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The Longitudinal Dependence of Whistler and Chorus
Characteristics Observed on the Ground Near L = 4

A. J. SmitH,! D. L. CARPENTER,? Y. CORCUFF,3
J. P. S. RasH,* anD E. A. BERING®

Whistler activity at L =~ 4 is known to be a function of longitude, peaking in the Weddell Sea
sector of Antarctica; a combination of source and propagation factors, the latter possibly partly
associated with the South Atlantic geomagnetic anomaly, is believed to be responsible. There is
evidence, for example from satellite surveys, that chorus and hiss activity may also be longitude
dependent. To investigate this further, we have compared VLF data from four L ~ 4 Antarctic
stations from a 2-day period in June 1982. Siple, Halley, and Sanae form a closely spaced (~ 20°-
0° geomagnetic longitude) triplet, while Kerguelen is ~ 120° (geomagnetic) to the east, on the
opposite side of the anomaly. To a large extent there was a repeatable diurnal variation in activity
at all stations on the two days. Events observed at Siple tended to be similar to those observed ~ 9
hours earlier (the same MLT) at Kerguelen on the same day. There was a very marked drop-off
in both whistler and VLF emission activity between Siple and Halley on the one hand and Sanae
on the other. The reason for this is not clear; it may be either a source effect such as the lower
occurrence of lightning over eastern North America compared to the adjacent Atlantic Ocean, or
else a wave-particle interaction effect whereby the conditions for wave growth or amplification are
more favorable, or substorm particle injections penetrate the magnetosphere more deeply, at the
longitude of Siple than further east. Comparison of the spectral forms of whistler mode activity
at neighboring stations suggests that wave generation occurs simultaneously over relatively wide
longitude (or local time) sectors (Z 30° or 2 hours). Individual interaction regions are smaller
than this, $ 5° in longitude, comparable with the previously inferred sizes of whistler ducts. Data
sets with longer time coverage and better spatial resolution are required to answer some of the

problems raised by this limited study.

1. INTRODUCTION

Wave-particle interactions between whistler mode waves
and energetic electrons are well established as playing a sig-
nificant role in the distribution of particle and wave energy
in the magnetosphere. In particular, the cyclotron resonance
interaction is believed to be responsible for the generation
of ELF and VLF radio waves such as chorus and hiss, and
for the amplification of others such as lightning-generated
whistlers. Accompanying changes in the particle distribu-
tion function, for example through pitch angle diffusion, may
result in the precipitation of energetic particles into the up-
per atmosphere. The morphology of VLF wave activity in
the magnetosphere can be largely understood in terms of
the availability of resonant particle fluxes, which depends
primarily on local time, L shell, and geomagnetic distur-
bance level; dependence on longitude might be expected to
be of secondary importance. Nevertheless, satellite surveys
have shown that there is a longitudinal dependence, and the
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purpose of this paper is to investigate this further experi-
mentally, using data from ground stations in the Antarctic
near L = 4.

There has been considerable treatment in the literature
of longitudinal variations in particle precipitation due to
the South Atlantic geomagnetic anomaly [Torr et al., 1975;
Vampola and Gorney, 1983] and due to the influence of high-
power VLF transmitters [Vampola and Kuck, 1978]. More
recently, Rosenberg and Dudeney [1986] and Bering et al.

[1988] have reported longitudinal asymmetries at L =~ 4 in
average cosmic noise absorption and the occurrence of X ray
microbursts, respectively.

Less attention has been paid to any longitudinal depen-
dence in VLF wave activity. Bullough and Kaiser [1979]
found that VLF emissions at 3.2 kHz, received at about
500 km altitude by the polar-orbiting satellite Ariel 4, were
more common over North America and its conjugate region
than over other regions at the same latitude. This was as-
cribed by the authors to the catalytic effect on wave genera-
tion of power line harmonic radiation from the industrialized
United States. Similar results were obtained by Luette et al.
[1977] using the OGO 3 satellite.

In this paper we discuss the similarities and differences
in ELF and VLF whistler mode waves — chorus, hiss, and
whistlers — received at a chain of Antarctic ground stations
which are at almost the same geomagnetic latitude (L ~ 4)
but at different longitudes. This approach is complemen-
tary to the satellite surveys in that there is no convolution
of longitude with UT and LT inherent in a satellite orbit,
and furthermore ground data are usually available for long
periods in high-speed (broadband) form, which aids classi-
fication of the waves received. It is of interest to investi-
gate the extent to which longitudinal asymmetries in wave
sources (e.g., lightning) and in wave amplification efficien-
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cies (due, for example, to the South Atlantic anomaly) give
rise to an asymmetrical wave distribution.

To date, there has been no systematic attempt to study
the dependence of ground-observed VLF activity on longi-
tude. This is largely due to the sparseness of suitable ob-
serving stations, and the difficulty of making data compar-
isons which is associated with the diverse receiving, record-
ing, and analysis equipments in use at different sites. Early
work from International Geophysical Year (IGY) whistler
networks [Helliwell, 1965; Laaspere et al., 1964] concen-
trated on latitudinal, diurnal, seasonal, and disturbance-
related dependences. (Even these studies were heavily bi-
ased toward observations in the American longitude sector.)
However, Woods et al. [1979] have reported a systemati-
cally lower occurrence of knee whistlers (whistlers propagat-
ing near the knee in electron density, i.e., the plasmapause
[Carpenter, 1963]) at Sanae compared to Siple, Antarctica.
Furthermore, subjective comparisons of the chorus and liss
data from these two stations have suggested that VLF wave
activity in general is significantly greater at the more west-
erly of the two (Siple). This is one of the topics discussed
in the present paper.

The work reported here arose out of a Scientific Commit-
tee on Antarctic Research (SCAR) data analysis workshop
(see acknowledgments), in which many geophysical data
were assembled, from a variety of sensors and {rom many
participating Antarctic ground observatories and orbiting
spacecraft, for 7 days of special interest (June 10-13 and 27—
29) in 1982. The scientific aims of the workshop were defined
in terms of six topics to be addressed using the available data
set, one of which was the subject of the present work. Orig-
inally it was planned to carry out a comprehensive analysis
involving quantitative measurements on whistler and noise
intensities for all the available VLF ground data. However,
in interests of timely publication, coincident with the other
papers from the workshop, we here offer a more preliminary
study restricted to a selection of data from just two days
and four stations, but which nevertheless illustrates some
important features and raises questions which it is hoped
will be addressed more fully in a later paper.

2. DATA DESCRIPTION

In this paper we have used broadband VLF data, recorded
on analogue magnetic tape, from four Antarctic ground sta-
tions near L = 4: Siple, Halley, Sanae, and Kerguelen. The
locations of these stations are shown in Figure 1 and their
coordinates in Table 1. Although small in number, the sta-
tions are well situated for the purposes at hand; the first
three — Siple, Halley, and Sanae — form a triplet spaced
1-2 hours apart in magnetic local time (15°-30° apart in
magnetic longitude), comparable with the longitudinal ex-
tent of the typical “viewing window” of a ground VLF re-
ceiver. They are thus well placed for studying relatively
small scale longitudinal/local time variations. The fourth
station, Kerguelen, being ~ 140° (magnetic) east of Siple
provides a more global perspective.

While no two of the four receivers were identical (for ex-
ample, the Halley receiver alone was of the goniometer type),
they were sufficiently similar that their outputs could be
used satisfactorily in the qualitative study presented here.
In the proposed more quantitative comparison of received
wave intensities, it will be necessary to compensate care-
fully for the different receiver characteristics.
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Fig. 1. Map showing the locations in Antarctica of the L ~ 4
ELF/VLF ground receivers used in the study: Siple (SI), Halley
(HB), Sanae (SA), and Kerguelen (KE). The L =3 and L =5

contours at 100 km altitude are shown.

Out of the seven days selected for the SCAR data analysis
workshop, two, namely June 28-29, 1982, were selected for
the wave activity study. Compared to the other five days,
there was better data coverage from the four participating
stations, and more intense and varied VLF activity observed
on these two days. Geomagnetic conditions were moderately
disturbed (Ip ~ 3 — 5) throughout.

Most of the data were recorded on a synoptic one minute
in five sampling basis. All the available data were examined
in spectrographic form. Illustrative examples are given in
the next section.

3. OBSERVATIONS

Overall Features

In a study such as this, one might expect the predomi-
nant effect to be the ordering of particular VLF phenomena
by local time. In fact this is confirmed, but the compared
data also show some pronounced longitude effects and pro-
vide details about the spatial extent of wave activity that
may have geophysical importance. In the paper, emphasis
is upon the longitude and spatial effects. We find similar

TABLE 1. Coordinates of the Four Antarctic Stations
Providing VLF Data Used in This Paper
Station Latitude Longitude L MLT
Siple 75.9°S 84.3°W 4.3 ~UT -5
Halley 75.5°S 26.9°W 4.3 ~UT -3
Sanae 70.3°S 24°W 4.1 ~UT -1.5
Kerguelen 49.4°S 70.2°E 3.7 ~UT + 4
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VLF activity at the same local time, such as quasi-periodic
(QP) emissions, chorus, or banded hiss fed from echoing
whistlers. Kerguelen is found to be spectrally independent
of the more closely spaced trio of Siple, Halley, and Sanae.
Spheric levels show clear evidence of attenuation over ice
but also worldwide contributions.

The most striking longitude effect is the difference in
observed levels of activity: high at Siple and Halley, low
at Sanae, and intermediate at Kerguelen. The latter sta-
tion shows substantial whistler activity on both sides of the
plasmapause, but there may be a tendency to less trigger-
ing by whistlers and higher densities in the plasma trough.
We now illustrate these features in more detail by reference
to spectrograms of selected events of various types of VLF
activity at the four stations.
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Whistlers and Whistler- Triggered Emissions

In Figure 2a we show 0-10 kHz spectrograms of the
VLF waves received simultaneously during a 9-s interval on
June 28, 1982. Siple, Halley, and Sanae were in the morning
sector; Kerguelen was in the afternoon sector.

A knee whistler was observed at ~ 1115:15.5 UT at Siple.
The whistler triggered chorus-type noise in an upper band
at ~5 kHz and also intensified a preexisting band at ~3 kHz.
The triggered or intensified noise was stronger than the
whistler trace itself, and this is typical of such events ob-
served at Siple during the morning hours.

At Halley, a similar event was seen, although triggering
only occurred here in the upper band near 4 kHz. In this
case the whistler trace is barely discernable on the record.

1735 UT
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28 JUN 82 13 MLT

(b)

(a) Stacked 0-10 kHz spectrograms for the four stations, in order of increasing east longitude, for a

9-s-long interval beginning 1115:11 UT on June 28, 1982. The approximate magnetic local time at each station is
shown above the center of the spectrogram. A faint knee whistler, which triggered bursts of chorus, was recorded
at about 1115:15 UT at both Siple and Halley. See the text for further discussion. (4) A similar plot to Figure
2e but beginning at 1735:16 UT on June 28, 1982. A knee whistler with triggering, though different in character
from that of Figure 2a, was recorded near 1735:20 UT at Siple, Halley, and Sanae, while the whistlers seen at

Kerguelen were predominantly plasmaspheric.
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The coincidence of the Siple and Halley whistlers means that
they originated from the same source, and the similar gen-
eral appearance of the noise triggering implies that simi-
lar conditions, favorable for knee whistler propagation and
triggering, existed near the meridians of the two stations.
However, the fine structure of the triggered noise is different
in the two cases, implying that two different and fairly lo-
calized whistler paths and wave-particle interaction regions
were involved.

At Sanae, neither whistler nor triggered noise was ob-
served. At Kerguelen the activity was of an entirely different
character, as might be expected from the considerable sepa-
ration between it and the other stations. Whistlers were ob-
served there but they were plasmaspheric, i.e., propagating
along field-aligned paths within the plasmasphere. Neither
chorus nor hiss was observed at this time.

Figure 2b illustrates another knee whistler event some 6
hours later, when Siple, Halley, and Sanae had moved into
the afternoon sector. In contrast to the morning event, the
whistler itself is much more prominent (again typical of such
events at this time of day), and both it and the triggered
noise are similar in details of fine structure at Siple and
Halley. This suggests that in this case there was a com-
mon whistler path and triggering region, probably located
between the meridians of the two stations, or perhaps elon-
gated in longitude. The event was associated with over-
head burst precipitation at Siple, as indicated by correlated
changes in the VLF, riometer, photometer, and wave mag-
netometer (pulsation indicator) data.

It is interesting to compare the Halley data in Figure 25
with those from Kerguelen in Figure 2a recorded on the
same day at the same MLT. The activity is quite different:
plasmaspheric whistlers at Kerguelen; knee whistlers and
triggered chorus at Halley. This effect is quite commonly
seen, but rarely the reverse. It might be possible to ascribe
the effect to a change in magnetospheric conditions in the
intervening 6 hours, or the fact that Kerguelen, lying 0.6 L
further equatorward, is more likely than Halley to be in-
side the plasmasphere. However, it does seem that there is
a real underlying difference between the Siple/Halley and
the Kerguelen longitudes, which makes the former more fa-
vorable for the propagation of knee whistlers, and for the
triggering of chorus bursts. In contrast, Figure 4a shows a
case from the following day, June 29, 1982, in which similar
knee whistlers that triggered choruslike bursts of noise were
observed at Siple and Kerguelen at approximately the same
local time.

As in the morning event, there was very litile activity at
Sanae relative to Halley and Siple. In this case, however, we
do observe the lowest- frequency portion of the whistler and
a short triggered riser, signals which appear to be weaker
versions of the most intense part of the event as observed
further west. This would be consistent with the source being
located intermediate in longitude between Halley and Siple,
and the signals traveling to Sanae from that meridian under
the ionosphere — a path which at L ~ 4.3 is partly over the
Antarctic ice sheet and therefore subject to strong atten-
uation [Crary and Crombie, 1972]. A faint hiss band near
2.5 kHz is similar to a much more intense band observed
simultaneously at Halley.

The weakness or absence of both knee whistlers and cho-
rus at Sanae relative to the other stations, particularly Hal-
ley and Siple just to the west, is a striking and persistent
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feature of the present 2-day data set, and will be discussed
in more detail later. It is important to establish that it is a
real effect and not an artefact of the Sanae receiver, for ex-
ample due to poor signal-noise ratio compared to the other
receivers. The arguments against this possibility are that
(1) the response of the Sanae receiver to the spheric back-
ground is similar to that of the Halley receiver; (2) the weak
signals at Sanae are usually, as in Figure 2b, weak versions
of what is observed at Halley; however, there are rare ex-
ceptions to this, when strong waves which are different from
those at Halley are received at Sanae (this would not occur if
the receiver response was to blame); and (3) as regards knee
whistlers, the effect has already been noted independently
by Woods et al. [1979].

At Kerguelen, the principal whistler activity was again
primarily plasmaspheric, with echoing present. A noise band
at ~3 kHz appears to result from the merging of high-order
hop whistler echoes. This is not an uncommon occurrence
at this local time.

Banded Hiss and Chorus

In Figure 3a we illustrate the variety of banded VLF emis-
sions observed simultaneously at the stations. At Siple and
Halley there were two bands of chorus, centered near 1 kHz
and 2 kHz. The bands are of similar general form at the two
stations, although different in detail, as was the case for the
triggered burst in Figure 2a. It is inferred that the longi-
tudinal spread of the chorus from a given source region, by
virtue either of the spatial extent of the source region or by
propagation, is small relative to the longitudinal separation
of the stations (~ 30° magnetic), but that conditions favor-
able for the generation of bands at these frequencies exist
over a longitude range at least of this order. The bands are
not dissimilar to those present 3 hours earlier (Figure 2a)
from which they have evolved. There does seem to be a
tendency for noise at the lowest frequencies (< 1 kHz) to be
more intense at Siple than at Halley.

Uniquely, Halley observed a higher-frequency noise band
at about 6 kHz. This is of the type often observed to be
triggered by knee whistlers with an associated sudden inten-
sification and spectral broadening [Carpenter, 1978; Smith
et al., 1985].

At Sanae, no trace of any of the bands could be discerned,
as was the case for the 1115 UT event. Again at Kerguelen,
the activity was of a quite different nature: a mixture of
echoing plasmaspheric whistlers and knee whistlers but no
appreciable hiss, chorus, or triggered emissions.

Figure 3b shows data taken about 24 hours later and il-
lustrates day to day variability. In contrast to Figure 3a
there was a single VLF noise band at ~1.5 kHz, of a more
unstructured (hiss) type. The band was seen at Siple, Hal-
ley, and, much more weakly, at Sanae. Again, the activity
at Kerguelen was quite different.

Quasi-Periodic Emissions

During steady conditions it would be expected that, in
many cases, stations at the same L shell and different lon-
gitudes would observe similar types of VLF activity at the
same local time on the same day. In particular, Siple should
observe similar phenomena about 9 hours after Kerguelen.
Figure 4 shows two examples. In Figure 4a, similar knee
whistlers with triggered noise were observed at the same
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Fig. 3. Stacked spectrograms, in a similar format to Figure 2, for the intervals beginning 1435:09 UT on June 28,
1982, and 1550:04 UT on June 29, 1982. (a) The VLF activity was markedly different at the four statjons. (b)
The three closely spaced stations — Siple, Halley, and Sanae — observed similar hiss bands and whistlers.

MLT. The chorus and spheric backgrounds were, however,
markedly different.

In Figure 4b, quasi-periodic emissions {QPs) were ob-
served at Kerguelen and 9 hours later at Siple. QPs were
observed several times during the June 1982 SCAR Spe-
cial Interest period examined, and usually occurred in the
prencon sector, typically lasting for 2-3 hours.

Spherics

Although we are here principally concerned with VLF
whistler mode waves, it is nevertheless of interest to discuss
briefly the spheric noise received from distant thunderstorms
(local thunderstorms are extremely rare in Antarctica), be-
cause it undergoes the same subionospheric propagation as
do whistlers after they have emerged from the ionosphere.
This propagation must be taken into account in properly in-
terpreting the observations of whistler mode waves at spaced
ground stations.

At Siple, Halley, and Sanae the spheric background is in-

variably similar, with an attenuation band below ~6 kHz
[Barr, 1970]; at Kerguelen, e.g., in Figure 2b, a further
deep attenuation band below ~1.7 kHz and the presence
of “tweeks” [Helliwell, 1965] are a consequence of the night-
time conditions then prevailing at the more easterly station.
Spheric noise may be somewhat less intense at Siple com-
pared to the other, coastal stations, due to attenuation over
the Antarctic ice sheet (see, for example, Figure 3a). At the
same UT, essentially the same patterns of spherics are gener-
ally observed at Siple, Halley, Sanae [cf. Smith and Carpen-
ter, 1982], and to a lesser extent Kerguelen (see, for example,
the group of five closely and almost equally spaced elements
at 1115:16.5 UT in Figure 2a), confirming the global nature
of thunderstorm-generated VLF noise. Figure 3 shows a
marked difference in spheric background at the same UT on
two successive days, which is particularly marked at Sanae.

4. DiSCUSSION

The four ground stations are all near L = 4 and may
be considered mid-latitude. At this latitude (invariant geo-
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Fig. 4. (a) Siple and Kerguelen spectrograms for approximately the same local time (=~ 5-6 MLT) on the same
day (June 29, 1982), showing knee whistlers and associated triggering of choruslike noise; the whistlers are weak
relative to the triggered noise. The events are generally similar but different in detail. Background chorus is
stronger at Siple. The spheric levels are markedly different, presumably due to different global and regional
thunderstorm activity at the times shown. () Similar quasi-periodic (QP) emission events at Kerguelen and
Siple, at approximately the same local time (= 09 MLT) on the same day (June 29, 1982). For each station, two
successive synoptic minutes, 5 min apart, are illustrated. Again there are general similarities, e.g., the dominant

20-25 s periodicity, but differences in detail. At Siple, fine structure with a period of about 1.5 s is suggestive of
modulation by echoing in the low-density region outside the plasmapause.

magnetic latitude A =~ 60deg) the stations are typically in
the vicinity of the plasmapause projection, and most natu-
ral ELF/VLF waves received there from the magnetosphere
are whistler mode waves such as hiss and chorus which have
originated in or propagated through the region between the
inner edge of the electron slot and the lower-latitude edge
of the auroral zone.

To a first approximation, the wave activity observed in
the present study was ordered in local time, i.e., stations
tended to see similar activity at the same local times on the
same day (see Figure 4) and from day to day (Figure 3).
However, there were some striking longitudinal variations
and these will be emphasized in the following discussion.

Two specific effects have been described: firstly the signif-
icantly lower intensities and occurrence rates of whistlers
and banded chorus or hiss emissions at Sanae compared to
Halley and Siple; secondly the different character of signals
received at Kerguelen and Siple on the same day at the
same local time, for example the predominance of echoing
plasmaspheric whistlers at Kerguelen on the one hand and
of knee whistlers with triggered emissions at Siple on the
other (see, for example, Figures 2 and 3). Although the 2-
day 4-station data set used here is severely limited in both
temporal and spatial coverage, and may not represent in
any sense a typical or average situation, at least the first
of the above effects has confirmed an impression previously
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gained whenever Sanae VLF data have been compared with
corresponding data from Siple or Halley.

The main purpose of this paper is to show that these
longitudinal variations exist, at least at certain times and
under certain conditions, and to suggest some possible ex-
planations. With the limited data available we cannot hope
to arrive at any firm conclusions; this must await a more
detailed and quantitative study, ideally using a more closely
spaced chain of receivers (though poor longitude coverage is
inevitable owing to the lack of land near the southern L = 4
contour).

The observed longitudinal variations presented in section
3 may be related to the marked longitudinal asymmetry
in electron precipitation [Williams and Kohl, 1965; Imhof,
1968; Paulikas, 1975; Torr et al., 1975; Voss and Smith,
1980; Varga et al., 1985]; generally higher precipitated fluxes
are observed to the west of the South Atlantic geomagnetic
anomaly (e.g., Siple and Halley) than to the east of it (e.g.,
Kerguelen). Although an association between electron pre-
cipitation and certain types of VLF waves has been shown
to exist experimentally [Oliven and Gurnett, 1968; Coroniti
and Kennel, 1970; Rosenberg et al., 1971; Hargreaves and
Bullough, 1972; Holzer et al., 1974; Inan and Carpenter,
1987], it is not necessarily to be expected that the geomag-
netic anomaly will be related to VLF wave activity in a
simple way.

However, the self-consistent model of pitch angle diffu-
sion due to Etcheto et al. [1973], in which the wave field
that drives pitch angle diffusion is produced by instabili-
ties of the same particle population that is being precipi-
tated, suggests that the relationship between precipitated
fluxes and wave intensity may be nonlinear. Thus to the
east of the anomaly, where the particle fluxes are reduced,
both the wave intensity and the pitch angle diffusion coeffi-
cient may exhibit minima. Recently Bering et al. [1988], on
the basis of data from rocket-borne bremsstrahlung X ray
detectors launched from Siple and Kerguelen, reported sys-
tematic differences in electron precipitation above the two
stations. Specifically they found that both the precipita-
tion background and the occurrence of microbursts [Foster
and Rosenberg, 1976] were very low at Kerguelen compared
to Siple. They suggested that the lower background might
be due to a longitudinal dependence of the electron pitch
angle diffusion coefficient by as much as 2 orders of mag-
nitude, consistent with the Eicheto et al. [1973] model. If
this explanation is correct it would be consistent with our
observations of different and generally lower wave activity
at Kerguelen compared to Siple and Halley, as shown, for
example, in Figure 2. The lower level of wave activity that
we have found at Sanae is also consistent with Bering et al.’s
[1988] inference that the pitch angle diffusion rate is usually
very low between the longitudes of Sanae and Kerguelen.
Finally, considering that chorus emissions are probably re-
sponsible for the production of microbursts [Rosenberg et
al., 1971; Foster and Rosenberg, 1976], the relative absence
of microbursts at Kerguelen is consistent with the relative
absence of knee whistlers and chorus found at Kerguelen in
this study.

Another possibility is that substorm penetration into the
magnetosphere near midnight may be deeper at the longi-
tude of Siple than at others, perhaps due in some way to
the geomagnetic field configuration. Freshly injected parti-
cles might then produce nearly overhead precipitation and

BRIEF REPORT 281

correlated stimulated VLF emissions at Siple, as in the Jan-
uary 2, 1971, case of Rosenberg et al. [1971]. (An example
from the data set of the present paper occurred at Siple at
around 0150 UT on June 29, 1982, when an 8-min-long auro-
ral hiss event with overhead aurora was terminated as over-
head precipitation increased, indicating substorm expansion
at that time.) If this speculation is correct, then, for a sim-
ilar substorm occurring near Sanae, the chorus (and pre-
cipitation) would be produced somewhat poleward of the
station, and thus appear weak, due to attenuation when
propagating over ice. Such a longitude effect in the latitude
of substorm-related chorus activity would continue to man-
ifest itself at later local times, for example in the morning
side banded chorus events discussed in section 3 (e.g., Fig-
ures 2a and 3a). In contrast, at the longitude of Kerguelen,
chorus events centered poleward of the station would appear
relatively strong, due to the low attenuation for VLF waves
traveling over seawater.

Whistler mode waves observed on the ground have gener-
ally traveled in ducts, and it is possible that the occurrence
of whistler ducts or the efficiency of the ducting process may
be longitude dependent. Tatnall et al. [1983] have inferred
from Ariel 4 satellite data that ducting at 3.2 kHz is stronger
at American than at European longitudes, though there is
little direct evidence to support this. If it is a real effect it
may be related to the relatively active thunderstorm region
in the eastern United States (see below), since thunderstorm
electric fields have been proposed as a possible cause of duct
creation [Park and Helliwell, 1971; Lester and Smith, 1980];
it could be a factor in explaining our observations, but more
investigation is needed on this point.

In the case of whistlers, the role of thunderstorms in pro-
viding (in lightning discharges) the source of energy (before
subsequent magnetospheric amplification) is probably more
important than any effect they may have in influencing duct
creation. The significantly lower occurrence of whistlers,
particularly knee whistlers, at Sanae compared to Siple, re-
ported by Woods et al. [1979] and more recently by Ladwig
and Hughes [1989], has already been mentioned. This was
confirmed in a previously unpublished study of five sam-
ples of simultaneous Siple, Halley, and Sanae whistler data
from three different days in 1973. Table 2 lists these pe-
riods and the numbers of whistlers received at the three
stations, derived by counting the whistler traces visible on
spectrograms. The longitudinal gradient in whistler occur-
rence is consistent with the observation that the majority of
whistlers received by the VLF goniometer at Sanae arrive

TABLE 2. Comparative Whistler Rates at Siple, Halley, and
Sanae, for Five selected 1-min samples on Three Days
in the Winter of 1973

Date, 1973 Time Kp Siple Halley Sanae
June 10 0415 UT 3- 67 94 4
June 10 0420 UT 3- 36 51 1
June 10 0425 UT 3- 36 77 12
June 27 1915 UT 1+ 60 58 2
July 23 0035 UT 24 20 20 3
Total 219 300 22

The table shows the number of whistlers observed in the
first 53 s of the minute. Only those whistlers sufficiently well
defined to be considered “scalable” for the purposes of whistler
dispersion analysis have been counted.
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from the northwestern quadrant [Ladwig and Hughes, 1989].
The low occurrence rate at Sanae will be accentuated by at-
tenuation over the Antarctic ice sheet [Crary and Crombie,
1972] lying to the west of Sanae, and also by anisotropic
propagation in the earth ionosphere waveguide. Signals in
the attenuation band around 2 kHz are attenuated much
more when traveling eastward than westward [Barr, 1971].

Imhof et al. [1986] have found that short-duration night-
time electron precipitation events maximize in the longitude
range 250°-320°E in the northern hemisphere and associate
these with lightning activity. Orville and Henderson [1986]
have published the distribution of midnight lightning de-
rived from DMSP satellite photographs. While restricted in
local time, this data set is not subject to the bias in meteo-
rologically derived thunderstorm occurrence statistics intro-
duced by the denser network of observing stations on land
than at sea. Outside the tropical and semitropical latitudes
(40°S to 40°N), the lightning occurrence, particularly during
the northern summer, is strongly concentrated in the region
of the eastern United States and Canada, near the conju-
gates of Halley and Faraday. It drops off sharply over the
North Atlantic Ocean (conjugate to Sanae) and increases
slightly again over Europe (approaching the conjugate of
Kerguelen). Thus the lightning source distribution has a
strong gradient in the longitude range of our data. How-
ever, it is known that lightning whistlers [Carpenter and
Oruille, 1989] can propagate on field lines with footprints
thousands of kilometers from the source. Thus it is difficult
to understand why the observed sharp drop-off in whistler
occurrence between Halley and Sanae could be entirely due
to the source distribution.

Any explanation of the longitudinal variation in VLF
emissions (hiss and chorus) in terms of lightning occurrence
is likely to rely on wave-wave interactions between those
emissions and whistlers. Although it is known that whistlers
can trigger discrete emissions [Helliwell, 1965; Reeve and
Rycroft, 1976], including intense chorus bursts up to 30 s
long [Carpenter, 1978; Smith et al., 1985], it seems unlikely
that the geographical distribution of lightning can explain
the longitudinal variations observed in the case of the typi-
cally long, relatively steady banded emissions of this study,
which occur in the absence of whistlers or are unmodulated
by whistlers which do occur.

The data described in section 3, besides providing evi-
dence of the strong longitudinal variation in VLI' activity
discussed above, also confirm previously reported spatial
characteristics of the generation and propagation of VLF
phenomena, inferred through the similarities and differences
in observed spectra at the four spaced stations. Except in
the waveguide attenuation band (~ 2 kHz), the propaga-
tion of spherics is on a global scale, since essentially the
same patterns are often seen at all four stations. On the
other hand whistler spectra at I(erguelen are never similar
to those at the other three stations. At Siple, Halley, and
Sanae, whistlers generally show some similarities and some
differences, indicating that the longitudinal extent of the
typical viewing area for a ground-based whistler receiver is
of the order of the Siple-Halley spacing, i.e., ~ 30° (geo-
magnetic). By contrast, the details of the spectral forms of
chorus are rarely similar at adjacent stations, indicating an
interaction region size small compared to the station spac-
ing, say ~ 5° in longitude [cf. Helliwell, 1965, p. 291]. This
corresponds to ~ 2500 km at the equator and ~ 250 km in
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the ionosphere and is consistent with the estimated size and
shape of wave-induced precipitation regions inferred from
studies of the Trimpi effect [Carpenter and Labelle, 1982;
Inan and Carpenter, 1987] (although these studies related
to lower L shells: L ~ 2). It is also roughly comparable
with the size of whistler ducts reported by Angerami [1970],
although Strangeways [1986], based on observations by On-
doh [1976], has argued that ducts as narrow as 25 km may
be important, the minimum size being limited by the escape
of whistler mode waves from a duct when its wavelength ex-
ceeds the duct dimensions.

Often the general form of banded chorus, for example, is
similar at Halley and Siple, even though the spectral details
may be different. This suggests that conditions which are
generally favorable for wave generation frequently exist over
at least ~ 30° in longitude or ~ 2 hours in local time.

We have not been able to reach any definite conclusions
about the causes of the observed longitudinal variation in
whistler mode wave activity, because of the limitations of
the available data set, both temporally and spatially. A
more detailed and quantitative study is needed, using a
much longer interval, and preferably using identical receivers
at the different stations, perhaps using synoptic radiometer
type equipment [Smith and Yearby, 1987; Fraser-Smith et
al., 1988]. At L ~ 4 the longitudinal coverage is inevitably
patchy, since the only possibilities for land-based stations
are from ~ 100°W to ~ 10°E (the Weddell Sea sector
of Antarctica from Thurston Island to Novolazarevskaya),
near 70°E (Kerguelen and Heard Island), and near 160°E
(the Auckland, Campbell, and Macquarie Island groups).
In Antarctica, AGOs (automatic geophysical observatories)
may provide the technology for a more closely spaced chain
of receivers than is provided by the currently manned sta-
tions.

5. CONCLUSIONS

VLF data from four L ~ 4 Antarctic stations from a 2-
day period in June 1982 have been compared. Siple, Halley,
and Sanae form a closely spaced (~ 20°-30° geomagnetic
longitude) triplet, while Kerguelen is ~ 120° (geomagnetic)
to the east, on the opposite side of the South Atlantic geo-
magnetic anomaly.

To a considerable extent there was a repeatable diurnal
variation in activity at all stations on the two days; note, for
example, the whistlers at Kerguelen and the chorus at Siple
in Figure 3. Events observed at Siple tended to be similar
to those observed ~ 9 hours earlier (the same MLT) at Ker-
guelen on the same day; for example, the knee whistlers and
QP emissions of Figure 4. There seemed to be less tendency
for knee whistlers to trigger emissions at Kerguelen than at
Siple. Whistler activity at Kerguelen was mainly, but not
entirely, plasmaspheric, at times when Siple was mainly see-
ing whistlers outside the plasmasphere (Figure 2); this may
be due to the slightly lower L value of Kerguelen.

There was a very marked drop-off in both whistler and
VLF emission activity between Siple and Halley on the one
hand and Sanae on the other. The reason for this is not
clear; it may be either (1) a source effect such as the lower
occurrence of lightning in eastern North America compared
to the adjacent Atlantic Ocean, or else (2) a wave-particle
interaction effect whereby the conditions for wave growth or
amplification are more favorable, or substorm injections of
energetic electrons penetrate more deeply, at the longitude
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of Siple than further east (possibly related to the proximity
of the South Atlantic geomagnetic anomaly). The latter is
probably more likely since the effect is observed for cases
in which there is no evidence of interaction with waves from
near-ground sources, and in regions outside the plasmapause
whither such waves have limited access.

Comparison of the spectral forms of whistler mode activ-
ity at neighboring stations suggests that wave generation
occurs simultaneously over relatively wide longitude (or lo-
cal time) sectors (2 30°). Individual interaction regions are
smaller than this, < 5° in longitude, comparable with the
previously inferred sizes of whistler ducts.

Data sets with longer time coverage and better spatial res-
olution are required to answer some of the problems raised
by this preliminary study.
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