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APPLIED RADIO PHYSICS

Low Frequency Whistlers Generated in the Lower Ionosphere
During Strong Thunderstorms

A. M. Gokov and O. F. Tymov

V. Karazin National University of Kharkav, 4, Svoboda Sq., Kharkev, 81077, Ukraine

Methods of determination whistler frequencies generated by the infrasound in E- and F- re-
gions of the ionosphere near the strong thunderstorm epicentre in the Earth atmosphere are
proposed. Experimentally, wsing methods of the vertical Doppler sounding and partial
reflections, it has been confirmed the principle that the during a strong thunderstorm, near
the epicentre, generating of infrasonic waves uf.j'; =(.4-0.8 Hz which spread up to the

ionospheric F-region heights is possible. On the basis of both the infrasonic waves trans-
formed in the jonosphere into the low frequency whistlers and the dispersion relations, the

whistler frequencies were found 1o be f; = 7-29 kHz, which agrees closely with the
thearetical caleulations,

1. Introduction

It is well known, that in the period of an earthquake and at the time of preparation of it, under
strong thunderstorms, explosions and other disturbances, the infrasomic waves are generated within fre-
quencies 0,01 Hz < [ < 20 Hz (see, e.g. Grigor'ev and Dokuchaev (1981); Al'perovich et al. (1983);
Baker and Cotten (1971); Davis and Baker (1965); Rai and Kisabeth (1967); Barry et al. (1966)). Such
waves spread rather easily up to the ionospheric E-region heights (z - 100-160 km) and higher than
these up to the F-region heights, which leads 1o appearing additional currents and disturbation of the
electric and magnetic fields, i.e. 1o generating or amplifying vanous waves, It is also known that whis-
tlers (whistler modes ) are electromagnetic waves propagating in weakly ionized plasma for which the
following conditions are fulfilled: V_, << @4, ,V, >> @, (@, 0, are the electron and ion
gyro-frequencies, v, v, are the frequencies of electrons and ions collision with neutrals). For such
waves, the electrons taking part in o moving infrasonic wave are connected with magnetic field lines and
drift in crossed fields: and the ions - due to their collisions with the neutrals - are not subjected to the
magnetic feld action and proctically rest or move under the infrasonic wave control {if there is infra-
sound). These conditions are fulfilled at the ionospheric E-region heights and higher. The presence of
such waves in the epicentral zone and at some distance from a disturbance source was found experimen-
tally (see, for example, Mikhaylov et al. (1991); Mikhaylov et al. (1997); Sadovsky et al. (1979); Ral-
chovsky and Komarav (1989)),

The problems of the low frequency whistlers propagating in that height range were discussed
rather fully m Mazur (1988 ). The problem of such waves generated by acoustic waves in the E -région
wans solved i Surkov (1989 1. It 15 shown m Gokov (2000) that the infrasanic waves excited in the at-
mosphere dunng disturbances of different natures, under their propagating in the Earth ionosphere, may
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generate or amplify low frequency whistlers in the ionospheric E-region. Using the dispersion equation, a
relation between the frequencies of infrasound and the whistler was obtained.

The frequency range, in which whistler generation is possible, was calculated on the basis of the
experimentil data about the frequency interval of infrasound gencrated in the atmosphere under distur-
bances of different notures.

In the presented paper, using the experimental measurements by means of the partial reflection
methods (PR) and the vertical Doppler sounding (VDS), there is shown a possibility of generating a low
frequency whistler by the infrasound in the lower middle-latitude ionosphere during a strong thunder-
S1OFT.

2. Formulation of the problem

The generation of the infrasonic waves in the atmosphere to the above-mentioned frequency range
umidler the disturbances of various characters (both natural and artificial ones) was confirmed experimen-
tally and theoretically (see the references in the introduction).

It is also known, that such atmospheric gas density fluctuations spread easily up to the ionosphenic
F-region heights: an approximate frequency range of the infrasound fluctuations reaching, for instance,
160 km is 0.05 Hz =< f = 10 Hz (infrasonic waves of 15-20 Hz, as a rule, do not spread higher than
about 120 km). The upper boundary of the range is limited by wave fading, the lower one is confined to
the scoustic cutoff frequency, [, = yg / 4xf, (g being the acceleration of gravity, y beng the ratio
of specific heats). Clearly that under high frequency sounding (for instance, within 2-10 MHz) of the
ionosphere, radio waves will undergo diffraction by an infrasonic wave, which leads 1o a shift of the
sounding frequency (satisfying Bregg's condition) by » magnitude equal to the infrasonic wave fre-
quency, [, = f, ., (Landsberg (1976)). Elsewhere there are a whole number of experiments concerning
with the Doppler high-frequency sounding of the ionosphere (usually at 4-5 MHz) over the periods of
recording low-frequency radiations during explosions and earthquakes (Al'perovich et al. (1983); Baker
and Cotten (1971); Davis and Baker (1965); Gokhberg (1986); Afraymovich et al. (1984)). As a rule the
Doppler frequency shift is of f, = 0.2-2 Hz. Proceeding from this, using the Doppler frequency shift
measurements under vertical sounding the jonosphere in the epicenire zone of the disturbance source
{explosions, earthquakes, thunderstorm, ete.), one can find the frequency of the infrasonic waves to be
f, = f, . Using the relation giving o connection between f and the frequencies generated m this

height range of the low-frequency whistlers, f, , (Gokov (2000]),
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one may obtain numerical values of these frequencies and, using the known relation, find their wave-
length, 4, = u, | f, Here 6 is the angle between the vertical and the infrasonic wave propagation direc-
tion, the angle kB =@, k is the wave vector, B 15 the magnetic induction vector, ¢ is the light velocity,
1, is the infrasound velocity, f,, is the gyrofrequency of electrons, and £, is the electron plasma fre-
quency

Note that the low frequency whistlers will seem to be experimentally recorded near the disturbance
source epicentre since, as shown in Mazur (1988), the presence of rather a powerful layer with the con-

siderable Pedersen conductivity leads to impossibility for a low frequency whistlers to propagate along
the Earth surface (in the ionosphenic region considered) over long distances (more than hundreds of
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kilometers). Nevertheless, they may essentially increase as the ionosphere may be a good resonator with
the quality factor, @, = wn(2e, /7,) *(cosd) (1 + cos @) for the low frequency whistlers
{Mazur (1988)). For harmonics with n ~ 3-5 and the caleulated o, /&, =2 (Volker and Carpenter
(19750 (o, ., arE the Hall and Pedersen conductivities), it may reach Q" m 20=30. Such fluctus-
lions may be recorded, for instance, in natural radio noise spectr

3, Equipment and investigation methods

Our experimental investigations, using the scheme given above, were conducted during several
strong thunderstorms by means of the equipment complex (Tymov et al. 1994) with the help of the PR
and VDS methods near the city of Kharkiv st the Radiophysical Observatory of Kharkiv V. Karazin Na-
nonal University (see Table 1),

Table 1.
Coordinates of Kharkiv V. Korazin National University Radiophysical Observatory
Gieopraphio Geomagnetic
Elevation | Latitude Longitude Latitude | Longitude | Inclina- | Declination L
(m} (M) (E) (N) (E} ton (W)
156 497 38" J6° 2y | 4537 118.7° hh" 368 67 19.6' =20

Main parameters of a complex of a method of partial reflections at realization of experiments are
following: the operating frequency, [ = 2.31 MHz, the duration of sounding pulses, T= 25 pusec with
the repetition frequency of F = 1-5 Hz, the radiated pulse power, P = 150 kW, the gain of antenna be-
ing (& = 40. The amplitudes of signal plus noise of the ordinary and extraordinary polarizations,

A (z,0), A, (z.1), respectively (their height-time variations; = is the height in km over the Earth

surface, T 1s the time), were digitized at a rate of ane per second and recorded on a magnetic tape. In or-
der to determine the signal amplitudes A4, (z,f) two samples of noise amplitudes 4, (f) were ac-

guired within each interpulse interval. The measurements of H”Ez.-'} and A_  (f) were made within a

hetght range of 45 - 126 km by a 3-km step. The measurements were conducted uninterruptedly over ob-
servation periods of 1-10 hours before. during and after the thundersiorms. Estimating of the varation

periods of A (=2,1) and A, (#) was carried out by means of a quick Fourier transform over 30 min

b 1

time intervals., Besides, the time series was made of every second values of 4 (z.1), A, (z,1) and

A, . At).

From the Doppler radar measurements, the dynamic Doppler spectra (DDS) were estimated using
512 countings over a time interval of 51.2 seconds. At the same time, the frequency resolution was 0,02
Hz. Information on the Deppler spectra was recorded every minute. To estimate periods of rather slow

variations of the Doppler frequency shifi, f,(t), corresponding to the centre of the DS, £, , the quick

Fourier transformation over the nme intervals of 64 and 128 min was used. In addition, the time senes
was made of every minute values of [ . Two operation [requencies were used: 2.8 MHz and 3.5 MHz.

The comparison was made with the data obtained by the same equipment under similar heliogeo-
magnetic conditions without any thunderstorm activity in the observation region (on the control days).
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An ionosonde controlled a state of the ionosphere.
The total number of simultaneous observation cycles by means of the PR and VDS methods is 4.

The experimental information is given in Table 2.
Three problems were solved:

11 1o find the infrasonic waves as [, = f, by means of the Doppler frequency shift measurements

while vertical sounding the ionosphere in the epicentre thunderstorm zone,
2} to try 1o obtain an experimental confirmation of possible generation of infrasonic waves in the
atmosphere during o thundersiorm using the PR technique measurements of the amplitudes of the par-

tially reflected radio signals, A, ,(z,¢), and the amplitudes of the radio noise, A, (1) . To find the in-
frasonic wave frequency, f, , by means of spectrum processing of the height-time records of A (z,0),
A (z.t),and A (I);

1) 10 compare the infrasonic wave frequency, f, , for the simultaneous measurements obtained by

the PR and VDS technigques, and then using relation (1) to calculate frequencies of the low frequency
whistlers generated in this height range. f,.

Table 2.
Experimental information
Date Observation Time (LT) Thunderstorm time
PR.-technique VDS-method (LT)

01.07.1997 | 18:37:00 — 24:00:00 21:10:00 — 24:00:00 22:20 — 23:00
07.07.1998 17:44:00 — 00: 10:00 19:06:00 — 22:58:00 20:50-21:35
08.09.2001 15:30:00 — 19:32:00 15:20:00 - 21 125:00 19:20 = 19:50
25.09.2001 02:28:00 - 10:02:00 02:00:00 — 08:30:00 04:18 — 04:55

07:25 — 08:10

4. Experimental results and discussion

Earlier when analyzing the experimental data on A, (z,f), we discovered some differences in

A {z,1) behaviour during the thunderstorm, before and after it (Gokov and Tymov (1998); Gokov and
Tyrnov (1999)). For instance, n the experiment of 15.07.1981 during the thunderstorm there were found
some peculiarities in the A, (2,1) behaviour (when the sounding facility with F = 5 Hz was operating).

It wias not observed before the thunderstorm. Fig. | shows the height-time < Jj'#[z,:} > -profiles, each
was obtained by averaging over 15 realizations (during 3 sec). Here one can clearly see the shifi of the
maximum value of < Afla{:,r} > by about 10 km with regard to the height with the time (during 30

sec). A similar picture takes place for < ,a!fliz,r] > ) as well. The vertical velocity of such a shift s
I = 300 nvsec. { The measurements by the VDS method were not made in this period).

113



8 | . . T

Fig. |. Height-time < .4* > profiles, obtained by averaging over 15 realizations
{over 3 sec) in the experiment 15.07.1981.

Under spectrum processing of the < -"'f.; (z,1) > dependences (at == T8, Bl and 85 km) the en-
ergy increase in the spectrum component at f = 0.5 Hz was discovered. It corresponds to the infrasonic

range. We may assume that such 4, (=,f) behavior during the thunderstorm is possibly caused by ap-

pearing nfrasonic acoustic waves which propagate from the source with small losses in an atmosphere.
Let us consider the results obtained in the experiments conducted simultaneously by the PR and
VDS technigues.

In the experiment of D1.07.1997, there were measured A, (z,7) and A, (f) st =231 MHz

within 18:37 - 24:00 LT in the height range of 2 =45-96 km, f, being measured at 3.5 MHz and 2.8

MHz within 21:10 — 24:00 LT. In the first place a choice of operating frequencies was determined by the
available radio noise. The thunderstorm was visually observed some kilometers away (the distance being

R, = 3-8 km) from the Radiophysical Observatory within 22:20 - 23:00 LT,

The dynamic Doppler spectra is obtained in the given experiment, as exemplified in Fig.2. (As was
to be expected, the DS variations at the two close frequencies were similar to one another. Therefore we
further describe the observations results at 2.8 MHz). After 22:40 LT, in the figure one can clearly trace

at first the growth of [, wpto f,, = 0.5 Hz( f,,is a maximum value of f,) with the following de-
crease down to about f; =- 0.4 Hz over 35 min. Then, after the thunderstorm, one can see [, = 0-0.1

over about 25 min, as it took place before the thunderstorm. Such a change in f, seems to be connected
with infrasonic waves generated duning the thunderstorm since, under spectrum processing of the
A (z,1) records obtained by the PR technique, there was noticed an increase in the whole height range

of the spectrum component intensity, (r, at f =05 Hz (an example of the dependences is shown in

Fig. 3} It should be noted here that in the background measurements made on the control day of
07.07.1997 (the measurements were conducted by the PR technique 16:14-17:18 LT and by the VDS
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method 13:31-17:40 LT) there were observed no changes (as for a number of other experiments carmied
cut under undisturbed conditions).
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Fig. 2. Dynamic Doppler spectra obtained in the experiment of 01.07.1997 during
the thunderstorm.

In another experrment made on 25.09.2001., the thunderstorm was observed at a shont distance
(04: 18, — D4:55. LT, EI &= 3-6 km), and at some distance away (07:25. - 08:10. LT, ﬁ.', = [0-15 km)

from the Radiophysical Observatory, The A, (z.¢) and A (f) measurements st f= 2.31 MHz

were conducted within 2= &0-126 km. the fu. values being measured at 3.5 MHz and 2.8 MHz. Fig. 4

shows an example of the dynamic Doppler spectra obtamed in this experiment. Within 04:23-04:59 LT it
18 clearly seen that the posiive Doppler frequency shift (~ 0.2 Hz) which began at 03:40 (i.e. about 40
min before the thunder commencement in the observation region) is superimposed by the DS "strewing”
(its width changing from 0.5 to 1 Hz) which coincided with the thunderstorm period. The Doppler fre-
quency change (shift) may be caused by changing of the middle jonosphere electron density, including
that in the vicinity of the radio wave reflection region, and by the displacement of this region as well.
This may be brought about by both the thunderstorm activity and other causes. Investigation of them is
not within the framework of the paper presented here.

The DS "strewing” is caused by the presence of the small-scale random irregularities in the vicin-
ity of the radio wave reflection region and lower. The main mechanism of generating irregularities hav-
ing scale of | = 10— 10" m in the E and F-regions, are instabilities in the magnetically active ionospheric
plasma (Gershman (1974); Gel'berg (1986)). For their nse, the following conditions should be met: over-
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stepping of the ansing instability threshold, rather large values of the instability increment, ete. Viola-
tions of these conditions leads 10 suppressing instabilities and hence to irregular structures at the height
discussed (besudes, the one-modde DS structure is restored as a “regulanzation effect” of the DS).
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Fig. 3. The time dependences of the spectrum intensity (r of A,_ (1), obtained

by the pariial reflection technique during the thunderstorms {calculations
are made for ime ntervals of 30 maa):

a) 01071997, curves: 1- 2=60 km; 2- Z=93 km i_f;. ={).48 Hz);

by 25.09.2001, curves: - Z=69 km; 2- Z=120 km ( f,= 0.48Hz);
3. Z=63km; 4 - z=117km{ f,=0.92 Hz);

c) 07071998, curves: 1- Z=63 km; 2- Z=96 km ( fJ= 0.48Hz)

d) 08.09.2001, curves: 1- Z=63 km; 2- Z=96 km {j'“. = 0.48Hz);

Sectoring on the fime axis is as follows: "-30 - 07 is to 30 min before the
thunderstorm; =0 - 30" for 30 min during the thunderstorm; "30 - +30»
for 30 mun after the thunderstomm,

It seems likely that over this lapse, the infrasonic waves were not generated or perhaps their inten-
sity was low 1o be observed as in the PR technique measurements there were not observed clear changes

either in the A, (z.r)and A__  (r) components.



During the second thunderstorm of 25,09.2001 (within 07:25 = 08:10 LT) there were observed
clear changes in f; up to _j':,,, = 0.8 Hz with lowering down to about f, = - 0.4 Hz over 40 min. These
changes coincided with the thunderstorm period (the delay being about § min). Under spectrum process-
ing of the A_ _(z,1) records obtained by the PR technique, there was observed over the whole height

range an increase in the spectrum components intensity, 7 , at J = 0.5, 0.9 Hz (Shown in Fig. 3 is an
example of the G (1) dependences).

Fig., 4-6 show examples of the dynamic Doppler spectra obtained in the experiments of
07.07.1998, 08.09.2001, and 25.09.2001, respectively. The thunderstorm was observed near the Observa-
tory [ﬂ = 3-6 km). The 4 (/) and ;{M{I‘] measurcments at f—Z.SI MHz were conducied within Z =
60 - 126 km. As in the examples considered above, in these experiments there are clearly observed
changes in f, = £ 0.4-0.5 Hz during the thunderstorm. Under spectrum processing of the A, ,(2,7)
records, there was observed over the whole height range an increase in the spectrum component inten-
sity, & , at_f = 0.5 Hz (an example of the (1) dependences is presented in Fig. 3 ).

The relation, obtsned in Gokov {2002) (see (1)), between the frequencies of the infrasonic waves,
1 » generated under various disturbances in the atmosphere on the surface and under the Earth, measured
experimentally, allows 1o calculate the [requencies of low frequency whistlers, f;, which { as shown in
Gokov (2000}) may be generated or enhanced at the same time in the E and F- regions of the ionosphere.

In order for calculation to be made, we assume that ©=3- 10" misee, = 500 m'sec,
ar, =8-10"sec™ . The estimation of the reflection height , /., and 0, was obtained using vertical
sounding wnograms obtamed by means of the ionosode (Tymov et al. (1994)), The calculations were
carried out assuming that the whistler propagates along the direction of the geomagnetic field ( @ = 0°);
the infrasonic wave propagates vertically upward and & = 30°, which corresponds to the magnetic incli-

nation af ~ 60" in the middle latitudes.
Table 3 presents the caleulation results.,

Table 3.

Caleulation results of low frequency whistler frequencies
Date fr, km 1. Hz 1y kHz

01.07.1997 16l 0.5 11.3
| 07.07.1998 150 0.5 11.3
08.05.2001 130 0.5 11.3
25092001 160 0.4 7.2
150 0.8 289
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Fig. 4. Dynamic Doppler spectm obtained in expeniment dunng the thunderstorm
of 25.09.2001.

Note that the experimental values obtained for the infrasound frequencies, [, are well agreed
with the theoretical calculations (Gokov {20007).

Note also that the infrasonic acoustic waves similar to those obtained by us during the thunder-
storms. had been early observed in the atmosphere and the ionosphere due to strong wind currents in the
hilly country, volcano eruptions, heavy seas, and due 10 supersonic motion of the auroral arcs (Schlegel
el al. (1980); Bertel et al. (1978)) as well. Characteristics (periods, propagation veloeities) of such infra
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somic acoustic waves tumed out to be similar as to their order of the magnitude. Note also that as earlier
as (Hines (1960)) there was suggested an interaction mechanism of the sounding electromagnetic waves
and atmospheric ones in order to explain partial reflecting and back scattering of the waves from the

ionosphenc D-region irregularities.
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Fig. 5. Dynamic Doppler specira obtained in experiment during the thunderstorm
of 0707, 199K,

It should be noted that the methods considered are applicable to investigate the possible low fre-
quency whistlers generated near the epicentre of other disturbances of different natures; earthquakes, ex-

plosions. rocket launches, etc..
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Fig. tr. Dynamic Doppler spectra obtamed in experiment during the thunderstorm

of 08.09.2001.
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1. Methods for determining low frequency whistler frequencies penerated by infrasound in the
ionospheric E-region near the epicentre of a strong thunderstorm in the Earth atmosphere are suggesied,

2 By means of the vertical Doppler sounding and partial reflection techniques, it is confirmed that
during a strong thunderstorm near the epicentre there is possible generation of infrasonic waves with fre-
quencies ,f“| = {1 4-0,% Hz, which spread up to the jonospheric E-region heights ( Z = 100-170 km. ).

3. On the basis of the mechanism of infrasonic waves transformation in the ionospheric E-region
into low frequency whistlers and on the basis of a dispersion relation, there were found whistler frequen-

cies, f = 7- 29 kHz, which are well-agreed with the theoretical caleulations.
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