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Abstract

Very low frequency wave intensity variations measured by the Kannuslehto station, Finland in the frequency range
0-12 kHz between 2016 and 2020 are analyzed by the principal component analysis (PCA). As the analyzed ground-
based measurements are basically continuous, the length of individual basis vectors entering into PCA is fundamen-
tally arbitrary. To better characterize both long- and short-period variations, two PCAs with different lengths of the
basis vectors are eventually performed. Specifically, either daily frequency-time spectrograms or individual frequency
spectra are chosen as the PCA basis vectors. Analysis of the first three principal components shows substantial
variations of the wave intensity due to seasonal and local time effects. Intensity variations related to the geomag-
netic activity characterized by Kp and AE indices and standard deviation of the magnetic field magnitude are less
significant. Moreover, PCA allows one to distinguish between nighttime and daytime Kannuslehto variations and
study them independently. Solar and geomagnetic activity effects on the daytime and nighttime measurements are
discussed. Wave intensity variations related to substorm occurrence are also analyzed.
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Introduction

Natural (i.e., non-anthropogenic) whistler mode waves
observed on the ground are basically of two origins.
Either they are generated directly near the Earth and are
typically related with the lightning occurrence, or they
originate in the magnetosphere and then propagate down
to the Earth (Helliwell 1965). To exit through the bottom
of the ionosphere, where the refractive index suddenly
drops, the Snell’s law tells us that the incident wave vec-
tors need to be oriented nearly vertically down. For this
reason, typically only whistler mode waves ducted for a
considerable part of their propagation path are able to
make it all the way to the ground (Helliwell 1965). More-
over, when penetrating through the ionosphere, waves
suffer from a significant attenuation (especially on the
dayside) (e.g., Graf et al. 2013). Due to the relatively strict
conditions waves have to meet to make it through the
ionosphere, their ground-based measurements are sub-
stantially limited (e.g., Sonwalkar 1995). However, once
the waves exit the ionosphere, they can propagate con-
siderable distances in the Earth—ionosphere waveguide
before they are finally detected by a receiver.

Analysis of extremely and very low frequency (ELF,
VLF) whistler mode waves is one of the crucial tools
used to understand processes taking place in the Earth’s
inner magnetosphere. Due to its relatively simple avail-
ability, ground-based ELF/VLF wave measurements
play an extraordinary role. Since effects occurring in
the magnetosphere are typically closely linked, studying

the ELF/VLF waves also helps to reveal important facts
about other phenomena. Although statistical studies are
more suitable to describe global properties of processes
affecting the whole system under various conditions, case
studies are typically performed instead as data for such
analyses are better available. However, long-term and
climatic effects can be predominantly identified statisti-
cally. Many of the relevant statistical studies are based
on measurements performed by a single ground-based
station (e.g., Golden et al. 2009; Smith and Jenkins 1998;
Smith et al. 2010). Multistation observations (e.g., Chris-
san and Fraser-Smith 1996; Laaspere et al. 1964; Suzuki
and Sato 1987) or a combination of ground-based and
spacecraft observations (e.g., Hayakawa et al. 1977; Mar-
tinez-Calderon et al. 2016; Simms et al. 2019) are also
sometimes used.

A comprehensive analysis of ELF/VLF signals observed
predominantly by the Halley station, Antarctica covering
16 years (1992-2007) of measurements was performed
by Smith et al. (2010). They analyzed electromagnetic
wave data in the frequency range 0.3—-10 kHz and iden-
tified that the lower part of this interval corresponds
mainly to whistler mode chorus and hiss waves, while
atmospherics from tropical lightnings dominate at higher
frequencies. They further found out that the wave inten-
sities vary substantially along with the local time and sea-
son of the year and that the whistler mode waves depend
on the solar illumination of the ionosphere. They also
compared Halley measurements with other Antarctica
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stations and concluded that the chorus and lightning
intensities decrease, while the auroral hiss intensity
increases at higher latitudes. In addition, they reported a
substantial enhancement of magnetospheric wave activ-
ity at the equinoxes and of chorus waves during geomag-
netically disturbed periods.

An automatic procedure for detecting chorus and hiss
waves observed between May 2000 and May 2010 at the
Palmer station, Antarctica was introduced by Golden
et al. (2011). Besides a presentation of the algorithm, the
study focuses on the dependence of the wave occurrence
on the geomagnetic activity described in terms of the Kp
and AE indices. It is shown that the analyzed whistler
mode waves occur preferentially during the times of an
enhanced geomagnetic activity and their observations are
also affected by local time and season of the year. While
chorus was primarily observed in the dawn sector, hiss
emissions were detected rather in the dusk sector. Both
types of emissions were predominantly observed during
winter months rather than during summer season.

Yonezu et al. (2017) reported a statistical analysis of
measurements from three different ELF/VLF ground-
based stations (Athabasca, Canada; Kannuslehto, Finland;
Syowa, Antarctica). The results show that the simultane-
ous wave occurrence rate is higher in the dayside morn-
ing sector, suggesting possible MLT dependence of the
wave longitudinal extent. Moreover, the simultaneous
ELE/VLF emissions were observed primarily during
periods with higher geomagnetic activity, described in
terms of the AE and Dst indices. In addition, an enhance-
ment of solar wind dynamic pressure was detected dur-
ing simultaneous observations of hiss emissions. Similar
results demonstrating that a magnetosphere compres-
sion can lead to an enhancement of whistler mode wave
activity were also published by Manninen et al. (2016);
Shiokawa et al. (2014).

One year of data from the Athabasca station, Canada
were further used for a statistical study by Martinez-Cal-
deron et al. (2015). The results show that ELF/VLF waves
occur predominantly during the morning hours and they
are correlated with a storm and substorm activity. The
substorm activity acting from 2 days up to 1 h before the
detection of ELF/VLF signals was found to be relevant
for the wave occurrence. Solar wind parameters and geo-
magnetic activity were also confirmed to affect the ELF/
VLF observations. Occurrence of chorus waves during
geomagnetic storms was further studied by Smith et al.
(20044, 2004b) and Spasojevic (2014). These studies indi-
cate that the amount of observed waves is enhanced dur-
ing and after the geomagnetic storms.

The principal component analysis (PCA) is typi-
cally used to effectively reduce the dimensionality of an
original data set while maintaining most of the original
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information. It was successfully applied also to space
physics problems. Variations of VLF wave intensities
were recently studied using PCA by Bezdékova et al.
(2021). The study is focused on the analysis of measure-
ments performed by the French low-altitude spacecraft
DEMETER, covering about 6.5 years of data. Variations
of VLF intensities are described mainly in terms of the
first principal component coefficient. Effects caused by
overall geomagnetic activity, seasonal and longitudi-
nal variations, and interplanetary shock arrivals were
investigated.

In the present paper, we adapt the technique intro-
duced by Bezdékovi et al. (2021) to ground-based VLF
measurements performed by the Kannuslehto station,
Finland. Following the idea of the method, the first three
principal component coefficients are used to describe
seasonal and diurnal variations of the wave intensity, as
well as the intensity variations related to the geomagnetic
activity. A short review of the main idea of PCA, techni-
cal parameters of the Kannuslehto station and Sodankyla
IMAGE magnetometer are described in “Data sets and
methods” Then, the obtained results are presented and
discussed (in “Results” and “Discussion”). Main findings
are summarized in “Conclusions”

Data sets and methods
Measurements used in the present study were per-
formed by the Finnish ground-based VLF receiver Kan-
nuslehto located at 67.74° N, 26.27° E at L-shell about
5.53. The station is operated by Sodankyld Geophysical
Observatory (SGO) in Sodankyld. Two orthogonal verti-
cal magnetic loop antennas oriented in the north-south
and east-west directions provide measurements in the
frequency range 0.2-39 kHz. Their sizes are the same
(10x10 m) and both have 10 turns, corresponding to
effective areas of 1000 m?. Sampling rate of data is 78,125
Hz. The measurements exhibit a wide dynamic range (up
to 120 dB) and an extraordinary sensitivity (~0.1 fT). The
station typically operates during campaigns, which usu-
ally last several months (excluding summer, when the
data would be polluted by significant lightning emis-
sions). Data from altogether four campaigns were used in
the present study to efficiently capture not only the sea-
sonal variations, but also the variations given by the solar
cycle and related phenomena. Campaigns between 2016
and 2020 were considered. Hence, considering prospec-
tive missing measurement time intervals, the used data
set consists of 825 days fully covered by measurements.
The individual campaigns used in the paper are summa-
rized in Table 1.

Another data used in the present study are those of
a ground-based magnetometer located in Sodankyld.
It belongs to the IMAGE magnetometer chain, which
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Table 1 Kannuslehto campaigns used in the present study

Campaign  From To # days with full
measurements

1 7 October 2016 25 April 2017 174

2a 1 September 2017 18 October 2017 44

2b 9 November 2017 26 April 2018 150

3 29 August 2018 25 April 2019 232

4 4 September 2019 24 April 2020 225

provides continuous measurements of the three com-
ponents of the ambient magnetic field in Finland and in
Northern Scandinavia. The time resolution of the data
used in the study is 1 min, which is sufficient to provide
information about low-frequency magnetic field varia-
tions related to the geomagnetic activity in the vicinity of
the VLF receiver.

A suitable method for an analysis of a large data set
when the data are assumed to be somehow correlated
is the principal component analysis (PCA) (e.g., Jol-
liffe and Cadima 2016). This method was recently used
by Bezdékovd et al. (2021) to handle data provided by a
French low-altitude spacecraft DEMETER and a similar
approach is applied in this study. A detailed description
of the method is also included in the mentioned paper.
For now, let us remind that PCA is able to reveal the
most significant variations contained in the original data
and it also provides weights of the individual variations.
Its main purpose is to reduce a dimensionality of large
data sets while preserving as much information as pos-
sible. A new basis of mutually orthogonal vectors, called
principal components, is calculated within this routine.
The principal components are linear functions of origi-
nal vectors and they are sorted according to the variances
of the original projections. Components with the highest
variances are placed at first and then follow the others.
Moreover, the variances correspond to the amount of the
information from the original data set carried by the new
variables. When frequency—time spectrograms are ana-
lyzed via PCA, each frequency—time spectrogram, i.e.,
a two-dimensional matrix, is considered as an original
basis vector.

After computing a new PCA basis, a backward recon-
struction of the original data set can be performed as
a linear combination of the principal components. The
more principal components are used, the more precise
form of the original spectrogram is obtained. As dis-
cussed already by Bezdékova et al. (2021), only a few
first principal components are enough to capture the
main characteristic of the original spectrogram. This is
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due to the comparatively large amount of information
from the original data set carried by the first several
components. Hence, only a small number of the prin-
cipal components (typically first two or three) describe
the original data with a sufficient accuracy. In concrete
calculations, one can effectively use a set of coeffi-
cients calculated from a decomposition of the original
vectors into the principal components to characterize
them. This is especially useful for more dimensional
objects like frequency—time spectrograms. Let us fur-
ther remind that when dealing with PCA in physical
problems, a main problem is to understand the physi-
cal meaning of individual principal components. The
present study aims not only to reveal possible effects
affecting the ground-based VLF measurements (in
terms of the principal components), but also to esti-
mate how comparatively significant these effects are.
Since PCA is essentially based on determining the devi-
ations from an average behavior of the original data set,
the mean value is subtracted from all original basis vec-
tors before the start of the calculation.

When using PCA for ground-based (continuous)
measurements, the question how to choose the basis
vectors, i.e., how to split the more or less continuous
measurements, arises. Two different approaches are
applied in the present study, allowing us to study the
variations of VLF intensities at different time scales.
First, daily frequency—time spectrograms are used as
basis vectors. The original data set hence consists of
825 frequency—time spectrograms in the frequency
range 0—12 kHz with a time resolution of 20 min and
a frequency resolution of about 226 Hz. The used fre-
quency interval is lower than the actual frequency range
of Kannuslehto measurements, to avoid problems due
to signals coming from near Russian transmitters emit-
ting at higher frequencies. The chosen basis is suitable
mainly for a description of seasonal and long-period
effects, such as variations due to solar cycle or changes
related to periods with enhanced geomagnetic activity.
However, when analyzing variations of the wave inten-
sity on shorter time scales, the PCA performed using
the daily frequency—time spectrograms as basis vectors
is not useful. For this reason, it is necessary to choose
another set of vectors and compute a new PCA basis
with a finer time resolution. To perform such PCA, the
Kannuslehto measurements are recalculated to obtain
spectra with a time resolution of 1 min and a frequency
resolution of about 226 Hz. These are used as a new
original data set. Altogether, 1,247,580 spectra in the
frequency range 0-12 kHz are analyzed. Note that the
number of vectors used for this analysis is higher than
it would correspond to the aforementioned 825 days of
measurements. The reason is that in this analysis, it is
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possible to include also measurements from incomplete
measuring days which are omitted from the daily PCA.

Results
Entire day spectrograms as basis vectors
Following the approach introduced by Bezdékova et al.
(2021), the principal component basis vectors were plot-
ted and manually checked to reveal their characteristic
intensity patterns. First three principal basis vectors are
shown in Fig. 1. They cover almost 60 % of the original
information. Note that while the results are plotted as a
function of universal time (UT), local time (LT) at Kan-
nuslehto is larger by about 1.5 h. Moreover, magnetic
local time (MLT) at Kannuslehto is larger by about 2.5 h
with respect to UT. It is directly seen that the first prin-
cipal component expresses mainly VLF wave intensity
measured during the night, while the second principal
component rather describes the dayside intensity, cor-
responding to about 10 % of the original information.
The first principal component corresponds well to the
average intensity profile obtained for this data set (not
shown). Thus, as expected, the first principal component
reveals main intensity profile features. These are mainly
given by nightside measurements, where strong lightning
generated whistlers occur. The first principal component
corresponds to more than 40 % of the original informa-
tion. The third principal component seems to express
the intensity variations on the dawn side rather on the
dusk side. Its physical interpretation needs to be explored
more carefully (see below). It covers about 6 % of the
original information. We note that the sudden intensity
variations observed in the frequency spectra at about
1.5 kHz are likely related to the first cutoff frequency of
the Earth—ionosphere waveguide (Budden 1961). While
the wave above the cutoff frequency can propagate con-
siderable distances in the waveguide, the waves at lower
frequencies are essentially detectable only close to the
ionospheric exit point.

To better interpret the first two principal components,
which carry most of the original information, it is useful
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to draw a scatter plot showing their mutual dependence
and to investigate how a change of individual PC coeffi-
cients is related to frequency—time spectrogram features.
This is done in Fig. 2.

Figure 2a shows a scatter of individual PC1 and PC2
values for each frequency—time spectrogram from the
original data set. The points are color-coded according to
individual measuring campaigns. The same color coding
is used in all further plots. Blue points correspond to the
campaign 2016/2017, brown to measurements obtained
during campaign 2017/2018, green indicate measure-
ments during 2018/2019 campaign, and red points were
measured within 2019/2020 campaign. It is seen that the
points corresponding to different campaigns are distrib-
uted over the whole range of obtained coefficient values
equivalently. There is thus no “extraordinary” campaign
with some preferred interval of PC1 or PC2 values. From
this point of view, the individual campaigns are equal and
they can be compared between each other, allowing us
to assume that possible differences between them are of
physical origin, not given by the data processing.

Evolution of the wave intensity given by the change of
PC1 and PC2 is shown in Fig. 2b—e. The coordinates (in
terms of PC1 and PC2) chosen for these figures are drawn
in Fig. 2a by orange crosses along with the letter corre-
sponding to an appropriate plot panel. It can be seen that
positive values of PC1 coefficients correspond to a sig-
nificant increase of the nighttime wave intensity (about
0-5 UT and 15-24 UT), while positive values of PC2
correspond to an increase of the daytime wave intensity
(about 5-15 UT). The most intense spectrogram is hence
obtained for large positive values of both PC1 and PC2
(Fig. 2¢). This supports the idea suggested already by the
principal component profiles shown in Fig. 1 that while
the first principal component corresponds to the night-
time VLF measurements, the second principal compo-
nent describes rather the daytime VLF measurements.
Note again that the physical information related to the
third principal component is more tricky and it will be
discussed more in detail further.

Frequency [kHz]
Frequency [kHz]

Frequency [kHz]

Fig. 1 First three principal component basis vectors obtained from Kannuslehto daily frequency-time spectrograms
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After getting an idea about the possible physical inter-
pretation of at least the first two principal components,
we aim to further investigate how individual PC coef-
ficients vary during the season of the year. Since it is

obvious that in the ground-based measurements the
seasonal dependence has a significant effect, it has to
be somehow reflected by the principal components.
Fig. 3a—c shows the mean values of PC1, PC2, and PC3
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Fig. 3 Seasonal variations of the average (a) PC1, (b) PC2, (c) PC3 coefficients, and (d) Kp index

coefficients as a function of the months of campaigns. In  seasonal variations of the PC3 coefficients agree more
addition, monthly average values of Kp index are shown  with the Kp index dependence than for the other two PC
in Fig. 3d, giving an idea about the variations of an overall ~ coefficients. Although a direct correlation between the
geomagnetic activity during these months. The depend-  average PC3 coeflicients and Kp indices is only approxi-
ences are shown for each campaign separately and they = mate, the results shown in Fig. 3 indicate that if any prin-
are distinguished by different colors, following the color  cipal component (out of the first three) could be related

coding introduced along with Fig. 2a. to the overall geomagnetic activity (in terms of Kp index),
Figure 3a, b shows that PC1 and PC2 coefficients it is PC3.
evolve in a completely different way. While the PC1 The time scales at which individual PC coefficients

coefficients reach the highest values during autumn and  evolve are analyzed in Fig. 4. It shows autocorrelation
spring months, the largest values of PC2 are reached in  functions of the first three principal component coeffi-
November or December, ie., at months corresponding  cients for time lags from 1 to 70 days for individual Kan-
to or very close to the winter solstice. However, maxi- nuslehto campaigns separately. Only the days of year
mal values of both PC1 and PC2 in individual months are ~ when the data from all the four campaigns are available
typically reached either for the 2018/2019 or 2019/2020  are used for this analysis.

campaign. The trends obtained for both coefficients The variations of autocorrelation functions obtained
are in no way comparable with the Kp index variations  for PC1, PC2, and PC3 are significantly different. In the
shown in Fig. 3d. case of PCI1 coefficients (Fig. 4a), the autocorrelations

Seasonal dependence of the PC3 coefficients shown in  turn to be negative after around 30 days. In the case of
Fig. 3c is quite different in comparison to the previous PC  the 2016/2017 campaign, it happens already after about
coefficients. There is no pronounced maximum or mini- 20 days. After becoming negative, the sign of correlation
mum as in the previous cases and the maximal average  coefficients remains more or less the same for the rest
PC3 coefficients in individual months are mainly reached  of the investigated shift interval. The most significant
for the 2016/2017 campaign. From this point of view, the = change occurs for the 2019/2020 campaign, where the
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difference between the positive (for short time lags) and
negative (for long time lags) correlation coefficients is
the largest. Autocorrelations obtained for the PC2 coef-
ficients shown in Fig. 4b remain positive for basically the
entire time lag interval, except for the 2017/2018 cam-
paign values which turn to be negative after about 55
days, and they gradually decrease with increasing time
lags. Autocorrelations of the 2016/2017 campaign are
also negative at about 60 days time lag, but since they fur-
ther reach positive values again this seems to be rather a
random effect.

A completely different picture of autocorrelation func-
tions is obtained for PC3 as shown in Fig. 4c. Autocor-
relations obtained for the 2018/2019 campaign decrease
only slowly towards zero and they remain positive for the
whole analyzed interval of the time lags. Autocorrelation
values obtained for other campaigns are lower and tend
to fluctuate around zero. A similar behavior of the auto-
correlation function is obtained for the Kp index (not
shown).

Although the proper physical interpretation of PC3
has not been done yet, the previous results indicate that

it could carry, at least partially, information about wave
intensity variations related to the geomagnetic activity.
To confirm this hypothesis, it is necessary to find other
relevant parameters which also provide information
about or are affected by the geomagnetic activity. This is
investigated further in Fig. 5, which shows the depend-
ence of PC3 on the Kp index (Fig. 5a), AE index (Fig. 5b),
and standard deviation of the magnetic field magnitude
measured by the Sodankyld magnetometer (Fig. 5¢).

It is clearly seen that all three dependences exhibit basi-
cally the same behavior—the PC3 coefficients gradually
increase with given parameters. Given that all the three
parameters are somehow connected with the geomag-
netic activity, it is indeed reasonable to conclude that
the PC3 coefficients increase along with geomagnetic
activity.

When analyzing global effects which could influence
the VLF wave intensity at Kannuslehto, we already
mentioned the geomagnetic activity, predominantly
described by Kp index. In this regard, it is important to
note that the four analyzed campaigns took place dur-
ing different phases of the solar cycle. The evolutions

(b)

(a)

200

200 . -

PC3
PC3

-100

-200 -200

-200 L . . .

100
Kp

L L L L
1000 0 20 40 60 80 100 120 140

AE [nT] |B| Standard Deviation [nT]

Fig. 5 Dependence of the PC3 coefficients on (a) Kp index, (b) AE index, and (c) standard deviation of the magnetic field magnitude measured by
the Sodankyla magnetometer. Black points correspond to the values obtained for individual frequency-time spectrograms. Red lines show median
values in given intervals
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of both Kp index and sunspot number during the years
of the investigated Kannuslehto campaigns are shown
in Fig. 6. The intervals of campaigns which were used
in the previous plots are drawn by the correspond-
ing colors as introduced above. To better visualize
the evolution of the parameters during the individual
campaigns, mean values of the parameters over the
campaign intervals are drawn by horizontal lines.

While the Kp indices during the first two campaigns
(2016/2017, 2017/2018) were quite similar, their val-
ues increased for the latter two campaigns (2018/2019,
2019/2020). Similarly to the first two campaigns, in
terms of the mean values the geomagnetic activity
during these two campaigns was comparable. Fig. 6b
shows that the highest solar activity occurred during
the 2016/2017 campaign, then it significantly dropped,
and it eventually reached the minimum during the
2019/2020 campaign (solar minimum was observed in
December 2019).

Frequency spectra as basis vectors

As discussed above, to better characterize the wave inten-
sity evolution on shorter time scales, PCA of individual
frequency spectra with the time resolution of 1 min as
basis vectors is used. First three principal components
obtained are shown in Fig. 7. In this case, the physi-
cal interpretation of the principal components is more
complicated. For now, let us only describe the profiles of
the first three principal components depicted in Fig. 7.
These three principal components carry almost 95 %
of the original information. Most of the information is
included in the first principal component (Fig. 7a), which
carries about 81 % of the information. This component
is almost constant at higher frequencies, but in the fre-
quency range up to 2 kHz, where it is significantly lower,
it decreases and drops close to zero at about 1.5 kHz.
This is due to the fact that in the frequency range around
1.5 kHz the wave power is usually substantially higher
than anywhere else, but for arbitrary Kannuslehto spec-
trograms it remains more or less same. Fig. 7b shows the
second principal component. It can be seen that at higher
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frequencies (above about 6 kHz) its sign turns to be nega-
tive. The second principal component carries about 9 %
of the original information and it contributes significantly
to the wave power in the frequency range between about
2 and 5 kHz where it is significantly increased. The third
principal component shown in Fig. 7c reaches negative
values in the frequency range between about 2 and 8 kHz
and it also substantially increases at frequencies around
2 kHz. Out of the three components shown, it reaches
the largest values of the wave power and it carries about
4% of the original information.

To better understand the physical meaning of the
obtained principal components, it is again useful to draw
a scatter plot and check how the frequency spectra vary
with respect to the given PC coefficients. A scatter plot of
PC1 and PC2 is depicted in Fig. 8 along with four recon-
structed spectra corresponding to selected combinations
of PC1 and PC2 coefficient values.

Due to the high number of the original frequency spec-
tra (1,247,580), the scatter plot in Fig. 8a is depicted using
a slightly different format to make the plot more com-
prehensible. It shows a number of individual original
vectors associated to PC coefficients in given PC1-PC2
bins. The width of each bin is set to 10 in both dimen-
sions. It is seen that the PC1, PC2 distribution is cen-
tered around zero, but it is not symmetric. Moreover, it
seems that most of the frequency spectra are associated
with negative or small positive PC2. This means that the
increase of wave power observed for the second princi-
pal component (Fig. 7b) in the frequency range between
about 2 and 5 kHz is not usual and the wave power in this
range is typically rather decreased. A visual inspection of
an arbitrary Kannuslehto frequency-time spectrogram
confirms this interpretation. However, it remains unclear
what this principal component in fact describes and if
this can be indeed considered as a general feature of the
original data set. The distribution of PC1 is roughly sym-
metric around zero, suggesting that the contribution of
PC1 to the wave intensity can be both positive and nega-
tive. Considering that PC1 is almost constant, this is not
a surprising result.

The effect of PC1 and PC2 coefficient values on the
frequency spectra is seen in Fig. 8b—e. The values of PC1
and PC2 coefficients are chosen to correspond to extreme
values. These are marked in the scatter plot (Fig. 8a) by
the green crosses along with a letter of a corresponding
panel in Fig. 8. It is worth mentioning that an arbitrary
combination of PC1 and PC2 leads to a maximum value
of the wave power in the frequency range up to about
1 kHz. Only the concrete patterns of these maxima vary.
The increase in the frequency range between about 2
and 5 kHz observed in the spectrum of the second prin-
cipal component is pronounced in the wave intensity
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only if both PC1 and PC2 are positive. In other cases,
PC1 makes this increase basically negligible. It is further
seen that a positive PC1 coefficient makes the decrease of
the wave power at about 1.5 kHz more obvious (Fig. 8c,
e). Furthermore, the wave power at larger frequencies
(above about 4 kHz) tends to be anticorrelated with the
PC2 coefficients.

Figure 9 aims to identify possible controlling fac-
tors for the first three principal components. It shows
dependences of PC1, PC2, and PC3 on month of the
campaign (Fig. 9a—c) and on UT (Fig. 9d—f). While the
dependences on month are drawn for each Kannuslehto
campaign separately as the dependences for individual
campaigns noticeably vary, the dependences on UT are
drawn averaged over the campaigns, because they turned
out to be almost identical for all campaigns.

As Fig. 9a—c show, PC1 and PC3 exhibit similar sea-
sonal variations, while PC2 exhibits quite an opposite
trend. PC1 and PC3 are increased during autumn and
spring months, while their values are minimal during
winter months. Minimal values of PC1 for individual
campaigns are reached either in December or February
and PC3 values are minimal either in December or Janu-
ary. On the contrary, the PC2 coefficients peak either in
December or January and they are minimal for most of
the campaigns in September. The PC coefficient depend-
ences on UT obtained for the individual components are
rather different. Notice that the local time at Kannusle-
hto is shifted with respect to the UT by about 1.5 h, i.e.,
the local noon corresponds to about 10:30 UT. The PC1
coefficient dependence exhibits two global extremes—
minimum between about 9 and 11 UT and maximum
between 20 and 21 UT. Considering the time shift, the
global minimum obtained for the PC1 coefficients cor-
responds well to the Kannuslehto noon. Moreover, the
obtained extremes are quite symmetric as their absolute
values are almost identical. The dependences obtained
for PC2 and PC3 are different. The PC2 coefficient val-
ues are typically rather positive or slightly negative dur-
ing night and morning hours, and they become negative
after 11 UT, reaching the minimum at about 15 UT. After
17 UT they turn to be positive again. Maximum val-
ues are reached between 9 and 10 UT and between 18
and 20 UT. Positive values of PC3 (Fig. 9c) are reached
between 4 and 15 UT, peaking at about 8 and 11 UT,
while minimal values occur between 17 and 18 UT.

Exploiting the fine time resolution of the original data
set, it is possible to investigate how the PC coefficients
are affected by a substorm occurrence. A substorm list
used in the present study was provided by the Super-
MAG network (Gjerloev 2012; Newell and Gjerloev
2011a, b). Results of this analysis are shown in Fig. 10.
It shows the average time dependence of the first three
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PC coefficients in the case when no substorms occurred
between 6 h before and 6 h after the time of the meas-
urement (black curves) and in the case when at least 16
substorms were detected in the given time interval (red
curves). It is seen that the trend obtained for the PC1

coefficients (Fig. 10a) is very similar in both cases. Apart
from the high increase of PC1 for the large number of
substorms between 2 and 6 UT, the PC1 coefficients dur-
ing large substorm numbers are rather lower than in no
substorm situation. Remark that the profile obtained in
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Fig. 10a is very similar to the overall UT dependence of
PC1 shown in Fig. 9d. The substorm number thus does
not significantly affect PC1.

This conclusion essentially holds also for the PC2 coef-
ficients depicted in Fig. 10b. Again, the PC2 coeficients
turn to be rather lower at the times of a significant sub-
storms activity than in the case of no substorms. An
exception is again the fine interval between about 5 and
9 UT where the PC2 values for large substorm numbers
increase more than for no substorms. Similarly to PC1,
especially variations of PC2 for no substorms correspond
to the overall PC2 dependence on UT shown in Fig. 9e as
a set of no substorms covers more than 36% of the origi-
nal data set.

The situation for the PC3 coefficients is significantly dif-
ferent (Fig. 10c). The PC3 coefficients obtained at the times
of a substantial number of substorms are mostly higher
than the PC3 coefficients at the times of no substorms.
Moreover, while in the case of no substorms the PC3 coef-
ficients tend to be rather negative, the maximal average
PC3 coefficients for a large amount of substorms is almost
80. These maximal average values of the PC3 coefficients
are reached between 6 and 7 UT and from 11 to 12 UT.

Discussion

As discussed already by Bezdékova et al. (2021), the cru-
cial task when working with PCA is to give an appro-
priate physical interpretation of calculated principal
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components. This, in turn, allows us to get an idea about
the relative importance of individual factors affecting the
VLF wave intensity measured by Kannuslehto. When
using the basis of daily frequency—time spectrograms,
the meaning of the first two principal components can
be estimated quite easily. Already from the obtained
principal components (i.e., the frequency-time spec-
trograms) forming the new vector basis, it is clear that
the first principal component is related to the nighttime
measurements, while the second principal component
contains rather the information about daytime intensi-
ties. The VLF intensities measured by Kannuslehto dur-
ing the night are typically significantly higher than the
dayside intensities (intensity difference between daytime
and nighttime measurements can at times exceed 20 dB),
which is due to a lower ionospheric attenuation (e.g.,
Greifinger and Greifinger 1968). This is well consistent
with the first principal component association with the
nighttime intensities. In addition, there are other, more
specific features, which are related to the higher principal
components. These can at times significantly affect the
wave intensity. When browsing through individual fre-
quency—time spectrograms, one can notice that such fea-
tures are rare, but eventually significant. From this point
of view, it is somewhat surprising that the daytime inten-
sity variations related to the second principal component
correspond to only about 10% of the original information.

PCA further allows us to characterize the effect of the
geomagnetic activity on the Kannuslehto measurements,
albeit it is comparatively weaker than the diurnal varia-
tions. This is manifested by the fact that it takes the third
PC to reveal the geomagnetic activity dependence, as the
first two are essentially geomagnetic activity-independ-
ent. Moreover, if the geomagnetic activity effect already
manifests, it causes the provable enhancement of the
wave intensity. Considering the frequency—time spec-
trogram of the third principal component, it is further
noteworthy that the effect is mostly related to the wave
intensity measured on the dawn side. This supports the
dawn-dusk asymmetry which also holds for observations
of many whistler mode wave phenomena (e.g., Walsh
et al. 2014, and references herein). Previous statistical
studies of ground-based observations are consistent with
this conclusion (e.g., Golden et al. 2011; Yonezu et al.
2017). The results further indicate that the variability of
the dawn side intensities is larger than the variability of
the dusk side intensities, as the higher principal compo-
nents do not seem to be related with the dusk local time
sector (not shown).

The analysis of autocorrelation functions obtained for
individual PC coefficients and Kannuslehto campaigns
provides an estimate of temporal scales on which the
PC coefficients vary. At the same time, a comparison
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of results obtained for different campaigns allows us to
appreciate a role of the solar cycle. The miscellaneous
behavior of each principal component coefficient affirms
their different physical background.

Figure 4a shows that the autocorrelation functions of
the PC1 coefficients significantly depend on the Kannu-
slehto campaign. The autocorrelation times are largest
for the 2019/2020 campaign, corresponding to the solar
cycle minimum and above-average Kp indices. Compar-
ing the autocorrelations obtained for the PC1 coefficients
during other campaigns with respective average sunspot
numbers, it would indeed seem that larger solar activ-
ity corresponds to shorter autocorrelation times. This
may be possibly interpreted in terms of specific solar
events which disturb the—otherwise primarily season-
controlled—wave evolution. A question why the PC1
autocorrelation functions during the 2019/2020 cam-
paign become so negative, i.e., they basically exhibit a
reverse behavior after about 30 days than before, remains
unclear.

Behavior of the autocorrelation functions of the PC2
coefficients seems to be in this sense quite comparable to
the PC1 coefficient results. It suggests that also the day-
time VLF wave intensities have longer correlation times
during the solar minimum. It means that during weaker
solar activity the wave intensities remain similar for quite
a long period, which makes them more stable. Quite sur-
prisingly, these solar minimum periods seem to corre-
spond also to larger average Kp index values.

Dependences of the autocorrelation functions obtained
for the PC3 coefficients are quite different, with the cor-
responding correlation times being comparatively much
lower. Moreover, during the 2018/2019 campaign the
autocorrelation function behaves quite differently than in
the other campaigns. We do not possess any direct expla-
nation for that at the moment. However, the autocorre-
lations obtained for the other campaigns are generally
well comparable with the autocorrelation functions of
Kp indices derived during the times of these campaigns
(not shown). This further supports the relation of the
third principal component with the geomagnetic activ-
ity. However, one needs to keep in mind that a significant
portion of the original information is also contained in
higher principal components. The higher components
are studied, the more complicated their interpreta-
tion is. As our results show that the geomagnetic activ-
ity is not the main parameter controlling the measured
wave intensities, it cannot be assumed that its effects are
described by a single component. Another point is that
the overall geomagnetic activity itself is a complex prop-
erty not describable by a single parameter.

Physical interpretation of the principal components
obtained in the case of the frequency spectra as basis
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vectors is more tricky. A possible approach to interpret
the obtained principal components is to calculate corre-
lations between the new and original basis vectors. The
results are not shown in the paper since they highly cor-
respond to the dependences shown in Fig. 9. It would
thus seem that the first principal component describes
the UT variations of the frequency spectra. This is sup-
ported also by the fact that the trend shown in Fig. 9d
agrees well to the dependence of the correlation coeffi-
cients between the original basis vectors and PC1. Mini-
mal average correlation coefficient calculated between
the first principal component and the original frequency
spectra was reached for the spectra in the UT interval
between 9 and 10 UT and is about — 0.54, while maximal
average value reached between 20 and 21 UT is about
0.07. Note that when the average PC1 coefficients are
negative, the average correlation coefficients are negative
as well. The correlation coefficients calculated between
the second principal component and the original fre-
quency spectra (reaching average values from about
— 0.8 to — 0.53) have almost identical trend in seasonal
dependence as the average PC2 coefficients. Along with
the dependence shown in Fig. 9b, this indicates that PC2
essentially corresponds to monthly variations of the wave
power measured by Kannuslehto. This confirms that the
seasonal and daily variations of the wave intensity are
typically most significant factors controlling the wave
intensity. Let us remark that many phenomena occurring
in the system indeed exhibit seasonal variations, such as
lightning activity or effects caused by different daylight
hours (e.g., ionospheric absorption).

Regarding the physical interpretation of PC3, the situ-
ation is more complex. Several parameters, such as
lightning occurrence rate, various geomagnetic indices,
and interplanetary shock arrivals were verified as pos-
sible controlling factors for the PC3 coefficient values,
but without success. Finally, a relation between the PC3
coefficient values and a substorm occurrence was identi-
fied. This would again suggest that PC3 could be some-
how related with the geomagnetic activity and related
processes. However, it cannot be straightforwardly
regarded as a component related strictly to the overall
geomagnetic activity. Nevertheless, a substorm occur-
rence can significantly increase the wave intensity in the
frequency range around 1.5 kHz, which is mainly charac-
terized by the third principal component. This supports
the results presented in many previous papers that a sub-
storm occurrence leads to the enhancement of whistler
mode wave events (e.g., Meredith et al. 2002; Ripoll et al.
2021; Summers et al. 2004). Note that the substantial
increase of the PC3 coefficients caused by the substorm
occurrence was observed on the dayside (between 6 and
12 UT). Although substorms are nighttime phenomena,
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observations of chorus waves on the dawn side caused by
the substorm activity were previously presented by e.g.,
Spasojevic and Inan (2010); Tsurutani and Smith (1977).

Conclusions

VLF wave intensity variations measured by the Finn-
ish ground-based Kannuslehto station in the frequency
range 0-12 kHz were studied. Data from four differ-
ent Kannuslehto campaigns obtained between 2016 and
2020 were analyzed by the principal component analysis.
To better characterize both the long-period and short-
period variations, two separate PCAs were performed.
The first of them used daily frequency—time spectro-
grams with a time resolution of 20 min as basis vectors,
while the second used individual frequency spectra with
a time resolution of 1 min as basis vectors. Although a
physical interpretation of the first two principal compo-
nents of these two PCAs was quite different, effects of the
overall geomagnetic activity turned to be related only to
the third (and eventually higher) principal component.

In the case of PCA with daily spectrograms as basis
vectors, the PC1 and PC2 can be related to nighttime
and daytime wave intensity variations, respectively. The
distinction of the nighttime and daytime measurements
(in terms of PC1 and PC2) allows us to describe effects of
the solar and geomagnetic activities on them separately.
While the daytime VLF wave intensity variations seemed
to be more stable during periods of the lower solar
activity, the nighttime variations of the wave intensity
remained during these periods stable over a shorter time.

The first and second principal components obtained
for the PCA with frequency spectra as basis vectors
were found to be related to the UT and monthly varia-
tions, respectively. We further showed that the substorm
occurrence results in an increase of the wave activity at
frequencies about 1.5 kHz, mainly between about 6 and
12 UT. It was further confirmed that the wave intensity is
larger during periods with higher Kp and AE indices and
at the times of larger fluctuations of local magnetic field
magnitudes. Although the VLF wave intensity measured
on the ground is somehow related to all these factors, our
results demonstrate that the season of the year and local
time are the most important.
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