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Correlational Analysis of the ELF — VLF Nighttime Atmospherics Parameters
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Tweek-atmospherics (tweeks), along with radio transmission by VLF radio stations, are used to study the lower ionosphere.
Electromagnetic pulse radiation, which has been excited by the lightning discharges, has a maximum spectral density at extra low
frequencies range (ELF, 300...3000 Hz) and very low frequencies (VLF, 3..30 kHz). The Earth-ionosphere cavity serves as a
waveguide for electromagnetic waves in these frequency ranges. On the spectrogram of the tweek, the initial part is a linearly
polarized broadband signal, and then a number of individual harmonics are observed. Their instantaneous frequencies decrease,
asymptotically approaching approximately multiples of the cutoff frequencies of the waveguide. The single position method for
lightning location and estimation of the ELF wave’s reflection heights in the lower ionosphere by tweeks has been implemented into
the computational algorithm. The clusters with approximately the same azimuths and distances to sources which have been obtained
during the same night have been identified upon the ensemble of tweek-atmospheric records. The data were accumulated at the
Ukrainian Antarctic Station "Akademik Vernadsky" in 2019. The location of the receiving complex in the near-polar region makes it
possible to register tweek sources in two world thunderstorm centers with geographic azimuths from —60° to 130°. The results of
processing these data have been used by studying the correlation matrix and partial correlation coefficients to identify causal
relationships between the three main parameters of the tweek, such as (1) the average azimuth of the arrival of tweeks in regard to the
magnetic meridian, (2) the average distance to the center of the cluster of tweek sources (lightning discharges), and (3) the average
number of tweek harmonics. The same correlation analysis was applied to two groups with distances to sources of 2.2...7.5 Mm and
7.6...9.5 Mm used for study in detail. It is shown that the partial correlation coefficients between the number of tweek harmonics and
the difference of the magnetic azimuth from the magnetic east are 0.624 (for the entire range of distances), 0.696 (for far tweek
sources) and 0.595 (for main middle range), so, they always exceed the values of 0.1% significance level. The correlation of tweek
spectrum with the distance to the tweek source in the range of 2.2...7.5 Mm has been shown to be comparable in magnitude or to
exceed the correlation of tweek spectrum with the magnetic azimuth. The elimination of this masking effect by calculating the partial
correlation coefficients made it possible to reveal the magnetic azimuth dependences of the tweek spectra if tweek propagates in a
region outside the geomagnetic equator. Thus, the effect of non-reciprocity of propagation of ELF — VVLF waves in regard to the
magnetic meridian in the east-west and west—east directions is found in the spectra of tweek-atmospherics. It results in an increased
probability of detecting tweeks with higher harmonics if their directions of arrival are close to the geomagnetic east. It is also shown
that this effect, as a result of increased attenuation during the propagation of ELF — VLF radiation from the west and weakened
attenuation during propagation from the east, leads to a highly significant correlation (with probability level more than 99.9%)
between the magnetic azimuths of tweeks and the lengths of their paths to the receiving station.
Keywords: lower ionosphere diagnostic, ELF — VLF radiowaves, tweek-atmospherics, lightning location.
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1. Introduction frequencies decrease, asymptotically approaching
approximately multiples of the cutoff frequencies of the
Electromagnetic pulse radiation which has been waveguide. Along with radio transmission by VLF radio
excited by the lightning strokes has a maximum spectral stations, the use of these natural signals allows to study a
density at the frequency band embraced by extra low layer of ionosphere at altitudes of 60...90 km with a low
frequencies range (ELF, 300...3000 Hz) and very low electron concentration (106...10° m-3).
frequencies range (VLF, 3..30 kHz). The Earth- Tweek atmospherics have been singled out as a
ionosphere  cavity serves as a waveguide for special subspecies of atmospherics due to their
electromagnetic waves in these frequency ranges. At extremely long duration (Burton et al, 1933). The use of
night, so-called tweek-atmospherics, or tweeks, are often a waveguide model with isotropic conducting boundaries
observed. They are characterized by a longer duration  made it possible to satisfactorily explain the dispersion
than that of daytime atmospherics, up to 10...100 ms. In properties of tweeks (Outsu, 1960). A number of tweek
the spectrogram of the tweek, the initial partis a linearly  pecularities were discovered later, namely: tweeks are
polarized broadband signal, then a number of individual recorded when the signal source and receiver are at night
harmonics are observed, and their instantaneous conditions, or even during a solar eclipse (Reeve et al.,

1972), the polarization of the tweek signal in the final,
so-called tail part is typically close to left-circular

E-mail- Y uGorishnya@gmail.com polarization. Extra long tweek tails are also poorly
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explained by isotropic waveguide model. These facts can
be explained using theory from (Yamashita, 1978,
Ryabov, 1994).

An improved modification of the single-position (so-
called "Kharkiv') method for lightning location and
estimation of the lower ionosphere height by tweek-
atmospherics is described in detail in (Shvets et al.,
2011, Shvets et al., 2015). The stages of the modified
technique are as follows: calculation of the dynamic
spectra (sonograms) of a signal based on its parts of
variable length, which is determined by preliminary
estimations of the path parameters of a given tweek;
isolation of signal harmonics in the sonogram and
automatic selection of tweek parameters that give
satisfactory approximations of the observed tweek
harmonics for one of the three signal components.
Algorithm (Shvets et al., 2011, Shvets et al., 2015) was
tested on model tweek signals. It was shown that, up to 8
Mm source distances, good agreement is achieved
between the model and calculated parameters of the
tweek path (Gorishnya et al., 2012, Shvets et al., 2015).
The estimations of reflection heights in the ionosphere
for the first (fundamental) and higher harmonics, and
the estimations of polarization parameters of the tweek
signal by this method were made in a number of works
on an ensemble of experimental tweek records
(Gorishnya et al., 2010, Gorishnya, 2018, Gorishnya,
2019), obtained in tropical regions during the voyage of
the research vessel (R/V) "Akademik Vernadsky" in
1991. The paths to lightning sites that serve as sources of
tweeks were from 0.5 Mm to 4.5 Mm long according to
estimations based on this ensemble.

The east-west asymmetry of first quasi-transverse
electric (QTE) mode propagation with frequencies
~2...3 kHz in the Earth-ionosphere wavequide is known
fron observations of atmospherics (Krasnushkin et al.,
1967, Lynn et al., 1967). The azimuthal dependence was
revealed (Shvets et al., 1998, Gorishnya, 2018,
Gorishnya, 2019) in the tweek polarization at the first
harmonic, where it manifested itself at source distances
of 1.5..45 Mm as non-reciprocity of east-west
propagation.

In later works (Gorishnya, 2020, Gorishnya, 2021a)
an azimuthal dependence in the tweek spectra was
observed on the base of the number of tweek harmonics
at source distances of 8...10 Mm, according to the
experimental records database accumulated at the
Ukrainian  Antarctic  Station (UAS) "Akademik
Vernadsky" in 2019-2021. Tweek-atmospherics in this
database have source at the distances of 1.5...10 Mm or
more.

Within the frequency range of 1.6...20 kHz, up to 9
harmonics are revealed in the experimental recordings of
tweek atmospherics. Current surveys near the world's
thunderstorm centers are detecting broadband tweeks,
with instances of tweeks that include higher harmonics
up to the 6th (Maurya et al., 2012), but generally do not
determine signal arrival directions. Using experimental
material, it was previously shown that at source
distances of more than 1.5 Mm, tweeks have 2...4
harmonics in the spectrum (Gorishnya et al., 2010). The
ratios of the reflection and attenuation parameters in the
lower ionosphere, as well as the background noise level,
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lead to the fact that, for source distances to the receiver
about 10 Mm, tweek harmonics are usually not observed,
except for the fundamental one.

According to the theoretical assumptions, outside the
narrow equatorial band an azimuthal dependences in the
tweek’s propagation at distances of 4...10 Mm should
manifest themselves significantly. The predicted low
number of harmonics in the spectrum of tweeks forces us
to use the largest possible ensemble of recordings to
ohserve these features statistically.

This work purpose is to study the azimuthal
dependence of the ELF — VLF spectrum of a tweek (i.e.,
the number of its harmonics) on array with tweek paths
from 1.5 Mm to the limits of reliable detection of about
10 Mm, as well as a detailed consideration of other
causal relationships between ELF and VLF propagation
characteristics of night atmospherics through correlation
analysis.

2. Data and processing methods

Through three orthogonal components of the tweek
recording one can determine the arrival azimuth of
tweeks. The dynamic spectrum (sonogram) of the tweek-
atmospheric for frequencies <25 kHz by sectors of
variable length is obtained, and than the computational
algorithm (with a probability less than 1) detects in
sonogram the first (fundamental) harmonic and
harmonics of a higher order, if they are present in the
signal. For each tweek-atmospheric, a pair of values [h,
D] is calculated based on all harmonics available for
processing, where h is the average effective height of the
reflecting layer in the lower ionosphere along the tweek
path, and D is the distance to the tweek source.
Automatic selection of tweek parameters that give
satisfactory approximations of the tweek harmonics is
performed in such a way as to achieve the best fit for all
harmonics taken into account simultaneously. Also, the
effective heights and source distances are calculated
separately, determined in pairs from the frequency
dispersion dependence of each harmonic of the tweek.

Three-component records of the tweeks were
obtained as a set of implementations 40 ms long. The
intensity of the thunderstorms often leads to the
superposition of signals after a lightning discharge, the
impulse radiation from which exceeded the threshold
value and caused the start of recording. Such overlays of
tweek-atmospherics turn out to be an interference signal
to each other and prevent obtaining parameter
estimations from a given record.

The UAS "Akademik Vernadsky" is located near the
polar circle, at 65°14°44" S, 64°15728" W, geomagnetic
coordinates at 2019 are 55.7°S and 6.3°E. The receiving
unit and the details of its operation were described in
(Shvets et al., 2019). Tweeks are observed when the
receiving station is in the night hemisphere, e.i. during
the local nighttime.

It was shown (see in (Maurya et al., 2012, Gorishnya,
2014)) that through the effective heights of the reflecting
layer determined from tweeks, the daily and seasonal
regular changes in the lower ionosphere heights are
displayed and can be traced. There are also demonstrated
the presence of a selected range of reflection heights of
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87...89 km, in which tweeks with a high number of
harmonics are observed more often in any range of D,
and for heights >90 km, the harmonic’s number was
2...4 (Gorishnya, 2014). Since the reflection heights, as
shown in (Gorishnya, 2021b), do not correlate with the
distances to the tweek source and the azimuths of its
arrival, their influence on the correlation coefficients of
the other three parameters (distances, azimuths, and
spectrum) will be insignificant.

Given this circumstance, we can study the correlation
matrix of only three parameters, and to use data on
thunderstorms regardless of local time at the place of
tweek-atmospherics excitation, as well as to use data on
thunderstorms accumulated during the entire night or
any part of it. For large and extra-large lengths of the
tweek path, the local time of night can (depending on the
path layout) vary greatly at the source point and the
reception point, and the accordance of the effective
reflection height of the tweek and some local time is an
additional computational problem, which in this case
will not need to be dealt with.

The reception point on UAS "Akademik Vernadsky"
can record tweeks generated by two world thunderstorm
centers in the tropics of the Americas and Africa. The
work (Christian et al., 2003) reported that about 78% of
lightning on Earth occurs around +30° of the geographic
equator. So, tweek observations in the polar Arctic and
Antarctic regions usually reveal distances to the
atmospheric sources of 4...6 Mm (Saini et al., 2010) or
0.7...7 Mm (Yusop et al., 2014). Current records of
tweeks in our database are very numerous, however they
have a range of azimuths from 290° to 130°.That means
their bulk arrived from the northern and eastern sectors
relatively to the observation site. Tweeks with western
azimuths are rare (no more than 2% per night). Single
observed tweeks from western sector have the first
harmonic only and path lengths of 2.5...5 Mm.

The total number of records received is up to 30,000
per night. For example, within an hour from 4 to 5 a.m.
UTC on March 1, 2019 the total number of records was
1355. About a third of records has been identified as
tweeks, the rest are atmospherics with spectra of a
different nature. For the study, a period of time was
chosen near the equinox, from February 23 to March 5,
2019. There were no magnetic storms during this period
(three-hour planetary index K, < 5). On the day of
February 27, 2019, a weak solar flare was observed,
which caused a disturbed magnetosphere on the nights of
February 28 and March 1 (index Ky = 3+...4+, reached 5
once). Involving data for these two days for comparison,
one can point out that the total number of observed
tweeks for February 28, 2019 was 452, tweeks for the
entire night of March 1 — 1775 records. At night, under
conditions of a calm and slightly disturbed
magnetosphere, the number of recorded tweeks ranged
from ~1500 (February 23, 2019, March 4, 2019) to 6700
(at February 25, 2019), for March 2, 2019 — 2329, in
other cases, about 3300...3700 per night.

Using the data for specific time interval (for example,
a part of a night or a full night), we separated groups of
tweeks generated by a common thunderstorm source that
were close in range and azimuth.
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To separate such groups, a procedure based on the
density of spatial clustering for applications with noise
(Density-based spatial clustering of applications with
noise, DBSCAN) is used (Ester et al., 1996). The
DBSCAN algorithm was proposed in 1996 as a solution
to the problem of partitioning (originally spatial) data
into arbitrary-shaped clusters. Most algorithms that
produce planar partitioning create clusters that are close
to spherical in shape, since they minimize the distance of
documents from the center of the cluster. The authors of
DBSCAN have experimentally shown that their
algorithm is able to recognize clusters of various shapes.
DBSCAN requires two parameters to be set: the distance
¢ and the minimum number of points M (in this case,
M =7 is set), which should form a dense region in the
g-neighborhood of each cluster point.

Fig. 1 shows an example of tweek mapping. The
location on the map of clusters of tweek sources
(lightnings) is depicted for March 3, 2019, the clusters
were allocated automatically as a result of the DBSCAN
algorithm, and the numbers indicate the tweek source
magnitude. The crosses indicate the sources of tweeks.
The dotted line shows lines of equal azimuth and equal
distance from the receiving point at the UAS "Akademik
Vernadsky".

Tweeks 3623

Latitude,

-150 -100 -50 o a 50
Longitude,

Fig. 1. Example of tweek mapping for March 3, 2019

A thunderstorm center near the Brazilian coast
(where the climatic maxima of thunderstorms are
observed), associated with the features of the relief of the
Brazilian Highlands, often turns out to be a strip
extended along the "line of sight" for a reception point in
Antarctica. So, we varied the distance & used as a
clustering criterion, to achieve the more detailed division
of groups of tweeks.

For a sample of >20 specimens, the calculation of
averages for various sample values will be highly
reliable. However, for the sake of a wider coverage of
azimuths and source distances, and of an increase in the
number of thunderstorm centers studied, all data in the
case of M > 7 were involved. The data are given in
Table 1 and Table 2, where the date of the night of
recordings, the clustering parameter €, the geographic
azimuth of the cluster center Az and the distance to it, the
average number of tweek harmonics over the cluster
<N>, and the number M of tweeks in the cluster with the
1st (fundamental) harmonic are represented.
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Table 1
<N> <N>
Day &km | Az ° I\I/?m harm’\(l)nics tv'?//leglis Day & km | Az,° I\/IDm harm[\:)nics tv'?//(leglis
27.02 240 107 7.6 1.976 344 24.02 320 40 8.7 1.071 42
3.03 280 34 7.6 1 10 3.03 280 42 9 1 131
5.03 260 101 8 1.74 158 5.03 260 | 57.5 9 1.083 12
25.02 380 102 8 1.462 80 5.03 260 | 98.5 9 1.454 11
4.03 280 23 8.1 1 31 23.02 220 42 9 1.109 64
5.03 260 38 8.2 1.051 194 4.03 280 | 62.5 9.2 1 8
25.02 220 37 8.3 1.071 154 27.02 340 44 9.3 1 101
3.03 280 101 8.3 1.728 158 4.03 280 | 37.5 9.3 1.122 41
25.02 380 109 8.4 1.56 25 2.03 360 | 3335 | 94 1 30
27.02 240 34 8.5 1.2 20 5.03 260 | 76.5 9.5 1.028 35
27.02 240 117 8.6 1.381 21 3.03 400 | 76.5 9.5 1 12

Table 1 covers thunderstorm cells that can be
described as "distant cells", with ranges of 7.6 to 9.5 Mm.
Their geographical azimuths differ and cover the
northern and eastern sectors of directions, from 330° to
120°. Of the 22 such groups, most are the large ones (out
of >20 specimens, and 9 consist of >60 specimens),
5 have 8...12 specimens.

As indicated above, the specific reflection
mechanism of ELF — VLF tweek radiation from the
lower ionosphere at night, in contrast to daytime
conditions, depends on the electron gyrofrequency, and,
therefore, on the geomagnetic field at the reflection
height in the lower ionosphere. This manifests itself as
dependences of the tweek attenuation parameters on the
angle of their propagation vector with the horizontal
component of the magnetic field at this height. For the
first few harmonics of the tweek, the least attenuation is
theoretically predicted when coming from the
geomagnetic east. Fig. 2 shows the average number of
tweek harmonics in a cluster as a function of the
modulus of the difference between its magnetic azimuth
and 90°. Data from Table 1 are shown as rhombs.

2.8

Average rumber of harmonics
e
[=)
|
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a 30 al a0 120 150 180
Module of magnetic azimuth'
difference from geomagnetic east”

Fig. 2. The average number of harmonics in a thunderstorm

cluster as a function of the modulus of the magnetic bearing
difference with geomagnetic east

Online ISSN 2313-2132

The significant difference in the spectra is shown on
Fig. 2. During the late summer season, at such long
distances the thunderstorm cells were observed in
Mexico, in the equatorial Atlantic, and along the African
coast of the Gulf of Guinea. Less than 10% of the tweeks
with the sources localized in these areas had the 2nd
harmonic, and the 3rd and higher ones were not observed
at all. However, in addition to these two global
thunderstorm centers in the tropics, climatic patterns lead
to heavy thunderstorms during the rainy season in
southern Africa and over Madagascar. The movement of
the geomagnetic poles has led to the fact that in the 2019
epoch the direction of the arrival of tweeks from such
sources to the “Akademik Vernadsky” station almost
exactly coincided with the geomagnetic east. As a result,
the probability of observing higher harmonics of the
tweek, except for the fundamental one, from these
thunderstorm sources increased sharply.

For clusters of tweeks from Table 2, the data in Fig. 2
are shown with stars and crosses. Large thunderstorm
centers were divided into adjacent clusters. In the
2.2...7.5 Mm zone, there are tweeks with the 3rd
harmonic, and occasionally with the 4th. Out of 46
clusters, large ones absolutely predominate (out of >18
specimens, and 34 clusters consist of >60 specimens),
4 embrace 7...14 specimens.

The tweek paths from Table 2 lay almost completely
outside the region of the magnetic equator of the 2019
epoch. This means that the theoretical predictions of the
tweek propagation model should hold for their set. Let us
explain this circumstance in more detail.

After a short (2...3 ms) head part of the tweek, then a
"mixed polarization" region is observed, formed by a
system of elliptical left-hand polarized quasi-TE modes
(QTE) and right-hand polarized quasi-TM (QTM) modes
of the waveguide. It lasts 10...15 ms for a distance from
the source of 3 Mm, and is about 30...50 ms for tweeks
with long paths of 8 Mm. In the region of circular
frequencies w close to the tweek critical frequencies wx,
it is more correct to consider the tweek modes as L- and
R-modes (left and right circularly polarized)
(Sukhorukov et al., 1992). This part of the tweek
waveform is called the tail of the tweek.
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Table 2
<N> <N>
Day & km | Az,° I\I/?m harm’\(l)nics tv'?//leglis Day & km| Az ° I\/IDm harm,\:mics tv'?//leglis
23.02 220 355 2.2 1.846 14 28.02 420 50 5.3 1.2 40
28.02 420 49 2.6 1.714 7 4.03 280 30 5.5 1.471 153
27.02 440 12 2.8 1.875 8 27.02 280 45 5.5 1.513 115
1.03 260 10 3 1.292 24 4.03 280 45 5.5 1.293 41

27.02 240 40 3.5 1.582 171

27.02 240 30 5.6 1.742 2347

2.03 280 25 3.5 1.986 984

28.02 260 22 5.9 1.178 73

5.03 120 25 3.6 1.753 1529

24.02 320 95 5.9 2.611 18

23.02 220 30 3.6 1.985 69 5.03 120 30 6 1.131 574
28.02 420 24 3.6 1.467 77 25.02 | 320 50 6 1.747 79
3.03 80 37 3.8 1.538 236 3.03 80 45 6 1.178 73
4.03 280 10 3.8 1.214 694 2.03 280 18 6 1 51

24.02 280 20 3.8 1.717 2903

23.02 | 220 53 6.1 1.536 138

23.02 220 10 4 1.476 700 24.02 | 220 55 6.2 1.176 68
25.02 280 305 4.2 1 7 23.02 | 220 20 6.5 1.084 166
25.02 120 25 4.5 1.919 5578 24.02 | 220 45 6.5 1.404 198
1.03 200 40 5 1.622 1261 1.03 200 20 7 1.082 159
1.03 200 50 5 1.834 211 24.02 | 320 100 7 1.351 37
3.03 80 35 5 1.56 2069 24.02 | 280 23 7 1.293 157
5.03 120 25 5 1.617 298 3.03 280 15 7 1.091 551
5.03 260 70 5 1.825 120 4.03 280 10 7 1.021 48
28.02 260 35 5.2 1.411 197 4.03 280 32 7 1.088 748

2.03 280 30 5.2 1.615 1158

25.02 | 120 22 7.2 1.498 209

23.02 220 30 5.3 1.12 83

28.02 | 380 20 7.4 1 18

The attenuation coefficients of the m-th mode of the
quasi-TM modes are am™(EW) > on9™(WE), for east—
west and west—east propagation respectively, the reverse
of the situation for the quasi-TE modes, where the
case of omd™(EW) < on?™(WE) is observed. For (o —
ox)/ok<< 1 everywhere there are conditions of great
inequality, ami™ >> an9TE, This results in near-left
circular polarization in the tail of the tweek. For the
applicability of theoretical models of the propagation of
a tweek-atmospheric signal (Ryabov, 1994, Sukhorukov
et al., 1992), which have been developed to date, the
condition of quasi-longitudinal propagation in regard to
the geomagnetic field in the reflecting layer of the
ionosphere is to be satisfied for the tweek tail.

This condition is not satisfied in a narrow,
latitudinally elongated region near the equator, where the
magnetic inclination is 90° £15° This area shifts
depending on the location of the geomagnetic poles.

3. Correlation matrix and discussion of results

Using the recording of three components of the
tweek field (two magnetic, B, and By, and one electric
E;) allows determining the true (within 0....360°)
azimuth of the arrival of tweeks. Based on the data on
the geomagnetic field for the 2019 epoch and the
magnetic coordinates of the station, the magnetic bearing
to the tweek source has been then determined (within
0....360°). Despite the irregular shape of the clusters, as
described above, the bearings of the cluster center
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identified by the algorithm were taken as the average
bearing of the clusters for the data in Tables 1 and 2,
which seems to be sufficient for statistical correlation
analysis. The same approach was taken for the distances
to the cluster.

The causal relationship between three parameters
was studied:

e x1 — average number of harmonics of tweek-
atmospherics in a cluster;

e X2 — modulus of difference between magnetic
bearing ¢ in regard to magnetic meridian and 90°
(direction to magnetic east);

e  x3—distance D.

After considering the complete set of n = 68 clusters
of tweek-atmospherics, we find that the correlation
matrix of the sample R ={r; ;} has the form:

1 -0.273 -0.520

-0.273 1 -0.410
-0520 -0410 1

The significance of different correlation coefficients
rij can be estimated using Student's distribution (Cramer,
1975). The hypothesis of independence of values x; and
Xj should be rejected from the point of view of the
p-percentage level of significance if the modulus of rij

exceeds the value of t,/ tf, +v , where t, denotes the

p-percentage value of t at v =n — 2 degrees of freedom.
For the usual 5-, 1-, and 0.1- percent significance
levels (which are traditionally referred to as nearly
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significant,  significant, and highly significant, confidence interval equal to Jr — Ap-d(r); r + Ap-d(r)[,
. _ 2
respectively), magnitude values t,/\ft2+v are ~ Wherethestandard error$ Eir)g a-=r*/3n.
able

summar_iz_ed in Tz_ible 3. _ _ The number

Additional information can be obtained by of degrees p=5% p=1% p=0.1%
calculating the partial correlation coefficients rij.« of freedom
(Cramer, 1975). = . _ v=19 0433 0549 0.665

For the significance limits of the partial correlation V=20 0423 0537 0.652
coefficients, the expressions are the same as for rij, but - 0'294 0.380 0'475
with v = n — 3. The values calculated for them are also — : . :
shown in Table 3. In the same Table 3 there are given v=44 0.291 0.376 0.470

V=065 0.241 0.313 0.394

both the values t,/ ts+v for the sets of “distant v=066 0.239 0.311 0.391

clusters” of Table 1 where the number n = 22 and the
beforementioned values for the sets of main area clusters
from Table 2 with n = 46.

Assuming a normal distribution of the correlation
coefficients, we use the standard error method, and as a
result, we obtain that, with p-percentage probability, the
correlation coefficients r for a sample of size n are in the

Using the usual form of notation r + d(r), and leaving
three decimal places, one can summarize the data in
Table 4. The average values of three considered
parameters in every sample and their sample standard
errors are denoted in Table 4 as well in the usual form of
notation x + d(x).

Table 4

for 2.2 Mm...7.4 Mm for 7.6 Mm...9.5 Mm forall —2.2 Mm...9.5 Mm
N of harmonics 1.471 +0.342 1.229 + 0.296 1.392 +0.345
| Maz —90°, ° 73.54 £ 24.04 4539 +35.11 64.43 + 30.83
D, Mm 5.18 +1.38 8.66 + 0.60 6.31+2.02
2 —0.360 + 0.128 (from 1% to 5%) —0.711 £ 0.105 —0.273 £ 0.112 (from 1% to 5%)
rs —0.464 + 0.116 (=0.1%) —0.515 + 0.157 (=1%) —0.520 + 0.089
ras —0.264 + 0.137 (=5%) 0.263 £ 0.198 -0.410+0.101
[P —0.565 —0.696 -0.624
Iz -0.621 —0.484 (from 1% to 5%) —-0.720
r23 -0.522 -0.171 -0.672

Values of correlation coefficients exceeding the 0.1%
level (highly significant) are marked in bold type. The
parentheses indicate to which region the other quantities
rijand r;;., belong.

Thunderstorms from Table 1 were located at
distances of about 8.6 Mm from the receiving station
with a small spread of £12%. In this narrow band of
ranges, riz exceeds the 5% significance level, just short
of the 1% level. The correlation of azimuths and spectra
is highly significant, which is consistent with our
previous observations. The lack of correlation between
azimuths and distances is observed. The calculation of
partial correlation coefficients practically does not
change the conclusions.

The relationship of parameters for clusters of tweeks
from the main area of the middle distancies is more
complex. The source range of tweeks from Table 2
changes by a factor of 3...4 from the closest to the
farthest. Most of the tweeks were observed from
azimuths of 40...80°. All three parameters were
correlated with each other. The dependence of the tweek
decay on the path length is most clearly visible, which is
stronger for higher orders of harmonics, the coefficient
riz is significantly different from zero and close to the
highly significant 0.1% level. The value of ry3 almost
reaches the 5% significance level. This means that the
closer to the geomagnetic east is the direction to the
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source in the out-equatorial region, the weaker the tweek
decays and the greater the distance it can be received
from. Thunderstorms that occurred in the western sector
from the receiving station also arouse tweeks, but they
faded and were almost not detected.

Neglecting the effect of the spectrum (which may
show a connection with the local time of night at the
tweek path) increases the difference from zero of ry;.; to
the value r2;.; = — 0.522. Excluding the masking effect
of the source distances on tweek decay, it can be seen
that the relationship between the spectrum and the
azimuth is also highly significant, ri» .3 = — 0.565. The
relationship between the spectrum and the distance D, if
we neglect the effect of azimuth, is highly significant
and reliably exceeds the 0.1% level. Without the study of
partial correlation coefficients, these mutual influence
effects could not be reliably detected.

Combining the data for both distance ranks, one can
achieve the similar results. The relationship of the
distance with the average number of harmonics and
with the azimuth is very noticeable, the difference
from zero in the values of ri3 = -0.520 + 0.089 and
rs=-0.410 £+ 0.101 is above the 0.1% significance level.
The correlation of the arrival azimuth and spectrum
is found at the level of almost significant values:
r, = -0.273 + 0.112. The calculation of partial
correlation coefficients makes it possible to reveal
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stronger mutual relationships of all three quantities, and
the azimuthal dependence of the spectra leads to a highly
significant correlation, r,.; = —0.624.

To discuss the results obtained, we will first have to
summarize some of the previously mentioned
circumstances.

It has been experimentally found that tweeks with a
longer path between the atmospheric source and the
receiving point have fewer harmonics in the signal
spectrum. Any tweek propagation theory must account
for this fact. Numerical calculations performed for
realistic nighttime conditions in the lower ionosphere
showed that the attenuation coefficients near the cut-off
frequencies increase with the number of QTE modes in
tweek spectrum (Yamashita, 1978).

The  theoretical predictions on  azimuthal
dependencies of tweek attenuation coefficients are
anything but simple. The nature of the EW asymmetry in
tweek signals is similar to the well-studied asymmetry in
the propagation of VLF waves with frequencies >10 kHz
(see the recent review (Lynn, 2010) about it). These VLF
waves propagate in TM-modes, and the exact theoretical
solution shows that the attenuation coefficients
experience a minimum for the western direction of
arrival of the signal, and not one, but two maxima for the
northeast and southeast directions of arrival. These
calculations were confirmed by experimental studies.

For the case of the propagation of the first few tweek
modes with frequencies 2...10 kHz in the Earth-
ionosphere waveguide along a band around the
geomagnetic equator, theoretical solutions are currently
not developed. In the work (Gorishnya, 2019)
observations were made that in the near-equatorial
region there is no East — West asymmetry in tweek
polarization (except for a narrow section at the beginning
of the tweek waveform for the phase difference of the 1st
harmonic). Such an asymmetry in polarization
manifested itself in the region of middle geomagnetic
latitudes.

The theoretical model (Ryabov, 1994, Sukhorukov et
al., 1992) is valid for data from Table 2. The data in
Table 1 relating to tweeks that came from the north are
outside the scope of its applicability. The homogeneity
of the ionosphere is a rather serious confinement for the
model (Sukhorukov et al., 1992). These results are
acceptable only for a non-disturbed nighttime ionosphere
with a drastic increase of electron density in the E-layer.
Thus, the study of experimental data should be decisive
in order to clarify the dependences.

The absence of tweeks from the western sector of
270°+20° in our data denies the possibility to observe
exactly the direction of arrival, where the tweeks are
attenuated the most.

In contrast to the weak azimuthal dependence near
critical frequencies (in the tail of the tweek), for greater
sourse distancies, the condition (® — wm)/®m<< 1 is not
satisfied for part of the tweek signal. Far from the cut-off
frequencies, but for frequencies such that

1)

Pm= otmlo < 1,
Pm — 0.4>> tan 6/(2p), 1/(2am ),
in the approximate model (Sukhorukov et al., 1992)
S~ is a complex sine of the incidence angle of a wave
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onto the ionosphere, the imaginary part of which
determines the attenuation coefficient om"® = 8.7 ko x
Im (s-®) (indB Mm-1):

1
Im(S§) =~ x| @+ P2) - JBPE ~ L+ P2 x
4k0hp./1— p2

243/2 R 2 2
X2(17 pn)” - tanosiny N v(l+ pn;) <l 1s 1+ py) ,
n 20,4050 | [8p} - (L+ p})’

where ko = w/c is the wavenumber in vacuum, h is the
waveguide height for the horizontally homogenous

waveguide model, n=0y/\Jo 0,080 40 ¢, and v are
a plasma frequency, a gyrofrequency and an effective
collision frequency, respectively, of electrons at height h,
the angle 0 is the deviation of the magnetic field from the
vertical in the plane of geomagnetic meridian, and the
angle vy is the difference between the tweek propagation
vector and the horizontal projection of the geomagnetic
field.

The angle y equals the magnetic bearing ¢ at the
tweek receiving point. Due to geomagnetic anomalies,
the angle  varies along the tweek path.

The expression for the QTMn, mode attenuation
(m # 0) in the frequency ranges (1) differs from

expression (2) in the sign before /g P2 —(L+ pZ)* and

in the replacement of w'«m With wRm, so that the east—
west asymmetry of the QTMn, modes has a reverse
character.

It is easy to see that the first term in the expression
for the attenuation coefficient (2) is proportional to
Jwcos0, the second oc o sind - siny, and the third one is

proportional to the expression /o - (cos) /2. The first

and third terms do not depend on the actual azimuth, but
the difference may stem from the geographical location
of the points of excitation and reception of the tweek.

Let's compare the path from the north to UAS
"Akademik Vernadsky" with beginning at the
approximate boundary of applicability of the model, and
the path of equal length for the tweek with the east
azimuth. For north path the angle 6 varies from 35° at
UAS to 75°, and for eastern path the angle 6 varies from
35° at UAS to 22° due to geomagnetic field whereabouts
at 2019 epoch.

The firth term in (2) is about 25% less for the
northern path than for the eastern one. For the third term
in (2), the average expression (cosg)~*2 for the northern

route is approximately three times greater than for the
eastern one. But since v<<wy in the region of
applicability of the model, the total difference for the
third term is approximately equal to the difference for
the first, and they cancel each other out.

The second term vanishes when the tweek propagates
along the geomagnetic meridian, and it is the greater in
absolute value, the closer the magnetic azimuth of the
tweek is to 90°. So, the values of attenuation coefficients
am?™E for tweeks with sources to the east are smaller than
on meridional paths.

The difference in the attenuation coefficients for the
directions west—east and east-west predicted by the
model will increase with increasing angle 6 up to the
model applicability limit at 75°. That is, the closer to the

@
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equator, the greater the effect. For frequency 3 kHz and
0 = 50°, such a difference in the attenuation coefficients
of the first L-mode (QTE;) reaches ~3 dB/Mm™*, which
is comparable to the value of the attenuation coefficients
themselves.

For the magnetic latitude of the receiving complex at
UAS, the angle 6 = 35° and the effect of azimuth on
attenuation at east-west propagation direction is
50...75% of that at medium magnetic latitudes (6 = 50°).
However, it shows up as a significant correlation when
looking at the correlation matrix.

This point, as well as the strong correlation between
the tweek paths and their arrival azimuths, came as
somewhat of a surprise to our research team.

The term in am9" responsible for this difference in
the model is o« w, and grows with the harmonic order, for
equal modal angles ¢ (cos ¢m= wkm/®).

4. Conclusions

Clusters with approximately the same distances to
sources and azimuths obtained during the same night
were identified upon the ensemble of tweek-atmospheric
records. The data were accumulated at the Ukrainian
Antarctic Station "Akademik Vernadsky" in 2019. To
obtain parameters through tweeks, a single-position
method was used to locate lightning and estimate the
heights of the lower ionosphere by tweek-atmospherics
(Shvets et al., 2011). The correlation matrix was
calculated for three parameters, and partial correlation
coefficients were obtained. We studied the cause-and-
effect relationship between the average azimuth of the
arrival of tweeks in regard to the magnetic meridian, the
average distance to the center of the cluster of tweek
sources (lightning discharges), and the average number
of tweek harmonics. The same correlation analysis was
carried out for two groups with distances to sources of
2.2..7.5 Mm and 7.6...9.5 Mm, into which the sample
was divided for in-depth study. It is shown that the
partial correlation coefficients between the number of
tweek harmonics and the difference of the magnetic
azimuth from the direction to the magnetic east exceed
the 0.1% significance level for the entire range of
distances. It is shown that the effect of the distance to the
tweek source on its spectrum in the range of 2...8 Mm is
comparable in magnitude or exceeds the effect of the
magnetic azimuth. The elimination of this masking effect
by calculating the partial correlation coefficients made it
possible to reveal the magnetic azimuth dependences of
the tweek spectra in the case of propagation in a region
outside the geomagnetic equator.

The increased probability of detecting tweeks with
higher harmonics if their directions of arrival are close to
the geomagnetic east is explained as the effect of non-
reciprocity of east-west and west—east propagation of
ELF — VLF waves in regard to the magnetic meridian
upon the spectra of tweek-atmospherics. It is also shown
that this effect, as a result of increased attenuation during
the propagation of ELF — VLF radiation from the west
and weakened attenuation during propagation from the
east, leads to a highly significant correlation of the
magnetic azimuths of tweeks and the lengths of their
paths to the receiving station.
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KOPEHHHH?IHI/H?T AHAJII3 XAPAKTEPUCTHUK HIYHOI'O IMOIIMPEHHSA HHY-IHY ATMOCDEPUKIB

10. B. T'opimast, A. O. sen

ITnucmumym paoioghizuxu ma enexmponiru im. O. A. Yeuxoea HAH Ykpainu, eyn. Axao. Ilpockypu, 12, Xapxkis, 61085, Vkpaina
Tik-aTMocdepuku (TBiku), OpsA 3 pagionpocBidyBaHHsAM XBuisiMu JJHY-pamiocraHiiii, BAKOPUCTOBYIOTH JUIS BUBUSHHS HIKHBOT
ioHoc(epu. EnexrpomarHiTHe iIMIyJbCHE BHIIPOMIHIOBAHHS, IO 30YIKYETbCS TI'PO3OBHMH pO3PSIAMH, Ma€ MaKCUMAIIbHY
CIIEKTpaJIbHYy TYCTHHY B aiama3zoHi Haanm3pkux uactor (HHY, 300..3000 I'm) Ta myxe Hm3pkux uactor (JAHY, 3..30 x['m).
IMoporkauna 3emisi—ioHocepa CIyKUTh XBUICBOJOM JUISl €IEKTPOMArHITHUX XBHJIb y Jialla30HaX TakuX YacTtoT. Ha crnexrporpami
TBiKa IOYAaTKOBA YaCTHUHA € JIHIIHO MOJIPU30BaHUM ITMPOKOCMYI'OBHUM CHUTHAJIOM, TTOTIM CHOCTEPIraeThes Pl OKPEMUX FAPMOHIK, a
X MMTTEBI YAaCTOTH 3MEHLIYIOTHCS, ACHMITOTHYHO HAOMMKAIOYMCh NPHOIM3HO 10 KpPaTHHX YacTOT BiJCIKaHHS XBHJICBOAY.
OpHOMO3MLIHHMI METON JOKaLil OIMCKaBOK Ta OLiHIOBaHHS BUCOT BinouTTss HHY-XBHIb y HIOKHIH i0HOC]Epi 32 CUTHANaMH TBIiKiB
BBEZICHO B O0YMCIIOBaNIbHUI anroputM. Ha ancamOini 3anmciB TBiK-aTMOC(HEpHKIB BUAUICHO KIACTEPH 3 MPUOIM3HO OAHAKOBHMH
a3uMyTaMH{ Ta BiJICTaHAMH JO0 JDKEpeN, OTpHMaHi B Ty K Hiu. /laHi HakonnyeHi Ha YKpaiHCBhKid aHTaApKTHYHIN cTaHLil “AkageMik
Bepuancekuit” y 2019 pori. Po3mimieHHs npuiiOMHOrO KOMIUIEKCY B MeXaxX MOJISIPHOTO PETrioHy Ja€ 3MOry PEECTpyBaTH JKepena
TBiKiB 3 JBOX IUIAHETApPHHX I'PO30BUX LEHTPIB 3 reorpagiuHMMM a3uMyTamu B Micli npuifomy Big —60° mo 130°. PesynbraTtu
00pOOJICHHS LMX [aHWX BUKOPUCTaHI LUISIXOM BHBYEHHS KOPEJALIHOI MAaTpUI[ Ta YacTKOBHX KOS(ILiEHTIB KOpeysiii s
BUSIBIICHHS] TPUYMHHO-HACIIAKOBUX 3B’S3KiB MK TPbOMa OCHOBHHMMH MapMeTpaMH TBiKa, SKAMH OyiIH cepeiHiil a3uMyT TBika
BiJHOCHO MAarHiTHOro MepH[iaHa, CepeAHs NUCTaHIlis 1O LEHTPY Kiacrepa JoKepes TBika (OJHMCKaBOK) Ta CepelHs KiNbKICTh
rapMoHik TBika. Takuil KopensLiiiHuii aHai3 MPOBEACHO TAKOX JUIS IBOX TPYI 3 JUCTAHILIsAMH A0 mkepen 2,2...7,5 Mm i 7,6...9,5
Mw, Ha sIKi pO3AiJeHO BHUOIPKY Ul MOTIMOJICHOro BHBYCHHS. [IpOJEeMOHCTPOBAHO, IO YACTKOBHU KOSQILi€HT KOPEeSIil Mix
KiJIbKICTIO TAPMOHIK TBIKIiB Ta BiJMIHHICTIO MarHiTHMX a3UMYTiB BiJ{ HANPSIMKY Ha MarHiTHUN cxix gopiBHioe 0,624 miis HOBHOrO
niana3oHy aucraHuii, 0,696 mis TBikiB 3 BigmageHuMu mxepenamu Ta 0,595 y mmpokoMy miamasoHi cepenHux Biacranew 2,2...7,5
MM, mo y BCix Bimazkax BimnoBinae piBHio 3Hauymocti 0,1%, T00TO nyxe 3Hauymomy. ITokazaHo, 110 KOpENsLis JUCTAHLIT 10
JoKepenia TBika Ta HOro cmekTpa B miamaszoni 2..7,5 MM 3a BeIMYMHOI MPUONHM3HO MOPIBHIOE ab0 MEpPEeBEpLIyE KOPEISLio
MarHiTHOrO a3WMyTa TBiKa Ta HOro CrexTpa. YCYHEHHS MacKyBalbHOro e(eKTy BiJ BIUIMBY JHUCTAHIIi HULSIXOM 3HAXOKCHHS
YaCTKOBHX KOE(II[iEHTIB KOpEeNALil Aaio 3MOry BHSIBUTH, SIK CIEKTPU TBIKIB 3aJie)KaTh BiJj MarHiTHOrO a3WMyTa, SKIIO TBIK
MOIIUPIOETBCS B O0MACTi 1032 TEOMArHiTHUM €KBaTOpoM. TakuM HYHMHOM, Y CIEKTpaxX TBiK-aTMOC(EPUKIB BHSBICHO e(eKT
ueB3aemuocTi nomupensass HHY—/THY xBuiab 110710 MarHiTHOro MepHiiaHa y HampsIMKax CXiJ — 3axia Ta 3axig — CXif, o
MPU3BOAUTD [0 301JIbIIICHHS HMOBIPHOCTI BUSIBIICHHS TBIKiB 3 BUIIMMHU TapMOHIKaMH, SIKIIO HAMPSMKH TXHBOrO MPUXOLY OIHU3bKi 10
reoMarsiTHoro cxozay. Iloka3aHo TakoX, HIO Iei e]eKT HEeB3aeMHOCTI BHACHOK miaBuineHoro 3racanns HHY-THY
BUTIPOMIHIOBaHHS MPHY TOMIMPEHHI i3 3aX0Ay Ta OCIabJIeHOro 3racaHHs MpU TMOMIMPEHHI 31 CXOAY MPU3BOAUTH [0 IYXe 3HAUYIIO!
kopensnii (3 HWMoBipHicTIO Oinbin HiXK 99,9%) MiX BENMYMHOI MArHITHMX a3MMYTIB TBIKIB Ta JIOBKHH iXHBOTO INUISXY 1O
MpUitMabHOT CTaHIIl.

Kuouosi ciioBa: giarHoctuka HmkHbol ioHochepun, HHY—/THY pamioxBuii, TBiK-aTMOC(HEPHKH, JTOKALLisI OIHMCKaBOK.

Pyronuc cmammi ompumano 22.11.2022
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