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observed at both stations implied the existence of two
coupling between them. The most intense of the three-h

ducts inside the plasmasphere (at L~ 3) and of wave -
op echoes was a mixed-path rather than a single-path -

compenent ; this is explained in terms of bi-directional coupling between the ducts in both northern and
southern conjugateionospheres. Thelocations of the ionospheric exit points for signals leaving the ducts were .
found from whistier arrival bearings measured at the two stations {the first results of crossed bearings from the
IMS Antarctic VLF observing programme}; these points were about 300 km apart. An echo traceseen onlyon
the Halley record implied coupling to a third path outside the plasmapause (at' I, ~ 3.3). We discuss the

significance of such path coupling in relation to. th

magnetosphere, and to the triggering of chorus.

1. INTRODUCTION

The spreading of ducted whistler-mode wave energy
away from field lines of magnetospheric amplification is
important for the understanding of both ducted and
unducted wave characteristics of the magnetosphere.
Consideration of such processes may be crucial for the
correct interpretation of satellite wave ‘observations,
particularly in correlative studies with magnetospheric
signals observed at ground stations. This paper is
concerned with a particular aspect of this spreading,
namely the low altitude coupling between field-aligned

“ducts.

It haslong been known that such coupling can occur,
resuiting in the so-called mixed-path whistler (e.g.
HELLIWELL, 1965). It is apparently one aspect of a more
general process of reflection of downcoming ducted
waves at -jonospheric heights' and their further
propagation. To date little work has been done, either
observationally or by modelling, to establish the
importance of the phenomenon in influencing the
overall excitation and distribution of ducied and

* Present éddress : Départment of. Physics, University of
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spreading of ducted and unducted. wave energy in.the .

unducted waves in the magnetosphere. Satellite
observations of whistler-mode signals in. the upper
lonosphere, and ray tracing studies (James, 1972;
THOMSON and DowbEN, 1978 ; GOrRNEY and THORNE,
1980) suggest that downcoming ducted waves become
unducted at altitudes of the order of 1000 km, and after
reflection back to the same altitude the wave energy flux
may be spread over a larger area, perhaps having a
diameter ten times that of the duct.

It is clear that ducted propagation is important for
wave growth since coherent signals—whistiers, man-
made transmissions, power line radiation-—can remain
inresonance with trapped energetic particles over long
distances along the field line (HELLIWELL, 1967). The
accessibility of the duct isimportant ; if waves efficiently
re-enter- a duct or couple to it from elsewhere, the
output spectrum of the ducted radiation may become
progressively more broad-band and diffuse as time
passes from the moment of wave injection. Duct—duct
coupling may be expected to cause ‘superposition’ in
time of waves of nearly the same frequency, thus
reducing their coherence and causing suppression of
wave growth (RAGHURAM et al,, 1977). On the other
hand narrow band signals that are relatively isolated in
frequency-time space might be amplified and produce
triggered emissions; :
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2. GENERAL CHARACTERISTICS OF MIXED-PATH l
WHISTLER ECHOING

Through the recent work of STRANGEWAYS (19.8.1) we

now have a clearer understanding of the factors
affecting the trapping and untrapping of whistlers in

ducts, but we do not know how frequently whistlers can
emerge from one duct and become retrapped in

another. The usual characteristics of echoing whistlers
lead us to believe that path coupling happens most of
the time, though only rarely may the duct structure be

simpie enough for us to analyse it clearly. One-hop
whistlers received at medium latitude ground stations:

generally have a fine structure consisting of several

closely spaced and sharply defined components, each

corresponding to a different field-aligned path through
the magnetosphere with a slightly different travel time.
If each component merely echoed back along the same
path with no path couplmg, then the two-hop whistler
would resemble the-one-hop, but with corresponding

components twice as dispersed and with twice the time
separation. In fact two-hop whistlers are usually very

diffuse and lack the well-defined fine . structure
characteristic of one-hop whistlers, as illustrated -

schematically in Fig. 1(a). Third-hop and higher order
echoes are equally or more diffuse. This diffuseness
makes them difficult to analyse, and is one reason that
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most recent research using whistler diagnostics to. -
investigate the distribution and drifts of magneto-
spheric plasma has been based on data from Antarc-
tic stations where one-hop whistlers predominate-
owing to high levels of lightning source activity
in the conjugate region and to a lack of locai
lightning sources.

One role of mixed-path propagation may be
discussed by considering a simple case involving only
two ducts, A and B. A lightning flash excites them both
(Fig. 1b),and corresponding one-hop whistlers are seen
in the opposite hemisphere. A pair of third-hop
components is observed (as shown in the schematic
spectrogram of Fig. 1c) but their separation in arrival
time is equal to that of the one-hop pair, rather than
three times larger. If further odd-hop echoes are

- received, the dispersion of the two components

continues to increase, but their time separation remains
constant, with the result that the two traces tend to
merge. Situations approximating to that described are
indeed observed on occasions. In a more complicated
case, however, with many closely spaced components,
this merging effect leads to the overall dlﬂ‘useness of the
echoes, as described above.

The interpretation of Fig. 1{c) is that therc is effective
echoing on one duct only, the Bduct, and that the first of
the echoing components becomes trapped in the Bduct
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Fig. 1. (a) Schematic spectrograms showing typical characteristics of one-hop whistlers (many discrete
components) and two-hop whistlers (usually diffuse) observed on the ground. (b) Sketch showing a simple case
of only two whistler paths (A and B) both excited by the same flash. (c) Schematic spectrograms showing two
. echoing components corresponding to paths A and B (see text). (d) Interpretation of Fig. 1{c). Waves couple o
fromAtoB after the first hop and thereafter echo on path B. n




Echoing mixed-path whistlers at two Antarctic stations 975

after making one hoponthe A path (Fig. 1d) ; thesecond
component travels only on the B path, This is indicated
by the labelling of the components A + 2B, 3B, etc.
Whistler-mode echoing observed at a medium
latitude ground station normally occurs on just one

path even though other paths are present. Periodic .-

emissions, often triggered by whistlers, are frequently
observed propagating in the same diict. The dominance
of one,path for echoing presumably arises because it is
statistically more probable that conditions for strong
echoing, i.e. wave amplification per hop exceeding total
attenuation, exist on one path than on two or more. In

disturbed times, when strong amplification might be.

expected on many paths, the data may.be too complex

tointerpret or else ionospheric absorption may prevent -
magnetospherically propagated signals from bemg

observed on the ground.

In this paper we investigate a part:cular]y clear case
of mixed-path propagation, and by using multi-station
observations and direction-finding methods we study
the range of duct separation over which coupling takes

‘place. Wereport that coupling is observed to take place
from a path inside the plasrnaspherc toa nea.rby path
just outside. : :

3. OBSERVATIONS ,

The observatlons reported here were madc during
the period 0910-0930 UT on 3 June 1978 at Palmer
(64.8°5, 64.1°W, L = 2.4} and Halley (75.5°S, 26.9°W,

L = 4.3) stations, Antarctica. At Palmer the data were
obtained using the Stanford -DF-tracker system -

- (LEAVITT et al., 1978), while at Halley a' broad-band

VLF goniometer receiver was used (BULLOUGH and
SAGREDO, 1973). Although separate resuits from the
two systems ‘have appeared in the literature (e.g.

- CARPENTER, 1980 ; MATTHEWS et al., 1979), the present
* paper describes their first use at dlﬂ'crent stations to

obtain crossed bearings on whistler paths. The two
stations.are about 1800 km apart, and their locatlons' .
are shown in the map of Fig.- 2. :
The spectrogram of Fig. 3(a) shows an example of the .
whistler data' received at Palmer. There are two
dominant whistler-mode paths represented by the two .
prominent one-hop componentsat ~0.8and ~ 1.2s(at
a frequency of 5 kHz). Three distinct three-hop
components are also clearly visible between 3 and 5 s.
The same pattern of two one-hop traces and three
three-hop echoes is repeated many times per minute,
without measurable change throughout the 20-min
period studied, though only the more intense one-hop
whistlers are accompanied by echoes. The causative
spheric was readily identified by overlaying the spectra
of successive events; it is marked by an arrow in the
figures. Knowing the spheric, it was possible to measure
whistler-mode travel times for all five components. This -
showed, to within the accuracy of the measurements {20
ms), (see Table 1 for some typical results) that the first
and second three-hop components were mixed-path
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F1g . Map showmg the location of the Antarctic stations used in this study. The two boxes labelled A and B
show the regions within which one-hop whistlers propagating on the A and B paths exit from theionosphere, as
determined by direction-finding measurements from Halley and Paimer. : :
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Table 1. Typical measured propagation times (in seconds ; error +0.02 s)*

A+2B : " 3B

Frequency (kHz) K X A B 2B+K 2A+B ¢
50 — — 08 . 124 — 294296 334334 347
4.0 37 06 08 131 299 - Loa =

* A correciion 0of 0.03 s has been apphed to correct for the propagation time of the spheric from its source to the recejver. Times
shown in brackets are calculated assuming the mlxed—path propagation described in the text. o .

marked 2A+B and A+2B in the figures. The last
_ component, marked 3B, had made three hops on the B
path. Occasionally part of a very faint 3A trace could
just be detected (for example near 2s at 8 kHzin Fig. 3a)

but since it was so weak it has been neglected in the-

following analysis. MORGAN et al. {1959) reported-a

similar event in which only the A + ZB and 3B echoes

WEre séén.
The A and B one-hop components were also

observed at Halley. It can be confirmed that the same

whistlers were being seen at the two stations by noting
that they were received at exactly the same times.
Precise comparisons of occurrence times, to within 20
ms or better, are made relatively easily by matching
spheric patterns, which are normally almost identical at
even quite widely separated Antarctic stations (SMITH
et al., 1981), owing to the lack ofany locai thunderstorm
activity.

The low frequency part (< 5 kHz) of all three third-
hop components observed at Palmer can: also be
detected occasionally at Halley. Of more interest,

however, is a fourth trace which triggers chorus-like

noise similar to the chorus which occurs spontaneously
throughout the period. An example is shown in the

middie panel of Fig. 4 at 0925:09 UT. Neither the
whistler trace, the triggered noise, nor the spontaneous -

chorus are seen at Palmer. In Fig. 4 we also show the
data from Siple (75.9°S, 84.2°W, L =4.2), for
comparison. The A and B traces are seen there but they
are noticeably fainter compared to the spheric
background than at Halley, implying that the ends of
the whistler paths are closer to Halley than to Siple ; this
is confirmed by direction-finding analysis as discussed
later. No third-hop whistlers or triggering are observed
at Siple. There is some chorus but it is different in detail
from that at Halley implying that it is being generated
on a different field line. The only northern conjugate
data availabie for this period are from Roberval, the
conjugate point to Siple ; no two-hop whistlers are seen
there. _

More examples of the triggering trace at Halley are
shown in Fig. 5. Its constant delay relative to the A and
B components shows that it originates in the same
source. However, detailed measurements of its time

delay relative to the spheric at various frequencies (see -

Table 1) cannot be explained in terms of combinations -
ofhops on the A and B paths, as was doneforthe Palmer
echo traces; in particular three hops on the A path-
would have produced a trace with a measurably shorter
time delay. We therefore conclude that a third path is
involved. The triggered noise, which is typical of that
generated outside the plasmasphere, suggests that this
third path may liebeyond the plasmapause and contain
the generation region of the snnultaneously obscrved
chorus.

A one-hop whistler propagating on the inferred path
would be a knee whistler (CARPENTER, 1963), and so we

denote the path by K. No K component is observed in =

any of the available ground data, but we can infer the
one-hop travel time from the observed traces. This
turns out to be typical for a knee whistler (the one-hop
travel time at the nose-frequency ¢, ~0.4 s), assuming
that two hops on the B path are combined with one hop
onthe K path,resulting in the observed three-hoptrace.
Anyother assumption, e.g. travel on the A path, ormore -
than one traverse of the K path implies a travel time,
and hence an electron density, much larger than is
usually observed outside the plasmasphere. A diffuse
one-hop tracejust preceding the A traceis visible in Fig.
5; this corresponds to a different propagation path
(which we denote by X) well outside the plasmapause.

Figures 3(b}«{d) summarize schematically the
whistler traces, triggered and spontaneous chorus seen
at the different ground stations, and the relationship
between them. The dotted trace (not actually observed)
corresponds to a one-hop knee wh_jSﬂer propagated in
the inferred K duct.

4. WHISTLER PATH LOCATION

The positions of the whistler ducts are found by
triangulating the ionospheric exit point of each whistler
component, using the direction-finding receivers at
Halley and Palmer. This is supported by analysis of

whistler nose frequencies and relative signal intensities

at the different stations. As an example of the DF data,
we show in Fig. 6 arrival bearings observed at Palmer:
for the B, 2B+ A and 3B components.

The average arrival bearings of the one-hop A and B
components for the period 0910-0930 UT, are given in
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Fig. 3.(a) Spectrogram (for 0928 : 50 UT) showing whistler traces typical of those received at Palmer during the

period 0910-0930 UT 3 June 1978. Two strong one-hop traces and three three-hop traces are clearly visible.

The spheric is marked by an arrow. (b) Sketch of the Fig. 3(a) spectrogram, showing the relationship between

the traces. (c) and (d) Similar to Fig. 3(b) for Halley and Siple. Specific examples of the traces shown are
illustrated in Figs 4 and 5.
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Fig. 4. Simultaneous records from Palmer, Halley, and Siple, showing the relative intensity of the different
traces at the different stations, and the unusual echo seen only at Halley which triggers chorus-like noise.
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Fig. 5. Three further examples of the triggering three-hop echo trace seen at Halley. (See text and Fig. 7 for
interpretation.)







-Bearing

Suggests that thig may be due to the presence of an array
With  similar L-valyes '
Propagation times,
indicates the average location of the paths contributing
to the A trace. L

The nose frequencies of the A and B one-hop
Components, scaled directly from 0-20 kHz spectro-
grams, were 15,0 and 11.0 kHz, respectively, and
assuming a diffusjye equilibrium electron density

A L=2.85j—_0.05,
L=315400s.

Table 2, Arrival azimuthg (degrees east of frue north)
Component Halley Palr_ne_r

981

km altitude and it is seen that the above results 'are'
the direction-ﬁnding analysis, assum-

We were not able to measyre the nose frequency or
direction of arrival for the g path (a one-hop K
] observed), but estimated jtg
location and that of the p]asmapause, asshown in F ig.

observed (B), ang is probably located only slightly
beyond it at around L, =33, This is close to the
position which would be expected,statistically giventhe
local time (near dawn), themoderate degree of magnetic
disturbance (Kp=4-), and the .occurrence of a4

geomagnetic storm on fhe o o
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Kp = 7+) (CARPENTER and PARK, 1973). The short

travel time on the K path, ¢, = 0.4 s, suggests that the

path length is fairly short, lying only slightly outside the
plasmapause—say at L = 3.5. Furthermore the B-K
separation is probably comparable. with the A-B
separation since wave coupling occurs between the B
duct and both A and K ducts. The inferred location for
the K path, considerably closer to Halley than to the
other stations, is consistent with the 2B + K trace being
seen only at the former. :

The nose frequency of the X trace shows that the
corresponding path lies at L = 4.5, probably near the
meridian of Halley since it is not observed from Siple.

5. INTERPRETATION

The sketch .of Fig. 7(a) illustrates the four
magnetospheric paths A, B, K and X, and the
plasmapause, in the magnetic meridian plane of the
observing stations: Figs 7(b) and (c) show the north and
south conjugate regions drawn to a larger scale.
Representative values for the duct diameter (50km)and
duct base altitude (1000 km) are assumed (ANGERAMI,
1970: BERNHARDT and PaArk, 1977). The source

lonosphere

{a)

(b)

0 S00km  1000km
2
N R T s
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lightning flash (marked S)isshown at an arbitrary point
since noinformationis available onitslocation, For the
sake of clarity we do not attempt to show all the duct
coupling paths implied by the data.

Our interpretation of the observations is as follows.
Initially the A, B and X ducts are excited in the northern
hemisphere. Duct K is not excited. Thismay bedue toa
strong latitudinal electron density gradient associated
with the nearby plasmapause preventing wave
trapping, or alternatively to ionospheric conditions
such as strong localized D-region absorption below the
duct base. Perhaps ray-tracing in 2 model ionosphere
with realistic ducts and plasmapause would help to
elucidate this.

After one hop, the downcoming A and B whistlers are
partly transmitted through the southern ionosphere
where they are received by ground stations, and partly
reflected back upwards. Most of the reflected wave
energy undoubtedly propagates in the unducted mode, -
but a fraction is retrapped in its original ducts. In
addition part of the signal which travelled in the A duct
couples into the B duct and vice versa.

After two hops the downcoming whistlers, which
would be seen as 2A, A + B and 2B by a suitably placed

Plasmapaouse

Triggering region

VAT

k\,

i PP

(c}

Fig. 7. Interpretation of the data. (a) Sketch showing the approximate locations of the four ducts A, B,K andX

and also the plasmapause. There is a generation region for chorus on the K path. (b) and (c) Show the north and

south conjugate regions in more detail, with some of the propagation pathsinto, out of, and between the ducts,
ST © which are necessary to expiain the observations. '
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northern hemisphere observer, are again reflected;

‘coupling between the A and B ducts gives rise after a

further hop to the 2A+B, A+2B and 3B echoes

observed in the south. Reflection also takes place from
the B duct into the K duct, ‘across the. plasmapause,

giving rise to the observed 2B+XK echo; the
ionospheric. gradients or irregularities whlch permlt‘_'
this may-be associated with those which originally .
prevented the excitation of this path directly from the -
source. An interesting feature of the data is that the
mixed echo A + 2B is more intense than the ‘pure echo '

3B. At first sight this may seem surprising but it may be
explained using our assumption that coupling between
the A and B ducts occursin both conjugate ionospheres
which means that a mixed path echo suchas A +2Bcan
have contributions from three different path
combinations— ABB, BAB and BBA. The consequence

of this may be examined by using a simple model in -

which the relative reflection coefficients (on a 1-3 scale)
are given in Table 3(a).-On this model waves reflect
more strongly from A to B than vice versa, which seems
physically plausible since the magnetic dip angle will
tend to favour transfer from the lower to the higher
latitude duct; (this is supported by ray-tracing work :
THoMsON and DowbeN, 1978). Nevertheless the self-
reflection coefficients are greater than or equal to the

cross-reflection coefficients, except for duct A in the -
~--multi-station and direction-finding techniques. An

south.

Assuming equal excitation of the ducts from the

ground we estimate the relative i m_te_n_sme__s of the three-
hop echoes by adding the products of the three

appropriate coefficients for each path combination, as - _
.-and there is a tendency for it to occur from the lower to

shown in Tabie 3(b).
The path coupling scheme described accounts for all
the observed one-hop and three-hop components. The

predicted intensities for the three-hop: components -

match the observations—i.e. A + 2B is most prominent
followed by 3B, 2A + B with 3A very much weaker. The
final hop of A + 2B is predominantly on path B, whilst
that of 2A 4+ Bis mainly on path A in agreement with the

DF observations (see Section 4). B may be considered -

the dominant path (see the discussion of Section 2)—
from Table 3(b) we can estimate that after three hops the
wave Intensity in duct B is twice that in duct A.

The southward travelling wave on the K path passes

Table 3{a). Relative reflection coefficients (scale 1-3, small-

large)
A—A A—-B B-A B—B
Southern
ionosphere 1 3 2 3
Northern
ionosphere 2 2 1 3

Table 3(b). Intensities of three-hop echo components

assuming reflection coefficient model of Table 3(a)

Predicted
Component  * Contribution = ' intensity - Total
34 o AAA 2 .2
2A+B ABA 3
S BAA 4 9
: e AAB . (2 :
A+2B . " BAB 4
- -BBA. 3. .
38° ~ BBB 9 - 9 -

‘through a wave-particle interaction region where

chorus is being generated, and triggers chorus elements

~as it does so. At the equator the 2i-hop echo is

considerably more dispersed.than a half-hop whistler

"on the same path would have been. This could make

triggering more likely by allowing the wave to remain

- longer in resonance with a given energy of particle.

6. CONCLUSION

We have studied a case of mixed-path whistler
propagation near the dawnside plasmapause using

echoing whistler can exit from one duct near its base

- and be trapped in a different one for its next hop. This

coupling between different ducts can take place when
their exit points are of order 300 km apart horizontally,

the higher latitude path. The effect is such that even

‘though several paths may be present, and giverise toa

corresponding set of one-hop whistlers, subsequent

“echoing tends to be confined to one dominant path.

Mixed-path echoes can be more intense than “pure’ -
echoes (involving only one duct}if coupling takes place
in both hemispheres, due to muitiple contributions.to .

‘the same whistler component.

Path coupling can occur from inside the plasmas-
phere to outside. It is known that knee whistlers,
corresponding to the excitation of whistler ducts just
outside the plasmapause, occur relatively rarely
(CARPENTER, 1978 ; LESTER and SmiTH, 1980); perhaps

thisisdue to the difficulty of exciting such a path directly

from the ground. In the present paper we demonstrate
that a knee path, not accessible to a ground source, can
be excited by path-coupling from a whistler echoing,

inside the plasmasphere, and the resulting echo can

trigger chorus. This mechanism may even play a
significant role in the triggering of chorus, since echoing
whistler activity is relatively common within the -
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_ plasmasphere. Controlled experiments on wave growth -

in the magnetosphere (HELLIWELL and KATSUFRAKIS,
1974) have shown that a triggered wave can be 30 dB
* stronger than the coherent input signal. The latter may
therefore be undetectable, and thus in a case where the
path structure was more complicated, the whistler
connection might not be as clear as in the situation
- studied here; the chorus would then appear to be
spontancous. CARPENTER (1978) gives examples of
triggering just outside the plasmapause in which the
.causative whistler trace is barely visible on the record.
Power line harmonics, which can be amplified within
the plasmasphere by whistler-mode echoing (PARK and

A.J. Smrre and D. L. CARPENTER

HELLIWELL, 1981 ; MATTHEWS and YEARBY, 1981), may
couple to a path outside the plasmasphere and tnggerz
chorus in a similar way.
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