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Abstract

Analysis of Very Low Frequency (VLF) radio waves
provides us with an outstanding possibility of
investigating the response of both the lower ionosphere
and magnetosphere to a diversity of transient and long-
term physical phenomena originating on Earth (e.g.
atmospheric waves) and outside Earth (e.g. solar flares).
In this work, data obtained by the Kannuslehto VLF radio
receiver located in northern Finland is used to look for
new natural VLF emissions observed in the frequency
range 16-39 kHz. This study is motivated by the scarcity
of studies in this frequency range. We analyzed the
campaigns 2006, 2007, 2008 and 2013. We found two
different types of events, structured and banded
emissions. Both of these emission types can be observed
either in high frequency ranges or spanning from low to
high frequency ranges. Their times of occurrence are
between 16:00 and 03:00 UT (18:00 — 05:00 LT). These
events last from 10 min to 3 hours, and have stronger left-
handed polarization than right-handed polarization.
Finally, It appears that their formation might be related to
lightning generated tweeks and its propagation in the
Earth-ionosphere waveguide.

1. Introduction

The term Very low frequency (VLF) radio waves is
defined by the range 3 kHz — 30 kHz. However, the VLF
technique, which is employed to monitor radio waves, can
operate in any subset of a wider frequency range that can
extend from 3Hz up to even 50 kHz. The VLF technique
is an important tool that is used to study changes in the
properties of the magnetospheric plasma (using natural
emissions) and the ionospheric electrical conductivity
changes (using transmitting signals from navigation
systems) caused by a diversity of transient or long term
physical phenomena (e.g. lightning, atmospheric waves,
solar wind-magnetosphere interactions, solar eclipses, X-
ray flares emissions, coronal mass ejections) [1,2,3,4,5,6].

Studies of VLF radiation like chorus, hiss, bands and
quasi periodic emission have been reported in a wide
frequency range usually below 16 kHz [7,8,9,10]. Hence,
although there are raw data above 16 kHz, there is a lack
of information on analysis of natural emissions above this

frequency. Not surprisingly, these reasons generate a
strong motivation for further investigation.

A major reason for the scarce number of reports and
studies on natural emissions in the frequency range from
16 to 39 kHz is that such frequencies were also used by
navigation transmitters, which filled up this frequency
range blocking possible detection [11]. However, some
of those transmitters operate sporadically, opening some
windows in frequency range of 16-39 kHz to find new
natural emissions, that were not reported before.
Furthermore, strong geomagnetic disturbances can
penetrate deeply in the magnetosphere, i.e., to the regions
of strong geomagnetic field, which ensures a shift of wave
processes related to cyclotron resonance to higher
frequencies [12]. Therefore, there is a hope that ground-
based data above 16 kHz will give interesting examples of
natural emissions during high geomagnetic activity.

Although the raw data from Kannuslehto receiver covers
the frequency range 0.2-39 kHz, there is a lack of
information on analysis of natural emissions above 16
kHz. Thus, the aim of the present study is to examine the
broadband VLF data between 16-39 kHz to look for VLF
emissions not reported in previous literature. In section 2
the data used in this work and the methodology applied
for the analysis are presented. The obtained results are
presented in section 3. Some remarks and summary of the
study are in the final section.

2. Data and methodology

In this study, the broadband band VLF data from the
Kannuslehto VLF receiver is used. This receiver is
located in northern Finland (67.74° N 26.27° E; L-value =
5.5) running under the operation of the Sodankyld
Geophysical Observatory (SGO) [13]. The receiver is
composed of two square loop antennas. The antennas,
electronics and acquisition software were all developed
and implemented at SGO. The Kannuslehto receiver is
one of the most suitable VLF data sources in polar
latitudes. The sensor registered natural and man-made
VLF emissions during different campaigns since 2006, in
the radio band of 0.2-39 kHz and with a sampling
frequency of 78.125 kHz. The receiver is very sensitive,
with 1 ADC unit approximately equal to 100 aT.
Furthermore, the system 1is calibrated before the



acquisition. All these characteristics make the data very
reliable and they are very advantageous even when
analyzing weak events.

Many naturally occurring VLF waves at frequencies
above 4-6 kHz could not be studied in the past because
strong atmospherics (sferics) hide all such waves. Sferics
originate in lightning discharges [14] and propagate
thousands of km in the Earth-ionosphere waveguide. To
study the high frequency emissions, we have to apply
special digital tools which filter out the strong impulsive
sferics. That process uncovers completely new types of
high frequency VLF emissions with various unusual
spectral structures that have never been seen before. More
information about the sferics removal technique can be
found in [15]. In this study we use spectrograms after
filtering. We also remove the narrowband transmitter
signals and Power Line Harmonic Radiations (PLHRs).

Figure 1 shows 24-hour total power spectrogram
(frequency—time dynamic spectra) for the frequency range
0.2-39 kHz obtained after removing the sferics on 08
December 2013. This figure illustrates an open window of
observation for natural emissions below 12 kHz and
another window between 26 and 37 kHz. The signals
from navigation transmitters in the form of horizontal
lines essentially prevents the observations at middle
frequencies.
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Figure 1. A 24 hours dynamic spectrogram for the
frequency range 0.2-39 kHz of filtered VLF data
recorded on 08 December 2013.

The times employed in the figures showed here are UT.
However, we would like to point out that the local time in
Finland is calculated according to the Eastern European
Summer Time (EEST): +0300 UTC.

3. Results

Figures 2 and 3 shows examples of structured VLF
emissions obtained on different days. The figures are 1 h

polarization spectrograms in the frequency range 0.2-39
kHz. The right-handed circular power is indicated by dark
red colors, the left-handed circular power is indicated by
dark blue color and linear polarization by white color. The
white horizontal lines are the removed radio transmitter
signals. From the figures, different kinds of atypical high
frequency VLF emissions are clearly noted. Figure 2
shows 10-15 min (00:20 — 00:30 UT) VLF emissions
looking like a column of waves in the frequency range of
~25-37 kHz. Figure 3 presents a 10 min (18:32 — 18:42
UT) rising structure observed in all frequency ranges.
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Figure 2. One-hour polarization spectrogram for the
frequency range 0.2-39 kHz of right-handed circular
power (dark red), left-handed circular power (dark blue)
and linear (white) on 15 October 2007, starting at 00:00
UT.
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Figure 3. As described in Figure 2 but for 28 February
2008, starting at 18:00 UT.

The format of Figures 4 and 5 are the same as in Figures 2
and 3, but for banded VLF emissions. These figures show



different kinds of atypical high frequency banded VLF
emissions. Figure 4 shows 40 min (17:40 — 18:20 UT) of
banded emissions in the frequency range of ~25-37 kHz.
Figure 5 presents a 1 hour (18:00 — 19:00 UT) of banded
emissions observed in all frequency ranges. VLF auroral
hiss emissions are also observed at the time in which the
banded emissions are occurring. Surprisingly, a change in
polarization, from right-handed to left-handed is observed
in Figure 4 at about minute 18:23 UT.
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Figure 4. As described in Figure 2 but for 24 November
2006, starting at 17:30 UT.
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Figure 5. As described in Figure 2 but for 20 December
2013, starting at 18:00 UT.

Table 1 shows the types and number of natural emissions
observed at Kannuslehto at frequencies above 16 kHz. In
this table, the behavior of those emission is characterized,
i.e. the observed time of occurrence, the polarization and
duration of the events. The events have primarily a left-
handed polarization, and are observed in the evening and
nighttime hours

Table 1. Classification and behaviour of the selected
events.

Campaigns 2006, 2007, 2008, 2013

Types Structured Banded

Total events 12 15

Time of 16:00 — 03:00 16:00 —21:00
occurrence UT UT
Primary Left-handed Left-handed
polarization

Duration 15 — 180 min 10 — 180 min

We investigated the events for a possible presence of fine
internal structures, i.e., observation of a dispersed type of
sferics (so called tweek atmospherics or tweeks) because
dispersed parts of tweeks are left-handed polarized [16].
For that we use recordings around the middle time of the
event. Figure 6 shows 5-second total power frequency—
time dynamic spectra for the frequency range 0.2-39 kHz
recorded on 22 November 2006. The white and blue
horizontal lines are the removed radio transmitter signals.
This figure reveals tweeks, suggesting the possibility of
the observed events being related to the propagation of
VLF lighting emissions in the Earth-ionosphere wave-
guide.
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Figure 6. 5-second dynamic spectrogram for the
frequency range 0.2-39 kHz of filtered VLF data recorded
on 22 November 2006, starting at 19:16 UT.

4. Remarks and Summary

In this study, VLF natural emissions observed in high
frequency ranges are used. From Figures 2, 3, 4 and 5 we
notice that some of the emissions are only observed in
high frequency ranges (25-37 kHz), while others are
observed in all the frequencies recorded at Kannuslehto
(0.2-39 kHz). In the case of the banded emissions, the
figures suggest that the band separation is not constant,
but it may vary both as a function of time and frequency.



The frequency drift might also vary in a similar manner.
The frequency separation of the emissions is clearly
related to the event formation and it will be investigated
in detail in the future.

From Table 1 we observe that the events have a left-
handed polarization. In addition, Figure 6 shows us that
tweeks are observed during the events. These two
characteristics suggest a possibility of these emissions
being related to the propagation of VLF lighting
emissions in the Earth-ionosphere wave-guide. Thus, a
follow-up of the present study consists in verifying if this
is always the case and what exact mechanisms can be
responsible for the event formation.
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