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Abstract
Unexpected short patches of natural VLF emissions at f > 5  kHz have been observed at 
the ground station of Kannuslehto (KAN, L ~ 5.5) in Northern Finland. In contrast with 
usual VLF emissions (e.g., chorus, hiss, and quasiperiodic emissions) these high-frequency 
bursty-patches are observed at frequencies higher than half of the equatorial electron gyro-
frequency of the L shell of KAN. Moreover, most of these waves reached frequencies above 
the local equatorial electron gyrofrequency at L = 5.5. Thus, they cannot be attributed to 
the classical theory of electron-cyclotron interaction. We present a review of VLF bursty-
patches at KAN during winters 2011–2021. These emissions have rarely been observed 
as they are usually hidden by sferics originating from lightning discharges. Therefore, a 
special numeric filtering technique was used to reduce noise from sferics. VLF bursty-
patches typically occur as sequences of short right-hand polarized bursts separated by a 
few minutes and lasting several hours. Here, we discuss the spectral structure of long-last-
ing bursty-patches (6 + hours) and the properties of individual patches. We established two 
categories: (1) “triggered-like” hiss-like bursts at f ~ 4–7 kHz with a very abrupt onset and 
detected under quiet geomagnetic conditions, and (2) “dash-like” emissions at f > 6 kHz 
that resemble narrowband hiss and observed under moderate activity. Even though VLF 
bursty-patches in winters 2011–2021 were observed under weak or slightly disturbed 
magnetic activity, their annual cyclical occurrence was similar to variations in solar activ-
ity. The nature of these VLF patches has not been established yet, but they appear to be 
generated at L shells lower than that of KAN. Their exact generation region and propaga-
tion behavior remain unknown, with further theoretical and experimental research being 
required.
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Article Highlights

•	 VLF bursty-patches are short bursts detected at frequencies higher than the local equa-
torial electron gyrofrequency (fce) at the L-shell of KAN (fce  ~ 5.4 kHz)

•	 Triggered-like patches (f ~ 4–7  kHz) show an abrupt onset and are detected in quiet 
times. Dash-like patches present as narrow band emissions at f > 7 kHz during moder-
ate geomagnetic activity

•	 Bursty-patches are generated in the magnetosphere via cyclotron instability in the equa-
torial plane at L shells much lower than KAN

1  Introduction

Natural whistler-mode electromagnetic waves in the very low frequency (VLF) range 
(3–30 kHz) are a typical phenomenon in the magnetosphere. Their generation is described 
by a whistler-mode electron cyclotron maser model as a generator or amplifier of waves 
along closed magnetic flux tubes filled with a dense cold plasma (Trakhtengerts and 
Rycroft 2008). These waves have been widely studied, in particular since the review by R. 
A. Helliwell (1965) featuring a rich collection of different spectral forms of VLF emissions 
observed mostly on the ground, but also within the magnetosphere and widely known as 
chorus, hiss, quasiperiodic (QP) and discrete emissions.

It is generally accepted that most VLF emissions are generated via electron cyclotron 
interaction of waves and energetic electrons of the radiation belts at the frequencies con-
trolled by the electron gyrofrequency fce (Trakhtengerts 1963; Kennel and Petschek 1966; 
Rycroft 1972, 1991; Trakhtengerts and Rycroft 2008). From the wave generation source, 
located in the equatorial plane of the magnetosphere, the waves may propagate to the ion-
osphere in the waveguide regime described by Inan and Bell (1977) and Semenova and 
Trakhtengerts (1980), that is, guided by enhanced density gradients extended along the 
magnetic field lines. It was shown theoretically (Smith et  al. 1960) and experimentally 
(Carpenter 1968) that ducted propagation of VLF waves is possible at frequencies lower 
than half of the equatorial electron gyrofrequency (0.5 fce) of any given L-shell. However, 
ducted propagation of VLF waves is also possible for whistler-mode waves with frequency 
f > 0.5 fce, but it requires rarefaction (depleted) ducts (e.g., Smith et al. 1960; Karpman and 
Kaufman 1982; Bespalov et al. 2022).

The waves with higher frequencies propagate non-ducted, meaning with oblique wave 
angles to the local magnetic field lines (e.g., Nêmec et al. 2013; Martinez-Calderon et al. 
2016; Titova et al. 2017; Demekhov et al. 2020). Ducted VLF whistler waves which pen-
etrate through the ionosphere with low wave normal angles with respect to the vertical, can 
be observed on the ground in the vicinity of the footprint of the ionospheric exit point of 
the wave (Helliwell 1965). Leaving the duct, right-handed elliptically polarized whistler 
waves penetrate into the Earth-ionosphere waveguide and can undergo many reflections 
from its anisotropic upper boundary. They can travel distances over ~ 800 km until they are 
detected by a ground-based receiver (e.g., Strangeways 1983). However, with increasing 
distance between the ionospheric exit point of the wave and its receiver, the right-handed 
polarization of the wave becomes left-handed (e.g., Yearby and Smith 1994). Thus, the 
right-handed polarization of the wave indicates that the receiver detecting the waves is 
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located in the vicinity of the ionospheric exit point, no further than 300–400 km. Despite 
the importance of direct VLF measurements in space with satellite instruments, continuous 
ground-based observations can provide a unique opportunity to study the temporal dynam-
ics of the waves.

However, ground-based detection of high-frequency VLF emissions is difficult 
because, even at auroral latitudes, strong atmospherics (sferics) can completely mask 
natural emissions at frequencies above 4–5 kHz. Sferics are electromagnetic pulses origi-
nating from low latitude lightning discharges (e.g., Ohya et  al. 2015) and propagating 
thousands of kilometers in the Earth-ionosphere waveguide. To remove this obstruction, 
a special digital program to filter out the strong impulsive sferics with a duration of less 
than 30 ms, has been applied to data from the ground-station of Kannuslehto (KAN) in 
Northern Finland. This method has been briefly described in Manninen et  al. (2016). 
After filtering out the sferics, we surprisingly discovered completely new types of pecu-
liar high-frequency (above 4–5 kHz) daytime VLF emissions with unusual spectral struc-
tures that have rarely been seen before (Manninen et  al. 2016, 2017, 2021; Martinez-
Calderon et al. 2021).

Figure 1 shows some examples of non-filtered (left) data and the same data after sferic 
filtering (right) as the 1-h total power spectrograms (frequency-time power spectra density 
distribution) on 3 different days. It is seen that the strong sferics hide all VLF signals at 
frequencies above ~ 5  kHz. After sferics filtering, the right panels clearly show multiple 
kinds of differently structured high-frequency VLF natural emissions. In these plots we 
also note a very intense low frequency band which corresponds to local power line har-
monic radiation.

Previously, short bursts of high-frequency VLF emissions were detected by ground-
based observations at L ~ 4.3 in Canada by Shiokawa et  al. (2014) and called “bursty-
patches.” These were believed to be related to upper band chorus emissions and were not 
studied in detail.

The first proper description of unusual high-frequency VLF bursts was published by 
Manninen et al. (2016, 2017) using data from KAN. A large quantity of these emissions 
was discovered after the application of a digital filter that filtering sferics out. At first, they 
were called “VLF birds” due to their sound resembling that of birds chirping and their 
dynamic spectra resembling flying birds. They were also referred to as “recently revealed 
emissions-RRE” (Manninen et al. 2016). Later on, following Shiokawa et al. (2014), the 
term “VLF bursty-patches” (Manninen et  al. 2021; Martinez-Calderon et  al. 2021) was 
established. Some spectral and morphological properties of these emissions, recorded at 
KAN in 2013–2021, have previously been discussed in (Manninen et al. 2016, 2017, 2021; 
Martinez-Calderon et al. 2021).

This review aims to summarize the general characteristics, spectral behavior, and geo-
magnetic situation during long-lasting series of unusual daytime “VLF bursty-patches” 
observed on the ground station KAN (L ~ 5.5) since 2006.

2 � Instruments and Data Set

Our study was based on the VLF observations in Northern Finland at KAN, with the geo-
graphic coordinates 67.74º N, 26.27º E; which corresponds to the corrected geomagnetic 
latitude of 64.4º, i.e., L = 5.46 with a local equatorial electron gyrofrequency (fce) ~ 5.4 kHz.
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KAN station is located at a low-noise site approximately 40 km north of the Sodankylä 
Geophysical Observatory. The VLF receiver in the frequency band from 0.2 to 39  kHz 
is comprised of two orthogonal magnetic loop antennas oriented in the geographical 
north–south and east–west directions. The receiver sensitivity is about 10–14 nT2 Hz−1. The 
wide dynamic range of the receiver (up to 120 dB) allows detection of both very weak and 

Fig. 1   Examples of 1-h dynamic spectrograms (0–16 kHz) of non-filtered (left panels) and filtered (right 
panels) VLF data at KAN during three different days. White horizontal lines above 11 kHz in the right pan-
els are the removed radio navigation transmitter signals. Taken from Manninen et al (2016)
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strong signals. Sampling frequency is 78.125 kHz. For more details on the equipment see 
Manninen 2005. The magnetic field intensities are calibrated using the method described 
by Fedorenko et al. (2014).

The VLF observation at KAN is run on a campaign basis, with several wintertime cam-
paigns carried out between 2006 and 2021. The results of the primary VLF processing 
(Fast Fourier Transform) and filtered out sferics data can be found online in the form of 
minute, hour, and daily wave dynamic spectra (spectrograms at 0–16 kHz) at https://​www.​
sgo.​fi/​pub_​vlf/.

3 � Observations

It has been established (Manninen et al. 2016) that VLF bursty-patches are right-hand 
polarized whistler mode short bursts (from a few tens of seconds to 1–2 min) at frequen-
cies higher than 5–6  kHz, meaning at much higher frequencies than 0.5 fce and even 
above fce. They are observed predominantly during the daytime with an occurrence rate 
from 1–2 signals per hour to long-continued series of sequential bursts lasting several 
hours. This review focuses on the latter case.

Figure 2 shows two examples of the series of the sequences of VLF bursty-patches 
with a total duration of approximately 6  h each. Events of this long duration require 
the amplification of whistler mode waves in the magnetosphere to compensate for 
the losses due to nonideal ionospheric reflection and refractive spreading of the wave 
energy (Demekhov et al. 2021). The spectrograms in Fig. 2 demonstrate that majority of 

Fig. 2   Two examples of 6-h series of high-frequency VLF bursty-patches. The dotted and dashed horizontal 
white lines show the local equatorial electron gyrofrequency (fce) and 0.5 fce for the L-shells of KAN

https://www.sgo.fi/pub_vlf/
https://www.sgo.fi/pub_vlf/
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these signals occur at frequencies higher than fce at the L shell of KAN (indicated by the 
horizontal dotted line). The spectrogram has a maximum frequency limited to 12 kHz 
to avoid the strong signals of radio navigation transmitters at higher frequencies, and a 
minimum frequency limited to 1 kHz to avoid electromagnetic noise.

We found that the long series of VLF bursty-patch sequences are typical for winter, 
i.e., for the dark season around the midwinter solstice of November to January (Man-
ninen et al. 2016, 2017). This has been interpreted as the result of strongly asymmet-
ric conditions in the magnetically conjugate ionosphere (Manninen et al. 2013). In the 
Northern (darker) ionosphere, the whistler mode wavelength appears to be compara-
ble with the spatial scale of the plasma density gradient, whereas in the Southern (sun-
lit) ionosphere the wavelength is much smaller and accompanied by a stronger wave 
absorption in the D-region occurs.

3.1 � Some Statistical Properties of High‑Frequency VLF Bursty‑Patches Observed 
at KAN

During the winter seasons 2011–2021 of VLF observations at KAN, we selected 52 events 
of long series of high-frequency bursty-patches lasting more than 1–2  h. We classified 
these emissions into two different spectral types: “triggered-like” emissions at frequencies 
below 7–8 kHz, and “dash-like” emissions at frequencies above 7–8 kHz. We use the term 
“triggered-like” VLF patches because the appearance of these waves simultaneously at all 
frequencies suggests the presence of some seed signal that triggers the generation of the 
observed burst, as in a classical trigger process.

We found 27 events of “triggered” and 17 events of “dash-like” VLF patches, with 8 
complicated events when both types of VLF emissions were generated simultaneously or 
they cannot be attributed to “triggered” or “dash-like” cases.

All these VLF patches were recorded during the daytime under quiet or moderate geo-
magnetic activity. The global geomagnetic conditions during the considered VLF bursty-
patches were estimated by the planetary Kp index. We found that during the “triggered” 
emissions, the value of the Kp index was mainly 1, sometimes reaching 2, and during the 
“dash” emissions it was mainly 2, sometimes reaching 3.

We also studied the ring current level as well as a substorm activity during the VLF 
patches, by following the SMR and SML indexes methods described by Bergin et  al. 
(2020). These share the same methodology as Dst/SymH and AL indexes (Gjerloev 2012; 
Bergin et al. 2020). This data is taken from the SuperMAG magnetometer system which 
includes more than 300 ground-based stations distributed around the Earth, i.e., the num-
ber of magnetometer stations is about 10 times larger than those used in the classical indi-
ces. We suggest that the level of substorm activity is very important for the generation 
of VLF emissions because the SML index enhancement indicates a new electron injection 
into the magnetosphere from the tail. This injection could increase the plausible resonant 
electron number, supporting electron cyclotron instability as the main source of VLF wave 
generation. In the following subsection, we will use the SML index for geomagnetic situa-
tion estimation.

The calculated average values of SML index during the “triggered” VLF bursty-patches 
was ~ 70 nT (exactly 68 ± 18 nT), and during the “dash-like” emissions it was ~ 200 nT 
(exactly 223 ± 88 nT).

Most of the VLF patches we studied showed that they were coming from just over-
head the station. However, some of the events seemed to come from the East–West or 
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North–South directions. In these cases, we need a more detailed analysis that involves 
comparing with Lovozero station data located at a similar geomagnetic latitude about 
400 km eastward. This will be the object of a future paper.

Below, we will discuss some of the most striking properties of VLF bursty-patches. 
At first (Sects. 3.2 and 3.3), we present the typical temporal dynamics showing exam-
ples of the two types: “triggered” and “dash-like” emissions. We show the existence 
of different temporal dynamics of individual “dash-like” bursts as signals with stable 
and increased frequency, and show the geomagnetic conditions during their occurrence. 
Sections  3.4–3.7 display some non-typical individual VLF bursty-patches with a dif-
ferent spectral-time structure to underline their diversity requiring further theoretical 
research. Section 3.8 indicates that the high-frequency VLF patches are generated not 
only isolated under non-disturbed geomagnetic conditions but sometimes also after the 
end of a strong burst of high-frequency hiss emissions as a continuation of VLF wave 
generation in the similar frequency band, probably, indicating their common generation 
location.

3.2 � Event on December 31, 2018 (Fig. 3)

This event shown in Fig. 3, lasting about 6 h, is one of the most typically observed in 
terms of temporal dynamics of the signal frequency and its spectral structure. Figure 3a, 
b indicates that during the first hour (at 06–07 UT) the average frequency of the event 
gradually increased from f > 0.5 fce to f ~ fce and later on (~ 07:40–08:30 UT), the fre-
quency even exceeded fce. After ~ 09:50 UT, a new set of VLF bursty-patches occurred 
with different spectral structures and at different frequencies.

By this time, not only the frequency has changed, but the signal arrival direction 
changed as well. As shown in Fig.  3b, before ~ 06:30 UT, the signals arrived mainly 
from the meridian direction (red). Later, up to ~ 08:20 UT, the arrival direction became 
more azimuthal (yellow-green), but after ~ 09:30 UT the direction of arrival changed 
back to the meridian direction (red). We suppose this could indicate different sources 
for the VLF bursty-patches observed at the beginning of this event and at the end. In 
the event beginning, the station could be located near the meridian of the ionospheric 
exit area of the waves. Then, due to the rotation of the Earth, the station gradually and 
azimuthally moves away from this area, and after about an hour KAN found itself near 
the meridian of a new ionosphere wave exit area. If the probable source of emissions is 
at low L where the cold plasma could corotate almost ideally, the observed change of 
the wave arrival direction confirms the existence of two separated wave sources at low 
L areas.

The typical spectral shape of the initial VLF bursty-patches (~ 06:30–08:40 UT) is 
shown in the left and middle panels of Fig. 3c in the time frame of a minute. They could 
be identified as “triggered” bursts with duration of about 20–30  s with a clear upper 
and lower frequency limit, and a sharp onset and ending. The triggered-like emissions 
look like a rising-tone chorus. A 10-s fine structure from the triggered-like VLF bursty-
patches observed after ~ 08:24:30 UT (middle panels of Fig.  3c) is shown in Fig.  3d. 
Such rising structure is typical for triggered-like VLF bursts at any frequency band, but 
in different events, the frequency dispersion could be different.

On the other hand, the shape of the latter VLF bursty-patches (~ 09:40–10:20 UT) was 
completely different as shown in the right panel in Fig. 3c. Here, the signals looked like 
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short (a few tens of seconds) “dash” lines with a rather narrow frequency range. In Mar-
tinez-Calderon et al. (2021), VLF emissions with such spectral shape were called “rounded 
VLF bursty-patches,” as they appear as round shapes in the 1-h spectrograms. In the right 
panel of Fig.  3c there are two “dash” patches with central frequencies of ~ 7  kHz and 
at ~ 11 kHz generated simultaneously, suggesting they have the same origin.

Figure  3e demonstrates that during the first part of the event under considera-
tion, when the “triggered” bursts of the VLF bursty-patches have been observed, the 

Fig. 3   The total power spectrogram (a) of the long-lasting event on December 31, 2018, showing the 
sequence of VLF bursty-patches. They are in the beginning of the event triggered hissy bursts at  ~ 5-7 kHz 
(until ~ 08:40 UT) and changed to dash-like narrow band emissions higher than 6 kHz after ~ 09:30 UT; (b) 
The angle of arrival direction spectrogram, (c) examples of VLF bursts during the first (“triggered” bursts) 
and second (“dash-like” emissions) parts of the event; (d) 10-s spectrogram of the fine structure of the 
“triggered “ VLF bursty-patch resembling the rising structure of chorus; (e) The geomagnetic activity, rep-
resented by the SuperMAG auroral electrojet SML-index
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geomagnetic activity was very low (SML-index ~ -100 nT). However, during the final 
part of the event (~ 10 UT), the values of the SML-index changed to –(250–300) nT. So, 
the “dash-like” VLF patches are generated under enhanced geomagnetic activity.

3.3 � Events on January 7, 2019, and January 19, 2021 (Figs. 4 and 5)

The two long-lasting VLF bursty-patches events shown in Fig.  4 and Fig.  5 represent a 
series of the “dash-like” emission generation. Both events have been discussed in detail by 
Martinez-Calderon et al. (2021). We note that the “dash” VLF bursts look like thin sticks 
or spots in a time scale of several hours (Figs. 4a and 5a) but look like horizontal dashes in 
a time scale of minutes (Figs. 4b-c and  5b-c).

Fig. 4   An example of the power spectrograms of the series of “dash-like” VLF bursts observed at KAN on 
January 7, 2019: (a) between 07:00 and 11:00 UT and (b) between 07:37 and 07:42 UT (in the beginning of 
the event). (c) The VLF emission from 09:25 to 09:29 UT (in the end of the event). Figure is adapted from 
Martinez-Calderon et  al. (2021) adding the bottom panel showing an additional time frame for the same 
event
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The first event (January 7, 2019) shows the “dash-like” emissions with a stable fre-
quency throughout each signal burst, while the second event (January 19, 2021) shows 
“dashes” with increasing frequency with each burst. The two upper plots in Fig.  4 and 
Fig. 5 present spectrograms adopted from Martinez-Calderon et al. (2021), while the bot-
tom plots show the spectrograms of the VLF bursty-patches observed near the end of the 
first event (09:25–09:30 UT) and in the beginning of the second event (09:17–09:27 UT). 
Both patches were observed near local magnetic noon.

Comparing the 5-min spectrograms on January 7, 2019, shown in Fig.  4b and 4c, 
one can see that the average frequency of the “dash” signals changed from ~ 9  kHz 
(07:37–07:42 UT) to ~ 11 kHz (09:25–09:30 UT). That is also clearly seen in Fig. 4a show-
ing the 4-h spectrogram. In all figures we can see the enhancement of the frequency band. 
The frequencies of this emission were much higher than the equatorial fce of KAN. During 

Fig. 5   Another example of the series of dash-like VLF bursts observed at KAN on January 19, 2021:  (a) 
between 09:00 and 13:00 UT and (b) between 12:00 and 12:10 UT (in the end of the event).  (c) VLF emis-
sion from 09:17 to 09:27 UT (in the beginning of the event) showing “S-shape” “dash-like” emissions. Fig-
ure is also reproduced from Martinez-Calderon et al. (2021) with the addition of panel (c) showing another 
time frame of the event
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Fig. 6   The comparison of two VLF bursty-patch events (November 11, 2016, and December 9, 2016) show-
ing the evening (15–17 UT, i.e., 16:30–18:30 MLT) emissions at frequencies below ~ 7 kHz and the morn-
ing (06–08 UT, i.e., 07:30–09:30 MLT) ones at frequencies above ~ 7  kHz: (a) 2-h total power spectro-
grams, (b) 2-h geomagnetic activity representing the SuperMAG auroral electrojet SML-index; (c) 3-min 
total power spectrograms selected of both events discussed above
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the second event (Fig. 5), the frequency of the “dash-like” VLF bursts tended to increase 
with time with each additional signal. As seen in Fig. 5c, the shape of the individual bursts 
is smeared out to resemble that of an elongated letter “S” (Martinez-Calderon et al. 2021). 
It is interesting to mention that the first event with the stable frequency was observed under 
quiet geomagnetic conditions (SML index ~ -100 nT) but the second one with increased fre-
quency was observed under enhanced geomagnetic activity (SML index ~ -450 nT).

3.4 � Events on November 11, 2016, and December 9, 2016 (Fig. 6)

Figure  6a shows 2-h spectrograms of two events that are rather similar. The first one 
was observed in the late evening as a series of stick-like bursts at frequencies lower 
than ~ 7 kHz. The second event was observed in the late morning (before noon) at frequen-
cies higher than ~ 7 kHz. Several individual signals of these events are shown in Fig. 6c. 
Some new spectral shapes are seen in both cases, but the “dash-like” VLF bursts were 
observed only in the second event at frequencies above ~ 7 kHz.

In the first event (left panels in Fig. 6c), the individual burst had a relatively clear flat 
top frequency just below 7 kHz. We attributed these signals to the “triggered-like” VLF 
emissions although they did not have a sharp onset. Moreover, some of these bursts had 
a narrow short "nose" at the front of it at a frequency of about 6 kHz. In the second event 
(right panels in Fig. 6c), a superposition of “dash-like” signals and short “triggered-like” 
bursts with a very abrupt onset was observed, the lower frequency of which decreased rap-
idly over time.

The comparison of the geomagnetic conditions during both events (Fig. 6b) shows that 
the “dash-like” VLF bursty-patches were observed under much higher geomagnetic activ-
ity than those below ~ 7 kHz. A similar tendency is also shown in Fig. 3, where the “trig-
ger-like” emissions appeared under rather quiet geomagnetic conditions, while the “dash-
like” emissions developed under moderate geomagnetic disturbances.

3.5 � Event on January 5, 2017 (Fig. 7)

A series of VLF bursty-patches were observed near local noon at frequencies above ~ 7 kHz 
as presented in Fig. 7. This event is similar to the previous one on December 9, 2016; how-
ever, in this case the VLF signals showed a broader frequency band that may indicate a 
rapid frequency increase with the time of each burst. This is shown in detail in Fig. 7b, 
namely, in the time interval of 09:02–09:12 UT.

At this time, the signals show unusual ending features that are more clearly displayed in 
Fig. 7c. The signal ends look more like an overlay of “triggered” and “dash” VLF bursty-
patches. Moreover, as shown in Fig. 7c at 09:14–09:17 UT, we detected the simultaneous 
occurrence of the “dash-like” and the strong “triggered-like” VLF bursts with a very sharp 
onset and quasiperiodic spectral structure. However, it is not clear if this is a random signal 
overlapping or if the “triggered” burst generation is caused by the “dash-like” signals.

Figure  7d demonstrates that the occurrence of the frequency enlarged VLF bursty-
patches at about 09:00–09:15 UT coincided with a small increase in the magnetic activity. 
This confirms once again that “dash-like” VLF bursty-patches are excited under a higher 
level of the magnetic activity compared to “triggered-like” VLF patches.
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3.6 � Event on January 28, 2017 (Fig. 8)

This event displayed in Fig. 8 was similar to the event on December 31, 2018 (Fig. 3). Both 
of them demonstrate the typical occurrence of the main types of the VLF bursty-patches: 
“triggered-like” emissions at frequencies below 7–8 kHz, and “dash-like” emissions above 
7–8 kHz. The frequency range of spectrograms shown in Fig. 8 is 0–16 kHz because some 
VLF bursty-patches were observed at ~ 10–13 kHz at 08:46 – 08:49 UT (right upper panel 
in Fig. 8b). In this case, each burst lasted about 2 min and showed a hiss-like spectral struc-
ture. In this short time scale, they resemble the “wand” type emissions described by Fig. 4b 

Fig. 7   An example of spectral evolution of the dash-like VLF bursts from ~ 08:40 to ~ 09:50 UT at KAN 
on January 5, 2017, between 08 and 10 UT: (a) 2-h total power at 08–10 UT; (b) and (c) 10-min and 3-min 
spectrograms selected during the studied event (description in the text); (d) 2-h geomagnetic activity repre-
senting the SuperMAG auroral electrojet SML-index
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of Martinez-Calderon et al. (2021) but at a lower frequency range (5–9 kHz). We note that 
on the 1-h spectrograms, these VLF bursts appear as vertical “wands” or sticks.

Fig. 8   (a) A 3-h total power spectrogram on January 28, 2017. Triggered bursty-patches below 8 kHz were 
observed mainly before local noon (~ 10 UT) and “dash-like” emissions above 8 kHz were observed mostly 
after noon; (b) 3-min spectrograms before and after the local noon;  (c) The geomagnetic activity represent-
ing the SuperMAG auroral electrojet SML-index
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At the beginning of this event, up to ~ 10 UT, the short VLF bursty-patches have been 
observed at frequencies below ~ 7–8 kHz with a duration of about 1-min. Three examples 
of the spectrograms of these VLF patches are displayed in Fig. 8b. These emissions had a 
hiss-like structure with rising tones. After ~ 10 UT, a series of multiple “dash-like” VLF 
bursty-patches appeared at frequencies above 8 kHz (one example is shown in last panel 

Fig. 9   (a) 2-h total power spectrogram at 06–08 UT on December 4, 2021; (b) 2-min spectrograms in 
the beginning of the event; (c) a 10-min spectrogram in the middle of the event; (d) the substorm activity 
according to the SuperMAG auroral electrojet SML-index
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of Fig. 8b). As in the previous events, the “dash-like” emissions appeared with a moderate 
increase in the magnetic activity (Fig. 8c).

3.7 � Event on December 4, 2021 (Fig. 9)

Figure 9a shows one of the most recent cases with a total duration of fewer than 2 h. Two 
unexpected and unusual VLF bursty-patches have been recorded during this event.

The event started as a series of short VLF patches in the frequency band of ~ 7–10 kHz. 
The 2-min spectrograms from 06:14 to 06:20 UT shown in Fig. 9b indicate the appearance 
of two short (~ 10–20 s) periodic VLF patches with a periodicity of ~ 2 s. These look like 
typical periodic emissions (PEs) described by Engebretson et al. (2004) based on observa-
tions at five Antarctic stations covering a range of magnetic latitudes from ~ 62° MLAT 
(Halley) to ~ 74° MLAT (South Pole Station). The Antarctic PEs have been observed at 
frequencies below ~ 3–4 kHz and were restricted to the dayside. They occurred more fre-
quently at subauroral latitudes with a periodicity of a few seconds, similar to the two-hop 
travel time of echoing whistlers at the same frequency. Later on, similar emissions were 
observed by the DEMETER satellite (Bespalov et al. 2010) at frequencies below 2.5 kHz 
and they were interpreted as periodic auto-oscillations of the magnetosphere maser.

Here, we show for the first time, periodic VLF emissions (PEs) detected at such high 
frequencies as 9–10 kHz. Such phenomena have not been studied in detail enough, yet, but 
we have to keep in mind that Bespalov’s (2010) mechanism of passive mode locking is not 
restricted to any particular frequency range and can work in any frequency range where 
the emissions are generated. We hope that future theoretical works could shed light on this 
observed fact.

VLF bursty-patches were also observed during this event at ~ 06:30–06:40 UT (Fig. 9a). 
The series of signals were recorded at KAN at frequencies above 9 kHz, the outlines of 
which resemble an inverted hair comb. This can be seen in more detail in Fig. 9c depicting 
10-min spectrograms of these emissions. The figures show simultaneous generation of the 
“dash-like” VLF patches with a very narrow frequency band (~ 9.0–9.5 kHz), and the over-
lapping short bursts of hiss-like emissions with quickly increasing frequency and band-
width (~ 9–11 kHz). The hissy bursts were exited above each “dash” signal, which could 
suggest a causal relationship between them. Currently, there is no reasonable explanation 
for the generation of such complicated emissions.

In Fig.  9d, we display the correspondent variation of substorm activity according to 
the SML index. It is seen that PEs recorded during 06:14–06:20 UT were observed under 
very quiet geomagnetic conditions before substorm onset. On the other hand, the second 
comb-like quasiperiodic VLF bursty-patches appeared at 06:30–06:40 UT with a repetition 
period of about 1.5 min during the substorm growth phase just before the substorm onset 
which “switched off” the wave generation. Several short hissy VLF patches looking like 
the sequences of dots were generated during this substorm, but we did not observe a simi-
lar situation on other days. Therefore, we cannot say if this is a typical situation or not. As 
this is the first time such results are published, there is still no logical theoretical interpreta-
tion of this observational fact.

The PEs emissions at 8–9 kHz were typically observed at KAN during daytime under 
quiet geomagnetic conditions. However, the QP2 VLF patches at such high frequency with 
repetitions of a few minutes can be observed during disturbed times as well. For example, 
on December 5, 2014, at 05–06 UT during a substorm with an SML index of about -400 
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nT. Thus, a quasiperiodic structure of high-frequency VLF bursty-patches with different 
time-scale of the signal repetition (from a few seconds to a few minutes) requires a more 
detailed analysis.

Fig. 10   Two relatively similar VLF events during which the high-frequency bursty-patches occurred after 
strong ~ 6–10 kHz bursts of hiss emissions on November 30, 2015, and on December 7, 2015: (a) 2-h total 
power spectrograms of both events at 07–09 UT, (b) 20-min spectra of selected VLF patches during both 
events; (c) The as b in a 5-min scale; (d) 2-min spectra of strange VLF-patches occurring after the end of 
the hiss burst
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3.8 � Events on November 30, 2015, and December 7, 2015 (Fig. 10)

Figure 10 shows two events with similar features observed before local magnetic noon. The 
series of high-frequency (above ~ 7 kHz) VLF bursty-patches were recorded after a solid 
6–9 kHz hiss was suddenly suppressed how it looks in the 2-h spectrogram in Fig. 10a. 
However, the 20-min spectrograms (Fig. 10b), as well as the 5-min ones (Fig. 10c), show 
that the suppression was not instantaneous. It can be seen in Fig. 10c that the hiss intensity 
decreased gradually between 07:23 and 07:25 UT in the first event, and between 07:37 and 
07:38 UT in the second event.

In the first event (November 30, 2015), just before the hiss ends, there was a short 
“dash-like” VLF bursty-patch at the frequency band of ~ 7.5–9.0 kHz, i.e., near the top of 
the “dense cloud” hiss (Fig. 10c). The dash-like VLF bursty-patches continued after the 
end of the hiss for at least 20 min in the same frequency range as the previous hiss, sup-
porting the same location of generation of both the “dense cloud” hiss and “dash-like” 
VLF bursty-patches.

The 20-min spectrograms of the VLF bursty-patches are displayed in Fig. 10b and show 
some sequence of hiss spots with the maximum intensity at ~ 8–9 kHz. They seem to occur 
simultaneously with the intensity maxima of lower frequency (1–4  kHz) hiss. The very 
complicated spectral shape of the two first VLF bursts (at 07:27–07:32 UT) is also seen 
as well in Fig. 10b. They were not previously seen and could not be attributed to typical 
VLF bursty-patches. The fine structure of these VLF bursty-patches, shown in Fig. 10c by 
arrow, is displayed as a 2-min spectrogram in Fig. 10d.

During the second event (December 7, 2015), the VLF bursty-patches following 
the solid hiss burst were recorded at much higher frequencies (~ 9–12  kHz) and resem-
bled quasi-periodic occurrence of “dash-like” bursts with a quick increase in frequency 
from ~ 9 kHz to ~ 12 kHz. Even at the beginning of the event (~ 07:15–07:35 UT), these 
VLF emissions overlapped the body of the solid hiss burst. However, the visible correla-
tion of the periodicity in the appearance of the VLF bursty-patches with quasi-periodic 
emissions observed simultaneously at frequencies below 4 kHz is not detected. The fine 
structure of these VLF bursty-patches observed at 07:48–07:51 UT, is shown in Fig. 10b 
demonstrating the quick increase in frequency from ~ 10 kHz to ~ 12 kHz.

The geomagnetic conditions during both events were moderately disturbed with SML 
index ~ -−(150–180) nT during the first event, and ~ -−(200–250) nT (not shown here).

4 � Discussion

We have identified two major categories of spectral structures of high-frequency short VLF 
bursty-patches represented by long series of VLF emissions with a total duration of sev-
eral hours. They are the “triggered-like” emissions at frequencies below 7–8 kHz and the 
“dash-like” emissions at frequencies above 7–8 kHz.

The first type is the short isolated “triggered-like” bursts, each lasting from tens of sec-
onds up to a few minutes and consisting of closely spaced rising elements (Manninen et al. 
2021). These emissions are characterized by a very sharp onset and clear boundaries of the 
frequency band. Most often these VLF bursts are observed in the frequency range of about 
4–6  kHz, and sometimes they can be detected in the frequency band of ~ 5–7  kHz. The 
main bodies of the bursts usually developed very rapidly and then gradually weakened with 
time. Some examples of the typical dynamic spectra of the “triggered”-like patches are 
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shown in Fig. 11 as 2-min VLF spectrograms. All these events have been observed under 
quiet geomagnetic conditions with an approximate SML-index of -100 nT. The VLF patch 
in Fig. 11, top middle, is shaped like a triangle showing a very quick frequency decrease. 
The VLF patch, top left, demonstrates the simultaneous occurrence of two separated fre-
quency bands at ~ 4–6 kHz and ~ 6.5–8.5 kHz.

The next four spectrograms (top right and middle row) show an interesting feature of 
the “triggered-like” VLF bursty-patches: a long "nose" of a very narrow-band hiss pre-
ceding each patch by a few minutes and becoming progressively stronger with time. This 
“woodpecker nose” is a very common spectral structure indicating that this narrow-band 
frequency precursor is a necessary condition for the further development of the triggering 
mechanism of these VLF patches. The frequency of the “nose” precursor corresponded 
to the central frequency of the subsequent burst, or in some cases, to the lower frequency 
cutoff (last panel of the top row). In the middle row of Fig. 11, the spectrograms show very 
short period modulations of the narrow-band “nose,” especially in its beginning edge. We 
note, that a similar very narrow long “woodpecker nose” has been previously observed 
near the plasmapause about 49  years ago (in Sep 1973) by Dingle and Carpenter 1981. 
Their Fig. 3 shows (not shown here) the short noise burst directly triggered by whistlers 
propagating inside the plasmasphere in the top spectrogram.

Fig. 11     (a) Six examples of 2-min spectrograms of different VLF triggered-like patches observed at KAN;  
(b) a 10-min spectrogram shows quite sharp upper cutoff of the event near 7 kHz
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The bottom row of Fig.  11 shows a 10-min spectrogram with an example of a non-
typical “triggered-type” VLF patch. It lasted about 6 min with an “inverted” spectral shape, 
meaning a clear upper-frequency cutoff at ~ 7 kHz rather than a lower cutoff, as is the case 

Fig. 12   Examples of different spectral structures of VLF patches observed at KAN.  (a) 3-min spectrograms 
of the VLF patches with a sharp low frequency cutoff on December 10, 2013.  (b) Typical spectral shapes 
of the VLF patches.  (c)– (e). Very complicated spectra of the VLF patches on three different days;  (c) 
3-min spectra  (d) 1-min spectra detailing 3-min events;  (e) Same in 10-s scales. Adopted from Manninen 
et al. (2021)
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in typical events. There was no significant difference in the geomagnetic conditions during 
this event and previously mentioned events.

The short VLF bursty-patches at the frequencies below 7–8  kHz often have curious 
spectral shapes as it was discussed by Manninen et al. (2016, 2021). Some of these spectro-
grams are presented in Fig. 12, adopted from Manninen et al. (2021). Figure 12a–c shows 
3-min spectrograms of different VLF bursty-patch shapes. The dynamic spectra shown 
in Fig. 12a, with some imagination, may resemble flying birds and their sound resembles 
that of birds chirping; therefore these VLF patches were originally called “VLF birds.” 
Figure  12c shows examples of three different shapes of the 3-min spectrograms on dif-
ferent days. Figure 12d and e illustrates the fine spectral structure of these events by scal-
ing to 60  s and 10  s, respectively. In the left panels of Fig.  12c–e (December 9, 2016), 
the very complicated dynamic spectra of the VLF patches demonstrate the short-period 
quasi-periodic modulation of the signal intensity at different frequencies simultaneously 
known as periodic emissions (PE). The spectrograms in the right panels in Fig.  12c–e 
(February 3, 2020) present the simultaneous generation of very complicated VLF bursty-
patches with different durations and frequency bands (from ~ 4 kHz to ~ 10 kHz). Narrow-
band “dash-like” VLF patches are at the top and the QP emissions are in the frequency 

Fig. 13   High-frequency narrow band hiss events above 6 kHz observed in northernmost Finland on January 
25, 1993. Taken from Manninen (2005)
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band of ~ 4–6  kHz. Such complicated frequency-time evolution suggests that in differ-
ent domains of the magnetosphere, different regimes of plasma instabilities can develop 
simultaneously.

The analysis of the variability of dynamic wave spectra is an important tool for the 
development of theoretical ideas about the details of the interaction of waves and particles 
in the magnetosphere leading to the generation of these previously unknown types of high-
frequency VLF patches.

The second type of high-frequency short VLF bursty-patches was observed as long-
lasting “dash-like” emissions observed at frequencies above ~ 7  kHz with typical spec-
trograms shown in Figs.  4 and 5. Actually, for the first time, these emissions have been 
observed at the Porojärvi station (L = 6.15, Northern Finland) in January 1993 (Manninen 
2005). The spectrograms show narrow-frequency emissions near 7 kHz with a constant or 
increasing frequency. They are shown in Fig. 13 which is adopted from Manninen (2005). 
At that time the digital sferics filter did not exist, but in mid-January, during morning hours 
there were not so many strong sferics received at high latitude. It allowed us to observe 
those emissions.

The spectral shape of the “dash-like” patches is much simpler compared to the spectra 
of the “triggered-like” emissions. We also found that they occur under more disturbed geo-
magnetic conditions than the “triggered-like” patches. Following the generally accepted 
conceptions, we suppose that both categories of high-frequency VLF bursty-patches are 
generated via electron cyclotron interaction between waves and energetic electrons near 
the magnetic equator of the radiation belts (e.g., Trakhtengerts and Rycroft 2008) at the 
frequencies controlled by the local f. It cannot be ruled out that other possibilities of wave 
generation can also develop in the magnetosphere (e.g., non-equatorial generation); how-
ever, this requires further theoretical and experimental studies.

Since the “triggered-like” patches are observed at lower frequencies than the “dash-
like” ones, the latter ones should be generated at deeper L-shells than the first ones. Logi-
cally, to get to deeper L-shells, resonant electrons should have higher energies, explaining 
why the level of magnetic activity during the “dash-like” VLF patches is greater than dur-
ing the “triggered-like” patches.

It is very important to remember that both types of VLF bursty-patches are observed 
at frequencies much higher than equatorial fce which is equal to ~ 5.4 kHz at L ~ 5.5. As 
such, VLF bursty-patches could not be emissions generated near the equatorial plane of 
the magnetosphere at the L-shell (L ~ 5.5) of KAN and propagating in a ducted manner 
to the station. The observed waves could be generated either at lower L-shells or in the 
non-equatorial region. We suppose that these emissions are generated at lower L-shells 
in the magnetosphere because that was confirmed by experimental results obtained by 
Titova et al. (2017), Demekhov et al. (2020), and Titova et al. (2022). Moreover, as far as 
we know there were no satellite VLF data recorded with waves at such high frequencies 
(> 5–6 kHz) at the equatorial plane or in a non-equatorial region at L > 5. Studying VLF 
emissions simultaneously detected by Van Allen Probes (RBSP) spacecraft in the equato-
rial plane of the magnetosphere and at KAN, Titova et al. (2017) found a very good corre-
lation between 8 and 10 kHz emissions, located at L ~ 3.5, where fce is equal to ~ 20.4 kHz. 
Based on RBSP-B satellite data analysis, they found that the high-frequency whistler waves 
at frequencies > fce/2 were observed simultaneously with an increase in low-energy electron 
fluxes with energies more than 102 eV, which had transverse anisotropy.

Moreover, simultaneously with this VLF patch, an enhancement of the plasma density 
or duct was detected by the RBSP-B spacecraft (Fig. 5 in Titova et al. 2017). Hence, below 
local fce/2 (below ~ 10  kHz) the whistler mode waves can be trapped in this duct which 
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directs the waves to the ionosphere at L-shells much lower than the location of KAN. Ray 
tracing calculations (Titova et  al. 2017) demonstrated that high-frequency waves at fre-
quencies above fce/2 leave the duct at a distance of about one radius of the Earth. Appar-
ently, from the end of a duct to the ground station, the higher frequency VLF waves 
propagate non-ducted as it was discussed in many papers (e.g., Nêmec et al. 2013; Mar-
tinez-Calderon et al., 2016; Titova et al. 2017; Demekhov et al. 2020). However, the details 
of that propagation are still unknown.

5 � Final remarks

It is well known that the main source of all geomagnetic disturbances in the magnetosphere 
is solar wind disturbances originating from the Sun. Overall, VLF wave generation is related 
to these disturbances; however, we have established that both categories of VLF bursty-
patches are observed under quiet and slightly disturbed geomagnetic conditions. Therefore, it 
is logical to assume that the average annual variations in the appearance of these waves will 
be in antiphase with solar activity. However, the variation of the number of days with any 
VLF bursty-patches, observed during the 10 winter seasons of 2011–2021 (December–Janu-
ary) and normalized to the total day numbers with the VLF occurrence, demonstrates a cycle 

Fig. 14   Occurrence rate of VLF bursty-patches at frequencies above 6 kHz at KAN in 2012–2021 and the 
solar cycle activity (2008–2021) shown via F10.7 cm Radio Flux Progression
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change looking similar to the variations of the solar cycle activity, as presented in Fig. 14. The 
same trend was found by Martinez-Calderon et  al. (2021). The number of days with high-
frequency VLF patches decreases with decreasing solar activity even though these emissions 
are typically generated under weak or moderate geomagnetic activity. This paradox, probably, 
can be explained by the presence of two competing processes: the VLF wave generation in 
the magnetosphere and their absorption during the cross-ionosphere propagation. A certain 
level of resonant magnetospheric electrons is required, the main source of which is the injec-
tion of charged particles from the tail of the magnetosphere caused by solar wind disturbances 
increased with an enhancement of geomagnetic activity: On the one hand, for the generation 
of VLF waves, a certain level of resonant magnetospheric electrons in the radiation belt is 
required, the main source of which is the injection from the tail of the magnetosphere increas-
ing with geomagnetic activity. On the other hand, an increase in magnetic activity, associ-
ated with the solar wind disturbances, leads to an increase in the absorption of VLF waves 
during their cross-ionosphere propagation due to increasing energetic electron precipitation in 
the ionosphere measured on the ground by the riometer (Relative Ionospheric Opacity Meter 
[Little and Leinbach, 1959]) data as the enhanced riometer absorption up to a few dB. We may 
assume that for the ground-based occurrence of the VLF bursty-patch, the first process is more 
important.

6 � Summary

1.	 Here, we presented a review of recent results of the analysis of high-frequency VLF 
bursty-patches at the ground-based station of Kannuslehto (KAN, L ~ 5.5) in Northern 
Finland. These emissions have rarely been observed earlier in the spectrograms on 
other ground stations as they are hidden by sferics from lightning discharges in the 
same frequency ranges. A special numeric filtering technics to reduce the sferics noise 
was applied to KAN data allowing to reveal these high-frequency VLF bursty-patches 
at frequencies much higher than the equatorial 0.5 fce corresponding to KAN.

2.	 VLF bursty-patches are mostly a daytime phenomenon observed during the local winter 
(darker season), similar to the occurrence of usual quasiperiodic emissions detected at 
lower frequencies (f < 4–5 kHz). High-frequency VLF bursty-patches exhibit a sequence 
of separate patches with a wide variety of spectral structures. The sequence of these 
patches can typically last several hours up to 6–7 h. This indicates that the conditions 
of their generation can exist in the magnetosphere for a relatively long time. The annual 
cyclical variations in bursty-patch occurrence are similar to the cyclical variations in 
solar activity.

3.	 We presented variable spectral structures of individual events of long-lasting series of 
VLF bursty-patches. Two different categories of bursty-patches have been established: 
(1) “triggered-like” VLF bursts at frequencies below 7-8 kHz with a very sharp onset 
and detected under very quiet geomagnetic conditions; (2) “dash-like” at frequencies 
above ~ 7-8 kHz detected under more disturbed geomagnetic conditions.
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