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Abstract: The Doppler shift, one-hop group travel time and arrival direction 

of whistler mode signals from the NAA (24 kHz) and NSS (21.4 kHz) VLF 

transmitters in eastern U.S.A. have been measured in the conjugate region, at 

Faraday Station, Antarctica (65°S 64°W, £=2.3). Two identical narrow-band 

receivers of the type described by N. R. THOMSON (J. Geophys. Res., 86, 4795, 

1981) were used. The technique enables cross-£ plasma drifts and flux tube 

filling and emptying rates in the inner magnetosphere to be inferred continuously 

with a time resolution of 15 min. Ducted whistler mode signals, of typical strength 

,_,1 µVm-1 from both transmitters were observed every night during February­

March 1986, usually with multi-duct structure evident. Such structure was 

generally similar for the two transmitters, indicating propagation along a com­

mon set of ducts. This permitted the determination of the £-values of the ducts 

without reference to natural whistler data. Typical one hop group travel times 

were in the range 300-900 ms and Doppler shifts in the range -500 mHz to + 500 

mHz. Most ducts could be tracked for several hours, and during the night their 

as&ociated group travel times often exhibited a steady decrease followed by a 

steady increase, suggesting a change from inward to outward cross-£ drifting 

under the action of east-west electric fields of magnitude .-,0.3 mvm-1
• This 

drift reversal occurred at ,..,_,02 LT and was accompanied by a rapid change from 

positive to negative Doppler shifts. 

1. Introduction 

Large scale quasi-DC electric fields in the magnetosphere, arising from the inter­

action of the geomagnetic field with the interplanetary medium or through ionospheric 

dynamo processes, play a crucial role in theories of plasma convection (AXFORD, 1969; 

MOZER, 1973). To test such theories, magnetospheric electric fields may be measured 

or inferred experimentally by a number of techniques, each having advantages and 

disadvantages. Double probe sensors on board high altitude satellites (PEDERSEN et 

al., 1978) provide direct in-situ measurements but only along the satellite orbit. Iono­

spheric electric fields determined locally by balloon borne instruments (MOZER et al., 

1974) or over wide regions by incoherent scatter radars (EVANS, 1972; BLANC et al., 

1977) may be mapped upwards, but equipotential field lines must be assumed. The 

analysis of natural whistlers (originating from lightning strokes) observed on the ground 

at a single station can provide information about the Ex B drift velocities of whistler 
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ducts (field aligned plasma density irregularities which guide the whistlers), and hence 

perpendicular electric fields, over a considerable volume of the magnetosphere (CAR­
PENTER et al., 1972; RASH et al. , 1986). Unfortunately the analysis is time consuming 

and the technique relies on lightning discharges occurring at a suitable location and 

with sufficient intensity at VLF to illuminate any whistler ducts which may be present, 

and with an occurrence rate large compared to the reciprocal of the time for which 

the duct structure remains substantially unchanged ( ,...._,5 min in active times). The 

probability of such conditions occurring depends on, amongst other factors, local time, 

season, and the latitude and longitude of the receiver. 
The problem of source variability inherent in the natural whistler method can be 

overcome by observing instead whistler mode signals originating in high power VLF 

communications transmitters, using a receiver in the conjugate region of the trans­

mitter. The source then has a known location, radiated power, frequency, and mod­

ulation format. Changes in the group travel time between conjugate points may be 

due either to cross-L plasma drifts (and hence electric fields), or changes in plasma 

density, or a combination of both; in the case of broad band natural whistlers, these 
effects may be distinguished by measuring the dispersion; in the case of narrow band 
whistler mode signals from VLF transmitters it may be done by measuring the Dop­

pler shift of the received signals in addition to the group travel time between hem­

ispheres. 

The VLF Doppler technique has been developed by workers in New Zealand 
(MCNEILL and ANDREWS, 1975; ANDREWS et al. , 1978; ANDREWS, 1980) using the 
approximately conjugate NLK transmitter near Seattle. In this paper we describe a 
new experiment designed to measure large scale electric fields, plasma motions, and 
whistler duct properties in the inner magnetosphere (L,...._,1.5-2.5) by means of two 

VLF Doppler receivers at Faraday, Antarctica tuned to the NSS and NAA trans­
mitters in eastern USA (see Table I for station coordinates and transmitter charac­

teristics, and Fig. I for a map). An important advantage of this arrangement is that, 

provided a given duct carries whistler mode signals from both transmitters, measure­
ments at the two different frequencies allow the dispersion associated with the duct 

Table 1. Coordinates of the VLF transmitters NAA and NSS, of the Faraday (FA) receiver, 

and of their conjugates (NAA', NSS', FA'). The latter have been calculated 

at an altitude of 100 km and epoch 1986.0, using the IGRF1985 geomagnetic 

field model. Also shown are great circle distance and bearing ( east of north) 

from Faraday, transmission frequency, radiated power and modulation format, 

and maximum L-shell for ducted whistler mode propagation (in an enhanced 

density duct). 

Station Lat. Long. 
L 

Dist. Bear. Freq. Power Modn. 
Lmax (deg) (deg) (km) (deg) (kHz) (kW) (baud) 

NAA 44. 7N 67. 3W 3.2 12220 358 24.0 1000 200 MSK 2. 6 
NSS 39.0N 76. 5W 2. 7 11640 350 21. 4 265 200 MSK 2. 7 
FA 65.3S 64. 3W 2. 3 
NAA' 71. OS 61.4W 3.2 650 171 
NSS' 65. 5S 84.8W 2. 7 940 259 

FA' 38. 8N 68. 6W 2.3 
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Fig. I. Great circle map centred on Faraday station (FA) showing the locations of NAA, NSS, and 

conjugates (FA', NAA', NSS'). The projections of the L=l.5, 2, 2.5, and 3 shells are 

shown in the region of Faraday. 

and hence its L-value to be determined. With the single transmitter configuration 

this is only possible by analysing natural whistlers travelling in the same duct. We 

now briefly review the principle of the VLF Doppler technique, describe the experi­

mental arrangements at Faraday, and present some results from the first month of 

operation. 

2. Principle of the VLF Doppler Technique 

The method has been described by THOMSON (1976a), and ANDREWS (1980), and 

will be reviewed only briefly here. 

The phase and group travel times for a whistler mode wave propagating through 

the magnetosphere are given by: 
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(1) 

(2) 

Integration is over the whistler path S, which in the inner magnetosphere can 
usually be considered as a dipole field line; np and ng are the phase and group refractive 
indices. The expressions for np and ng as functions of the wave frequency f, the plasma 
frequency fp and the electron gyro frequency f H, used in eqs, (1) and (2), are usually 

good approximations for the case of longitudinal propagation. It has been shown 

(SMITH, 1961) that travel times calculated using eq. (2) are generally within 1 % of the 
true travel times of whistlers guided in field aligned density enhancements (whistler 
ducts) in the magnetosphere. 

If the propagation path changes, because either (a) the path moves through space 

by Ex B drifting under the action of a perpendicular electric field (i.e. S changes), 
or (b) the plasma density or distribution (and hence fp) change or (c) the magnetic 

field (and hence/H) change, then eqs. (1) and (2) show that tp and lg will both be affected. 

Whilst tp is not measurable directly, changes in tp are, since 

dtp 

dt 
-Jf 

f 
(3) 

Previous work (e.g. ANDREWS, 1980) has shown that observed whistler mode 

Doppler shifts at L�2.3 are largely due to path drifting under the action of electric 
fields. The relationship between cross-L drift and westward electric field in Vm-1 is 

{THOMSON, 1976b): 

Ew = 
-200 dL 
L3 dt ' 

(4) 

where B0 is the magnitude of the geomagnetic field (assumed dipolar) at the surface 
equator, and RE is the radius of the earth. Except near dawn and dusk, contributions 

due to flux tube coupling with the ionosphere have a relatively small effect. Plasma 
changes in the ionosphere below 1000 km altitude also contribute slightly ( � 10-20%) 

to Doppler shifts, and can be corrected for. Direct effects of a changing geomagnetic 

field on the integrals of eqs. (1) and (2) are negligible except in very disturbed condi­
tions, although electric fields induced by the changing B may contribute to the path 
drift (ANDREWS et al., 1978). Since experimentally lg and Jf are determined with 

reference to the subionospheric signal received in the opposite hemisphere from the 
transmitter, a correction to lg is needed to take account of subionospheric propagation; 
the subionospheric Doppler shifts are however negligible. 

When non-zero Doppler shifts and changing !g's are observed, the relative con­

tributions of path drifting and electron tube content changes can be estimated from 

the relative changes in tp and lg, since their expressions, eqs. (1) and (2) above, involve 

different functions of fp and /H· THOMSON (1976a) has shown that dtp/dtg �1.7 for 

a duct fixed in space, but dtp/dtg �0.8-1.3 (depending on L) for a duct drifting in a 
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magnetosphere in which the equatorial electron density neq is proportional to L-4• 

Positive Doppler shifts and decreasing group delays are associated with the inward 

drifting of ducts (westward electric fields) and decreasing electron tube content (down­

ward fluxes), and vice versa. When fluxes are neglected, an approximate relationship 
between the Doppler shift in Hz and the westward electric field in mVm-1 (for f 18.6 

kHz and L,..._,2.3) has been given by ANDREWS (1980): Ew =2.5 LJf 

In previous work, using a single transmitter, it has not been possible to determine 
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Fig. 2. The rising curves are group travel times lg (left hand scale) calculated by ray tracing as 

functions of L, for whistler mode propagation in a 15% enhancement duct between 1000 

km altitudes in opposite hemispheres. The calculations assume models of ionospheric 

density, ion composition and temperature appropriate to winter day and summer night con­

ditions (SAGREDO and BULLOUGH, 1972) at the 1000 km reference altitude; diffusive 

equilibrium along field lines, and a dipole geomagnetic field geometry are also assumed. 

The solid curves are for NSS (21.4 kHz) and the dashed curves for NAA (24.0 kHz). The 

falling curves (right hand scale) show the percentage difference in group travel time, i.e. 

100%x[l-tg(NAA)/tg(NSS)J, for the two models. The labelled points show the 

L-shells of whistler ducts observed on the night of 6-7 March 1986, see Fig. 4, at the midpoints 

of their simultaneous observation by the NAA and NSS receivers. 
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the L-shell of propagation of the observed whistler mode signals except by reference 

to natural whist]ers, for which the nose frequency can either be measured directly 
from broadband spectrograms or by upward extrapolation of the observed lower 

frequency part of the whistler trace. This can be unsatisfactory since whistlers are 
not always present, and even when they are, the extrapolation procedure becomes 

inaccurate at low L values. In the present experiment we have the advantage that 
the receiver is situated where it can receive and measure the group delay of whistler 
mode signals from two different transmitters, NAA and NSS, operating at two differ­

ent frequencies, which have travelled in the same duct. This is equivalent to measur­

ing two points on the whistler profile from which the £-shell can be derived (DOWDEN 
and ALLCOCK, 1971; BERNARD, 1973) almost independently of the electron density 

model. Figure 2 shows calculations of lg as a function of L for NAA (24 kHz) and 

NSS (21.4 kHz), and for two different models appropriate to a summer day and a 
winter night ionosphere (SAGREDO and BuLLOUGH, 1972). The NAA and NSS curves 

cross over at an L value ( ""'2.4) for which the whistler nose frequency lies between 

21.4 and 24 kHz. It can be seen that the percentage difference in group delay, i.e. 

100% x [tg(NSS)-tg(NAA)]/tg(NSS) is almost independent of model and can be used 
to determine L for a particular ducted path illuminated by both transmitters. As 

in the natural whistler method, the accuracy decreases at lower L values since the 
error in the lg difference remains constant and thus the error in the percentage differ­
ence increases. 

3. Experiment Description 

Two mutually perpendicular vertical loops (aligned north-south and east-west) 
and a vertical electric monopole, which are sensitive to the Hx, Hu, and Ez components 

respectively of the VLF wave field, are connected to broadband VLF preamplifiers 

which provide the inputs to two identical narrow band Doppler receivers and a con­
ventional broadband VLF goniometer (BuLLOUGH and SAGREDO, 1973). 

Each Doppler receiver is essentially as described by THOMSON (1981). The two 
main differences, apart from the different operating frequencies, are firstly that the 

transmission modulation format is 200 baud MSK (minimum shift keying) rather 

than 100 baud, so that the basic sampling interval is 5 ms instead of 10 ms, and secondly 
that the system has a direction finding capability (see THOMSON, 1985). 

The specific system at Faraday has been described by STRANG EWA YS and THOMSON 
(1986). In-phase/out-of-phase and quadrature phase sensitive detectors lock on to 

one of the shifted frequencies (e.g. 24.05 kHz in the case of NAA); the outputs of the 

phase sensitive detectors are sampled digitally. The subionospheric signal is much 
stronger (by ""'50 dB) than the whistler mode signal and unlike the latter is highly 
stable in amplitude and phase. This property enables it to be subtracted from the 

total signal to yield the whistler mode signal alone. The whistler mode and subiono­
spheric signals are cross correlated digitally. The coefficients are accumulated linearly 
for 1 s, so that peaks in the resulting 200 point correlation function correspond to 

group delays in the range 0-1 s with a resolution of 5 ms in a 1 Hz bandwidth (in prac­
tice ± I ms resolution may be obtained by curve fitting; see ANDREWS et al. (1978)). 
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Doppler shifts are obtained by carrying out similar cross-correlations in 25 narrow 

band channels spaced 40 mHz apart throughout the range ±0.48 Hz relative to the 

zero Doppler shifted signal. For each channel the in-phase and quadrature whistler 

mode signals are combined using a phasor of the appropriate frequency. The co­

efficients are linearly accumulated for 25 s. 
The direction of arrival information is derived from two cross correlation func­

tions computed using the Hx and Hv components, with sense information provided 
by the Ez component. 

The linear accumulations of cross-correlation coefficients are squared and averaged 

over 15 min before being written on to a floppy disc. All the digital computations 

are performed by a micro PDP-I I computer (for each receiver). 
Calibration is achieved both in hardware, by using a small coil to inject a known 

signal at the centre of the loop aerials, and in softwar� by adding small whistler mod:! 

signals at a known group delay and amplitude. 

4. Preliminary Results 

The experiment began producing data in mid February 1986. Since then both 

the NAA and NSS receivers have been run almost every night. At the time of writing, 

however, the only data to hand are those obtained during the month of operation 

before the departure from Faraday in March 1986 of the last ship before the Antarctic 

winter. Thus the results below are from a relatively small sample and are presented 

with the caveat that they may not be representative. 

Whistler mode signals from both NAA and NSS were received every observing 

night-35 nights for NAA and 21 nights for NSS. This occurrence is greater than 
the 70% reported by MCNEILL and ANDREWS (1975) in eight years of observations 

at Wellington of whistler mode signals from the NLK transmitter, Seattle. Group 

time delays were almost all in the range 0.3-0.9 s. In the majority of cases most of 
the whistler mode power was received in one or more narrow (:S:20 ms) ranges of 

group time, each being associated with a whistler duct. In a few cases the power 

distribution was spread more widely in group time (,..._,I 00 ms), as in "swishy" natural 
whistlers. 

On average, whistler mode signals appeared at ,-......,Q2 UT (22 LT at Faraday) and 

disappeared at ,..._, l O UT (OS LT at Faraday). This is consistent with the finding of 
Mc NEILL and ANDREWS ( 1975) that whistler mode signals are cut off when both ends 

of the path are sunlit, assuming that the paths lie between the (magnetic) meridians 

of Faraday (FA) and NAA or NSS. During the February-March time frame under 
consideration. i.e. before the March equinox, the northern hemisp:1ere ends of likely 

paths (i.e. NAA, NSS, FA', where ' denotes conjugate) are in darkness longer than 

their conjugates (FA, NAA', and NSS'). 02 UT is after sunset at NAA, NSS, and 

FA', and IO UT is before sunrise. On a few occasions whistler mode signals were 

present until after I 3 UT, i.e. up to 2 h after sunrise; however the paths in these cases 

could have been well to the west of the Faraday meridian. Further analysis using 
the direction finding data should allow this to be checked. 

Whistler mode amplitudes measured were typically in the rang� 0.3-3 .,Nm-1, 
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but sometimes exceeded 5 pVm- 1
• The effective receiver sensit ivity, l im ited by spheric 

noise, was variable, typically around 0.2 1Nm-1• The amplitudes of the subiono­
:spheric s ignals were � 1 00-200 pVm-1 . 

Whistler ducts were associated with narrow peaks i n  the cross-correlat ion func­
tions which varied s lowly in lg and amplitude from one 1 5  min averaging i nterval to 
the next. The duct structure observed was h ighly variable from n ight to n ight. 
U sua11y several ( �5- 1 0) ducts were d ist inguishable during a n ight, each last ing for 
:several hours. Thi s  was expected s ince it i s  known from studies of natural whistlers 
that ducts, particularly those well i ns ide the plasmasphere, can be identified for m:my 
hours from a s ingle ground station (e.g. RABE and ScouRFIELD, 1 97 7). In most cases 
the duct structures seen on the two receivers were very similar, except for small sys­
tematic d ifferences i n  lg due to the different frequencies, implying that essentially the 
same set of ducts were accessible to signals from both transmitters . This is not sur­
pri s ing si nce the distance between NAA and N SS, � 1 000 km, i s  small compared to 
the 3000 km over which MCNEILL and ANDREWS ( 1 975) found that s ignals could prop­
agate under the ionosphere before entering a duct. 

Doppler shifts have been observed throughout the entire receiver bandwidth, i. e. 

± 0.48 Hz with respect to the unshifted s ignal . ln general the whistl er mode energy 
correspond ing to a single duct was spread over several of the Doppler channels . The 
average Doppler shift for the duct could be found by curve fitting using the channel 
wh ich had the highest ampl itude at the lg of the duct together with its adjacent chan­
nels. 

In general the observed ducted paths had non-zero Doppler shifts (:J/) and s lowly 
changing !g's, primari ly associated with their cross-L drift ; th is was confirmd by 
values of d tp/dtg near to 1 .0. Often several ducts closely spaced i n  lg also had very 
simi lar dlp ,ld l  and JJ: Th is suggests that the ducts were spatially closely clustered 
and drift ing together. The i nferred drifts were consistent with east-wes t electric fields 
of magnitude ,-...,Q-0.3 mVm- 1 (cf THOMSON, 1 976b). 

The most repeatable feature of the data was a change from decreas i ng lg and 
posit ive ilf to increasing lg and negative Jf occurring before dawn, at 6.6 h ± 1 .  I h 
UT ( �02 LT at Faraday). For N AA, th is reversal was observed on 19 n ights out 
of 35. A simi lar effect has been observed in New Zealand by AN DREWS ( 1 980) on 
N LK whistler mode signals, for which the Doppler shifts in February and March 
t urned negative at about 1 530 UT ( ,.....,03 LT), and by ANDREWS and TH0.\1SON ( 1 977) 
on wh istler mode s ignals from NAA observed at Siple station, Antarctica ; i t  can be 
interpreted as due to a morni ng change from inward to outward drifts, also seen i n  
natural whistler data (CARPENTER and SEELY, 1 976), with some contribution from flux 
tube fi1 1 ing from the ionosphere. 

5. Whistler Mode Signals on 6-7 March 1986 

We wi l l  now i l lustrate some of the general results described above with data from 
a si ngle n ight, namely 6-7 March 1 986. Magnetic conditions were fairly d isturbed 
(Kp �4-6). 

Figure 3 summarises the group delay and Doppler shift data for this n ight. The 
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Farada�  ULF  Dopp l er Expl . 7 Mar  85 
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Fig. 3. Upper left panel : plot of NAA whistler mode intensity, shown qualitatively by the colour 

scale, vs. lg and UT. One pixel corresponds to 5 ms in lg and 15 min in UT. Upper right 

panel : similar plot for NSS. Lower le.ft panel : NAA Doppler shifts shown in colour for all 

signals exceeding a threshold ; the lg and UT scales are the same as for the upper panels. 

Lower right panel : similar plot for NSS. 

top two panels show time delay vs. UT plots for NAA and NSS. One pixel corre­

sponds to 15 min in UT and 5 ms in lg, Colour represents whistler mode amplitude 

qualitatively ; the strongest signals correspond to about l 11vm-1 • A vertical column 
of pixels represents the central part of one 15 min average cross correlation function 

between whistler mode and subionospheric signals. This form of presentation is 

helpful in showing cross correlation peaks which change slowly and systematically in 

their time delay, thus enabling ducts structures to be identified. Prominent ducts 

are evident at lg ,_,350 ms between 04 and 07 UT, lg ,_,700-500 ms between 02 and 
07 UT, and lg ,_,800-650 ms between 06 and 09 UT. 

The two lower frames of Fig. 3 show Doppler shifts. For all pixels with an ampli­

tude above a certain threshold, chosen to isolate the duct structures, the Doppler shift 
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corresponding to the channel with the largest ampl itude at that group delay i s  indi­
cated by colour. M ost Doppler shifts are near zero ( ± I 00 mHz) . However the 
prominent duct at 06-09 UT shows a marked and rapid  change from posit ive Doppler 
shift ( �350 mHz) to negative ( � - 250 mHz) at about 0730 UT, at the same t ime 
that the rate of change of group t ime delay changes from negati ve to posit ive. This 
U-shaped feature in the fg vs. UT plot, with corresponding change in sign of the Dop­
pler shift, was seen on most n ights, as d i scussed in Section 4. 

At �0645 UT, before the drift reversal, d tg/dt for NSS::::: -20 x I 0-6
• Wri ting 

eq . (4) as : 

E - 200 d

d .. �t¥ I ddtLg ' 
w = I.} ( 5) 

and using a value of 0.76 for d tg/dL derived for L =2. 55 from the slope of a l ine inter­
mediate between the SD and WN curves through the poi nt Aa of Fig. 2, we find that 
Ew =0.30 mYm -1 • At this t ime - d tr ld t cc Jf/f 1 7  X 1 0-6, so that dtr/dtg �::�0 .85 ,  con-
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Fig. 4. A I g vs. UT plot for the centres of the discrete traces of Fig. 3, corresponding to identifiable 
whistler ducts. NA A data are hdicated hy cirdes and upper case duct labels, NSS by crosses 
and lower case duct lahels. 
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sistent with neqocL-4 (THOMSON, 1976a). At ,...,,,Q815 UT, after the drift reversal, dtg/ 
dt:::: 11 x 10-6, implying Ew :::: -0.16 mVm-1. 

In Fig. 3 the NAA and NSS plots are very similar to each other. In Fig. 4 we 
plot for each transmitter the central lg (found by curve fitting around the peaks in 
the cross correlation functions) for each of the duct traces present in Fig. 3. In five 
cases, labelled Aa, Cc, Dd, Ee and Ff, the corresponding NAA and NSS traces run 

closely parallel; the Bb traces have a more complex structure. For the Aa pair, NAA 

group delays are slightly larger than NSS, indicating an £-shell of propagation with 
a whistler nose frequency less than the transmitter frequencies; the reverse is true for 

the other pairs. As described earlier, the fractional lg differences can be used to infer 

the £-shell of propagation, almost independently of the assumed plasma distribution 

model. The resulting values, for the midpoints of simultaneous observation by the 

two receivers, are shown as points in Fig. 2. We note that all except point Ff lie be­
tween the SD and WN curves, suggesting that the actual plasma distribution on this 

night was intermediate between the SD and WN models. It is not clear why Ff does 
not fit into the same pattern, but it could be that the NAA and NSS signals are in 

different ducts with similar lg and dtg/dt-possibly closely spaced elements of a com­

plex multiduct structure (LESTER and SMITH, 1980 ; STRANGEW AYS, 1982). 

6. Conclusious 

Whistler mode signals from the NAA and NSS VLF transmitters have been re­
ceived at Faraday, Antarctica, since February 1986. This paper has described some 
preliminary results from the first month of data. 

Each receiver separated the whistler mode signal from the much larger subiono­
spheric signal by a digital cross correlation method, and the group time delays lg, 
Doppler shifts ill, and arrival bearings were recorded, averaged over each 15 min 

interval. Whistler mode signals were received from both transmitters on every ob­

serving night. 

The technique allowed individual whistler ducts to be identified and tracked. 
Usually several well defined ducts were present and each lasted several hours on aver­

age. 
Whistler mode signal strengths were typically in the range 0.3-3 µVm-1, compared 

to subionospheric field strengths of ,...,,,150 µVm-1. Group delay times were usually 
in the range 300-900 ms and Doppler shifts in the range ± 500 mHz. 

Very similar signals were usually seen by the two receivers, implying that whistler 

mode signals from NAA and NSS were travelling in the same set of ducts. Using this 

assumption it was possible to deduce the L-shell of propagation, almost independently 
of assumed electron density model, without reference to natural whistlers. Only ducts 
with L < 2.6 could be observed ; at higher L values, the half equatorial gyrofrequency 
cutoff for ducted propagation forbids interhemispheric travel at the transmitter frequency. 

In general, whistler mode signals exhibited slowly changing !g 's and non zero 

iJf's, consistent with duct drifting under the action of an east-west electric field of up 
to 0.5 mVm-1, in agreement with previous work on natural and manmade whistler 
mode signals. 
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A repeatable feature, observed on 54% of nights, was a change from decreasing 

to increasing fg and from positive to negative Jf occurring before dawn at ,-,()2 LT. 

This may be explained in terms of a reversal from inward to outward plasma drifts. 

In principle the data contain a wealth of information on plasma motions and 

structures and on whistler mode propagation in the inner magnetosphere. Much 

further detailed analysis needs to be done and the results will be reported in future 

papers. 

Acknowledgements 

We wish to thank Mr. C. HOWE and Mr. P. HUGHES for construction of the equip­

ment and other technical assistance, and Mr. M.  CLILVERD for operating the system at 

Faraday. The work was funded by NERC under the Antarctic Special Topic Pro­

gramme. J.M. SAXTON acknowledges support in the form of a SERC CASE student­

ship. 

References 

ANDREWS, M. K. (1 980) : Night-time radial plasma drifts and coupling fluxes at L=2.3 from whistler 

mode measurements. Planet. Space Sci. , 28, 407-417. 

ANDREWS, M. K. and THOMSON, N. R. (1 977) : Doppler shifts on whistler mode signals received at 

Siple station, Antarctica. Geophys. Res. Lett. , 10, 399-401 .  

ANDREWS, M. K. , KNOX, F. B.  and THOMSON, N.  R.  (1978) : Magnetospheric electric fields and pro­

tonospheric coupling fluxes inferred from simultaneous phase and group path measurements 

on whistler-mode signals. Planet. Space Sci . ,  26, 1 71 -183. 

AXFORD, W. I. (1 969) : Magnetospheric convection. Rev. Geophys. , 7, 421-459. 

BERNARD, L. C. (1 973) : A new nose extension method for whistlers. J. Atmos. Terr. Phys. , 35, 
871-880. 

BLANC, M. , AMAYENC, P. , BAUER, P. and TAIEB, C. (1977) : Electric fields from the French incoherent 

scatter facility. J. Geophys. Res., 82, 87-97. 

BuLLOUGH, K. and SAGREDO, J. L. (1 973) : VLF goniometer observations at Halley Bay, Antarctica-I. 

The equipment and measurement of signal bearing. Planet. Space Sci. , 21, 899-912. 

CARPENTER, D. L. and SEELY, N. T. (1 976) : Cross-L plasma drifts in the outer plasmasphere ; Quiet 

time patterns and some substorm effects. J. Geophys. Res. , 81, 2728-2736. 

CARPENTER, D. L. , STONE, K. , SIREN, J. C. and CRYSTAL, T. L. (1 972) : Magnetospheric electric fields 

deduced from drifting whistler paths. J. Geophys. Res. , 77, 281 9-2834. 

DOWDEN, R. L. and ALLCOCK, G. McK. ( 1971 ) :  Determination of nose frequency of non-nose whis­

tlers. J. Atmos. Terr. Phys. , 33, 1 1 25-1 129. 

EvANS, J. V. (1972) : Measurements of horizontal drifts in the E and F regions at Millstone Hill. 

J. Geophys. Res., 77, 2341-2352. 

LESTER, M. and SMITH, A. J. (1980) : Whistler duct structure and formation. Planet. Space Sci. , 28, 

645-654. 

MCNEILL, F. A. and ANDREWS, M. K. (1975) : Quiet-time characteristics of middle-latitude whistler­

mode signals during an 8-yr period. J. Atmos. Terr. Phys. , 37, 531 -543. 

MOZER, F. S. (1973) : Electric fields and plasma convection in the plasmasphere. Rev. Geophys. 

Space Phys., 11, 755-765. 

MOZER, F. s. , SERLIN, R. , CARPENTER, D. L. and SIREN, J. (1 974) : Simultaneous electric field measure­

ments near L=4 from conjugate balloons and whistlers. J. Geophys. Res. , 79, 3215-3217. 

PEDERSEN, A. , GRARD, R. , KNOTT, K. , JONES, D. and GONFALONE, A. (1 978) : Measurements of quasi­

static electric fields between 3 and 7 earth radii on GEOS-1. Space Sci. Rev. , 22, 333-346. 



Whistler Mode Signals from VLF Transmitters 195 

RABE, E. and ScouRFIELD, M. W. J. (1977) : Plasmasphere response to the onset of quiet magnetic 

conditions ; Plasma convection patterns. Planet. Space Sci . ,  35, 303-308. 

RASH, J. P. s., HANSEN, H. J. and ScOURFIELD, M. w. J. (1986) : Electric field sources in the quiet 

plasmasphere from whistler observations. J. Atmos. Terr. Phys. , 48, 399-414. 

SAGREDO, J. L. and BuLLOUGH, K. (1 972) : The effect of the ring current on whistler propagation in the 

magnetosphere. Planet. Space Sci . ,  20, 73 1-746. 

SMITH, R. L. (1961 ) :  Propagation of whistlers trapped in field-aligned columns of enhanced ioniza­

tion. J. Geophys. Res . ,  66, 3699-3707. 

STRANGEWAYS, H. J. (1982) : The effect of multi-duct structure on whistler-mode wave propagation. 

J. Atmos. Terr. Phys. , 44, 901-912. 

STRANGEWAYS, H. J. and THOMSON, N. R. (1986) : 24 kHz MSK Doppler receiver at Faraday, Antarc­

tica. JERE Publ. ,  68, 41-47. 

THOMSON, N. R. (1976a) : Causes of the frequency shift of whistler-mode signals. Planet. Space Sci. , 

24, 447-454. 

THOMSON, N. R. (1 976b) : Electric fields from whistler-mode Doppler shifts. Planet. Space Sci. , 24, 

455-458. 

THOMSON, N. R. (1981) :  Whistler mode signals ; Spectrographic group delays. J. Geophys. Res. , 

86, 4795-4802. 

THOMSON, N. R. (1985) : Reflection of VLF radio waves from distant mountain ranges. J. Atmos. 

Terr. Phys. , 47, 353-362. 

( Received November 25, 1986; Revised manuscript received April 8, 1987) 


