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ABSTRACT
During routine recording of whistlers and VLF emissions signals with anomalous dispersion, frequency range,

and/or path of propagation are detected. As an example a recording at a low latitude Indian station, Agra (L=1.15)
consisting of large number of whistlers is presented. Digital matched filtering technique is applied to achieve high
accuracy. It is found that the path of propagation of some whistlers are anomalously far from Agra, others show high
deviation from the simplified ducted model. Riser-like signals preceding the whistler group could be connected to some
whistlers. Anomalous path-distance is obtained in recordings in Bornholm Island, Denmark, as well.

INTRODUCTION

Studying whistlers and other VLF waves propagating in magnetized plasma give us a tool to examine the
plasmasphere. On the other hand, high accuracy analysis of these waves enable us to study the behaviour of the
electromagnetic signals and their propagation in this medium. Analyzing the anomalistic waves, where the
characrterisics (amplitude, dispersion, propagation paths) strongly differs from that of the "normal" waves is very
important to improve our knowledge about the origin and propagation of waves in magnetized plasma. Although the
exact explanation of these phenomena is not known in several cases, describing these signals and outlining the possible
explanations is essential.

Whistler and VLF studies in India have made significant contribution to the propagation of low latitude VLF
waves and an understanding of the structure and dynamics of the low latitude ionosphere and inner plasmasphere [1].
In order to have better understanding of the involved phenomena, the technique of whistler recording and analysis is
being continuously improved. The accuracy and speed of analysis are enhanced by the application of digital methods.
The matched filtering technique was initially developed for the analysis of whistlers recorded at mid and high latitudes
[2],[3],[4] which has been applied to the analysis of whistlers recorded at low latitudes [5].

In this paper, we present the analysis of a group of whistlers which have been recorded at the low latitude
ground station Agra, India during routine observations of VLF waves and the routine analysis of almost 500 whistlers
recorded in a measurement campaign between 18-28 April 2002 in Bornholm Island (Denmark).

ANALYZES OF LOW LATITUDE WHISTLER GROUP

Experimental Data and Analysis:

In the present study whistlers recorded at low latitude ground station Bichpuri, Agra (Geomag. Lat. 170 1' N,
L=1.15), India are used. We have analyzed whistlers recorded on 28 February 1996 at 0128 hr. LT, using digitization
at 32 kHz sampling frequency. Conventional FFT spectrum is shown in Fig. 1.

On the basis of visual inspection we note that the whistler group is preceded by signals with a frequency band
from 0.5 to 8 kHz, following each other with 60 ms and are reversely dispersed. The whistler traces occur at the same
regular 60 ms time interval. Careful observations show that the whistler spectrogram cross each other. The energy
distribution above 4 kHz is diffused in the case of whistler spectrogram and it appears as a continuous distribution of
wave energy.

The whistler traces were scaled visually, the obtained frequency-time (f-t) pairs were processed with the FIT
method [6] and the parameters of the whistlers and the dispersing medium were derived. A set of matched filter were
constructed for each identified whistler trace using the whistler parameters such as zero frequency dispersion D0, nose
frequency fn and equatorial electron gyrofrequency fHeq. The filter bandwidth of the filters was 200 Hz and the matched
filtering was performed in a 10 Hz step alongside the trace. 19 traces were identified this way, showing much clearer
dynamic spectra (Fig. 2.) as the conventional one. The f-t pairs obtained by the matched filter output were processed
with the FIT method again yielded high accuracy plasma and whistler parameters.



Fig. 1. Dynamic spectrum of whistler group recorded in Agra

Fig. 2. Constructed dynamic spectrum after matched filtering

Results and Discussions

The signals preceding the whistlers have slight reverse dispersion and have much sharper characteristics than

risers. From 0.5 to 3.0 kHz a double structure of them can be seen. The time separation of these 6 signals (doublets)
is about 60 ms, similar to the time difference between the whistler traces. This implies the assumption that connection
should be between the two phenomena. However we know neither the origin of these riser-like signals nor the
connection between them and the whistler traces. It seems that not only one trace, but at least two traces crossing each
other are in connection with the riser-like signals. This phenomena is repeated six times resulting a set of whistler traces
crossing each other several times.

To observe better the separated traces, a transformation was made subtracting the theoretical propagation time
of a selected trace from the obtained time values of all traces . Thus those traces which have the same dispersion as the
selected one became vertical, others deviate from those more ore less depending their dispersion, while the isochrones
became hyperbolics (Fig. 3)

Because of the overlaps, the last arrived traces can be analyzed more accurately. We selected the last traces

labeled them from right to left as A, B, C, and D to investigate them in more detail. Their dispersion are 88,2, 66.2,



Fig. 3. The transformed dynamic spectrum of the matched filter output, the hyperboloids are the
isochrones

61,4, and 45,6 sec1/2 respectively. The propagation parameters of traces A, B and C show that they travelled at mid
latitude (L=2,66, 2,60 and 2,48, respectively). These traces fit very well to the Bernard's model, the standard deviation
of the travel time residuals are in order of a few ms. The obtained error figures by the best fitting procedure strongly
support the longitudinal ducted propagation at the above mentioned L-values. These L values correspond to 55-570

geographical latitude, thus ) because Agra's geographical latitude is 270 ) even in the shortest paths if we suppose the

straight North-South propagation paths between the exit points at the lower edge of the ionosphere of the given whistler
trace and Agra, the propagation distances in the Earth-ionosphere waveguide are 3200-3500 km - from Siberia to Agra
over poorly conducting ground. The lower cutoff frequency (around 2 kHz) proves the long waveguided propagation,
but theses distances are two-three times greater than those measured earlier in different stations, stressing the anomalistic
propagation behaviour of these traces. Generally the individual whistler component propagated in ducted mode in the
magnetosphere and after exiting from the duct in the ionosphere, the whistler wave has the wave normal direction such
that they excite the Earth-ionosphere waveguide and propagate towards equator [7]. However, contrary to this [8] have
stressed that the propagation of whistlers in the Earth-ionosphere waveguide after ionospheric transmission is more likely
towards the pole.

Trace D has lower dispersion than trace C and apparently the two traces cross each other at 3,5 kHz. One
explanation might be that this is a branching, that is the signal split into two parts and propagated in different paths. The
trace D left the duct at some location and propagated in non-ducted (oblique) mode. The lower cutoff frequency of this
trace is 600 Hz, suggesting that the wave did not propagate considerable distance in the Earth-ionosphere waveguide.
If we suppose the oblique mode, the wave should exit from the ionosphere close to Agra. The dispersion of trace D is
smaller than the trace C, which involves that the separation of the two signals could have happened shortly after the
beginning of the ducted propagation. In that case the signal must propagate a long distance in the plasmasphere in a non-
ducted mode. The high energy of the signal excludes this explanation. Therefore it is more probable that traces C and
D have different sources, and the splitting-like event is just two independent phenomena occurring in the same time.

Anyway if the trace D is independent from trace C, it is worth Analyzing it separately. Even the most accurate
matched-filter scaling input f-t data failed to fit to a theoretical Bernard's trace excluding the ducted-mode propagation.
Similar traces were found prior to trace D, generally 60 ms from each other. This separation can be observed between
the riser-like signals prior to the whistler-group suggesting the connection between the risers and the non-ducted
whistlers. The connection is also supported by the similar amplitude-patterns and lower cutoff frequencies. One
explanation would be that these riser-like signals were the excitation sources of the irregular whistler traces. To prove
this assumption, this riser-like signals have to put into the new whistler model based on the full-wave solution of
Maxwell's equations [9]. The whole process, i.e. the generation of the risers, their propagation and appearance as
irregular whistlers should happened in the region of Agra. The explanation of this event is not known. The risers could
be spherics reflected from the ionosphere but in this case the spherics themselves must have been observed in the
dynamic spectra.



Fig. 4. L-value distribution of 482 whistlers recorded in Bornholm
Island

ANALYSIS OF WHISTLERS RECORDED IN BORNHOLM ISLAND

The routine (FIT) analyzes of the almost 500 whistlers recorded In Bornholm Island yielding the plasma and propagation
parameters. The result of this analyzes shows that these traces followed longitudinal propagation in the magnetosphere.
The distribution of the propagation L-values can be seen on Fig. 4. The L-value of Bornholm Island is L≈3 if we

suppose that the Earth' magnetic field is dipole
field, as did happened throughout the decades of
VLF (whistler) research not only calculating the
L-values of receiving stations, but in models and
model calculation ) evidently mainly because it's
simplicity in formulas. In this case the main peak
of L distribution is at L=2.5, i.e. the majority of
whistlers come from South to Bornholm,
producing large anomalistic asymmetry. However,
if use the more accurate IGRF model for
magnetic instead of dipole model to calculate
Bornholm's L-value, we obtain L=2.56 that is
perfectly fit to the L distribution. But still there
are open questions: how can we explain the
anomalistic long propagation (1300-1600km) of
10-15 whistlers in Earth-Ionosphere waveguide
that propagated at very low L-value (1.3-1.7) in
the magnetosphere (this would be worse if we
would take the dipole model). The second, small
peak at L=3 is caused partly by two-hop whistler

and (probably) partly by oblique propagation.
The relevant conclusion of this analyzes is that even at low- and mid-latitude, we should revise the conclusions

in the case some phenomena, like L-discrepancy. Also in certain cases, we should consider the recalculation of model
originally based on dipole field.
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