘favored’ range of frequencies correspond-
ing t0 0.3-0.5f e at R/Rg < 3.5, and the availability of ‘active’
whistler ducts in the range R/Ry = 3.5-4.5 under the most
frequently prevailing magnetic conditions.

The concentration of signal paths on field lines that are in
latitude near Siple/Roberval and project to a ~3° latitude
range at ionospheric heights should be helpful in future cor-
relative experiments in which sensors such as balloon X ray
detectors need to be positioned optimally with respect to path
end points.

While Siple signal detection at Roberval on paths with R <
3.5 R is relatively rare, the special conditions of temporary
quieting under which it tends to occur are becoming known.
Thus the useful low-latitude range of the transmitting experi-
ment is probably greater than the path statistics imply.

The analysis of Siple signal paths will be refined through
additional analyses of the type reported here, through studies
of signal amplitude, and through application of direction find-
ing techniques. It is hoped to learn, for example, to what
extent the signal paths are clustered in longitude. It is also
hoped to compare the point at which a signal emerges from the
ionosphere with the exit latitude predicted from dispersion
analysis and a realistic geomagnetic field model.

Acknowledgments. The successful installation and operation of the
Stanford VLF transmitter system at Siple and the reception of the
transmitter signals at Roberval, Canada, were made possible through
the cooperation and support of the Office of Polar Programs of the
National Science Foundation, the U.S. Navy Support Force, the
Atmospheric Sciences Section of the National Science Foundation,
and the Office of Naval Research. R. A. Helliwell, whom we thank for
overall guidance, must be credited with the vision of the possibilities of
controlled magnetospheric probing at VLF. At Stanford and in the
Antarctic, J. Katsufrakis devoted many years of effort to the realiza-
tion of the transmitter project. Under his guidance, key engineering
contributions to the present system were made by E. Paschal and W.
Trabucco. The demanding Siple field operations were accomplished
by, among others, E. Paschal, W. Trabucco, J. Billey, D. Merrick, and
S. Isakson. We thank D. Wiggin for his care in cataloging activity on
the Roberval records. We wish ta acknowledge helpful discussions
with C. Park and H. Koons and thank N. Seely for making available
results of his geomagnetic model calculations. This research was sup-
ported in part by the National Science Foundation Section on Atmo-
spheric Sciences under grants GA-32590X and DES-75-07707 and in
part by the Office of Polar Programs of the National Science Founda-
tion under grant GV-41369X.

The Editor thanks K. Bullough and T. Laaspere for their assistance
in evaluating this paper.



2700

R EFERENCES

Allcock, G. M., Whistler propagation and geomagnetic activity, J.
Inst. Telecommun. Eng. New Delhi, 12, 158, 1966.

Allcock, G. M., and F. A, McNeill, The reception of whistler mode
signals at a point remote from the transmitter’s magnetic conjugate
point, J. Geophys. Res., 71, 2285, 1966.

Angerami, J. J., Whistler duct properties deduced from VLF observa-
tions made with the Ogo 3 satellite near the magnetic equator, J.
Geophys. Res., 75, 6115, 1970,

Carpenter, D. L., Ducted whistler mode propagation in the magneto-
sphere: A half-gyrofrequency upper intensity cutoff and some asso-
ciated wave growth phenomena, J. Geophys. Res., 73, 2919, 1968a.

Carpenter, D. L., Recent research on the magnetospheric plasma-
pause, Radio Sci., 3, 719, 1968b.

Helliwell, R. A., Whistlers and Related lonospheric Phenomena, Stan-
ford University Press, Stanford, Calif., 1965.

Helliwell, R. A., and J. P. Katsufrakis, VLF wave injection into the
magnetosphere from Siple Station, Antarctica, J. Geophys. Res., 79,
2511, 1974,

Helliwell, R. A., J. P. Katsufrakis, T. F. Bell, and R. Raghuram, VLF
line radiation in the earth’s magnetosphere and its association with
power line radiation, J. Geophys. Res., 80, 4249, 1975.

Kimura, 1., Triggering of VLF magnetospheric noise by a low-power
(100 W) transmitter, J. Geophys. Res., 73, 445, 1968.

Kiselev, Yu. V., Ya, 1. Likhter, and O. A. Molchanov, Recording of
VLF transmitter signals in the magnetically conjugate region, Low-
Frequency Emissions and Signals in the Magnetosphere, Jonospheric
Researches, no. 22, 1975.

Koons, H. C., and M. H. Dazey, Transportable VLF transmitter,
ELF-VLF Radio Wave Propagation, edited by J. A. Holtet, p. 413,
D. Reidel, Dordrecht, Netherlands, 1974.

Laaspere, T., M. G. Morgan, and W. C. Johnson, Some results of five
years of whistler observations from Labrador to Antarctica, Proc.
IEEE, 51(4), 554-68, 1963.

CARPENTER AND MILLER: SIPLE TRANSMITTER SIGNAL PATHS

McNeill, F. A., and M. K. Andrews, Quiet-time characteristics of
middle-latitude whistler mode signals during an 8-year period, J.
Atmos. Terr. Phys., 37, 531, 1975.

McPherson, D. A., H. C. Koons, M. H. Dazey, R. L. Dowden, L. E.
S. Amon, and N. R. Thompson, Conjugate magnetospheric trans-
misstons at VLF from Alaska to New Zealand, J. Geophys. Res., 79,
1555, 1974.

Mead, G. D., International geomagnetic reference field 1965.0 in
dipole coordinates, J. Geophys. Res., 75, 4372, 1970.

Olson, W. P, and K. A. Pfitzer, A quantitative model of the magneto-
spheric magnetic field, J. Geophys. Res., 79, 3739, 1974,

Park, C. G., Methods of determining electron concentrations in the
magnetosphere from nose whistlers, Tech. Rep. 3454-1, Radiosci.
Lab., Stanford Electron. Lab., Stanford Univ., Stanford, Calif.,
1972.

Park, C. G., Some features of plasma distribution in the plasmasphere
deduced from antarctic whistlers, J. Geophys. Res., 79, 169, 1974,
Pitteway, M. L. V., and J. L. Jespersen, A numerical study of the
excitation, internal reflection and limiting polarization of whistler

waves in the lower ionosphere, J. Atmos. Terr. Phys., 28, 17, 1966.

Raghuram, R., R. L. Smith, and T. F. Bell, VLF antarctic antenna:
Impedance and efficiency, /EEE Trans. Antennas Propagat., AP-22,
334, 1974.

Siren, J. C., Fast hisslers: A form of magnetospheric radio emissions,
Tech. Rep. 3464-1, Radiosci. Lab., Stanford Electron. Lab., Stan-
ford Univ., Stanford, Calif., 1974.

Smith, R. L., Propagation characteristics of whistlers trapped in field-
aligned columns of enhanced ionization, J. Geophys. Res., 66, 3699,
1961.

Stiles, G. S., and R. A. Helliwell, Frequency-time behavior of arti-
ficially stimulated VLF emissions, J. Geophys. Res., 80, 608, 1975.

(Received December 9, 1975;
accepted February 4, 1976.)



