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Abstract One of the most powerful solar proton precipitations (SPP), which began
on 29 September 1989, was at the same time the longest one. This peculiarity gave
to us the possibility to study on the base of VLF data the precipitation effect during a
sunset on the dynamics of the electric properties of the lowest part of the ionosphere
in the terms of complex reflection coefficient for a sequence of 8 days. The input data
for the analysis were the relative variations of amplitudes and variations of phases for
3 VLF monochromatic, ground based signals with radio path North Norway—XKola
Peninsula having a moderate length, 885 km. A self-consistent method for solution
of an inverse VLF problem was used. The sunset dynamics of electric conductivity
of the temporally modified bottom ionosphere was stated for all days of the SPP.
The solution of such inverse VLF problem was possible due to the multi frequency
measurements for the radio path and the synchronous registration of amplitudes and
phases.

Keywords Proton precipitation on 29 September 1989 - Sunset effect - Inverse
VLF problem - Self-consistent method

1 Introduction

Our paper is devoted to the terrestrial electromagnetic sounding of the lowest part
of ionosphere during the natural disturbances. Such investigation may be named
as a solution of inverse radio physics problem. Thirty years ago a self-consistent
(S-C) method for solution of an inverse VLF problem (SIVIfP) in non-stationary
radio path conditions was developed, and it was used for an analysis of 3 different
VLF disturbances on 29 September 1989: an ultra-energetic relativistic electron
precipitation (04:00-10:00 UT), a sudden ionospheric disturbance due to the Sun
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X-ray flare at 11 UT and a solar proton precipitation (SPP)—one of the most powerful
event of this kind for 70 years [1], which began at 12 UT. Its analysis was stopped
at 17 UT [2], at the maximum of precipitation. The SIvIfP gave the dynamics of
the complex refection coefficient with its modulus R and phase recalculated into
the effective height (altitude) /. The radio path was purely auroral with moderate
length (885 km, North Norway—Kola Peninsular, id est. Aldra station—Apatity
town, Murmansk region). The radio signals were monochromatic with frequencies
10.2, 12.1, 13.6 kHz. The effective height &k for a real waveguide at fixed time is
a height of an effective model empty waveguide with the abrupt bottom and top
boundaries. This waveguide is effective in the sense that the phase pass of a given
propagating mode (a ray in our case) is the same as in the real waveguide.

The peculiarity of the SIVIfP is its independence on the nature of a geophysical
disturbance, and this solution does not demand a priori knowledge of the ionosphere
parameters before a disturbance. A “ray” (hop) version of theory of the wave prop-
agation in the near ground (terrestrial) waveguide [3, 4] was used in the solutions
pointed above: the diffraction wave above the spherical model of the Earth, 1st and
2nd rays reflecting from a top virtual boundary one and two times correspondingly.
We worked in the conditions for which the used radio frequencies are much less the
frequency of effective electron collisions with the atmosphere neutrals, therefore, the
bottom edge of ionosphere is an inhomogeneous electric conductor depending on
the altitude, and the radio waves react on the time changes of electric conductivity.

For the same radio path pointed above the same S-C method [2, 5, 6] was used
for analysis of the SPP on 16 February 1984 [7] and for 18 sunset variations in 8
August—8 September, 1974, half of which referred to the quiet geophysical conditions
[8]. In the case of SPP which continued according to the VLF data from 9 to 13 UT
the effective height h() fell down from 63-67 to 44—47 km at 10 UT. The modulus
of the first sky wave (1st ray) slightly changed about 0.6 during the event. Figure 1
represents these statements, and in Fig. 2 the comparison of the experimental phase
variations with the calculated ones are given.

The sunset variations are represented in Fig. 3, [8].
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Fig.1 The dynamics of the modulus of the reflection coefficient of the 1st sky wave (1st hop)
from above R(#, ¥ (h)) and the effective altitude h() of reflection for the beginning stage (left
panel) and for the restoration stage (right panel) [7]. The angle of the wave incidence v (k) depends
on A(t) according to the geometrical relations for spherical waveguide model and is greater than
1.4 rad, Three curves for each magnitude estimate the accuracy of the SIVIfP method applied to the
16 February, 1984 data
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Fig. 2 The comparison of 10 i 12 17 UT
the calculated curves (the

continuous and dashed ones)
with the experimental curves
(the dotted ones) for the
phase variations while the
initial and restoration stages
of the SPP on 16 February,
1984, [7]. The calculated
results were gotten according
to the R(t, h) and

h(t) represented in Fig. 1
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Fig. 3 The variations of amplitude (12.1 kHz), top panel, in relative units, and of the correspond-
ing effective heights h(t) km, bottom panel, at sunset for the polar radio path North Norway,
(Aldra)-Kola peninsula, (Apatity), [8]. The numbers of the curves correspond to different dates
of August and September. On the left of the panel the moderately disturbed dates are collected, and
on the right—the quiet days are represented
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The pointed results were gotten due to the several frequency amplitude and phase
VLF measurements, due to applicability of a supposition about the prolong homo-
geneity of the radio path at every point of the disturbance time and due to sliding
falling of the rays on the top virtual boundary with the altitude /.

There are no more works of such kind with the inverse VLF problem solution
on the base of monochromatic signal measurements. But there are two unique and
beautiful works in which the impulse VLF sounding was used [9, 10]. In the first one
the virtual height of the impulse reflections from above at the Berd station (Antarctic
Continent) were compared with the solar proton fluxes (E > 10 MeV) which were
measured on the board of hand maid Earth’s satellite “Explorer-41” [10]. In the
conditions of practically normal falling of an impulse on the disturbed ionosphere
(the distance between an impulse source and a receiver was equal 20 km) the virtual
height did not fall down under 60 km, with the maximum values 77-80 km while
25-29 September, 1969. About ten years after the inverse VLF problem for the
pointed impulse sounding was solved [10] and the corresponding N.(z) for 6 days
of polar night from 27 September to 2 October, 1978 were represented on Fig. 4,
which we reproduced, the review [11]. The N.(z) profiles (the continuous curves) of
this Fig. 4 are practically identical at first two days: on 27 and 28 September. On the
following 4 days the profile lifted at 2—-3 km per day.

Fig. 4 The sounding of z km

polar ionosphere by the VLF 80F /
impulses in Antarctic /7
Continent (the Berd station) /7

and the corresponding /

N,(z) for the days of polar /
night (the continuous curves) 70 + /
[10]. The dashed curves [11],
which are the model ones,
are not discussed here
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2 A Problem and Its Solution

‘We have reported about all science sources devoted to the VLF sounding of the polar
ionosphere disturbed by the SPPs and the sunset effect independently. Now we pass
to our problem about the same VLF sounding but in the conditions when two causes
of ionization are working simultaneously: the SPP and the sunset for the radio path.
The SPP on 29 September, 1989 continued not less than 10 days, Fig. 5, [12]. In the
present report we characterize the electric conductivity of the disturbed low polar
ionosphere by 2 parameters: by an effective height (effective altitude of reflection)
h(t) and by a value of reflection coefficient modulus R(z, ¥ (h)) for the first ionosphere
ray in a model of effective waveguide with A(¢). The argument of complex R(t, ¥ (h))
is equal to 7 for sliding angles ¥ of ray incidence (y > 1.4 rad.) and for a middle
working frequency 12.1 kHz. Our problem is to get the time functions R(#, ¥ (h)) and
h(t) according to 6 input experimental VLF functions: 3 amplitudes A;(t) an 3 phase
variations ¢;(t) caused by the geophysical disturbances, i = 1, 2, 3; the radio path
and the working frequencies are pointed in the Introduction. Our analysis is limited
by the sunset hours (15:30-18:30 UT). For this time the most “bad” approximation
is done: at every time moment a model waveguide is supposed to be homogeneous
along the radio path. Our estimation has shown that the corresponding systematic
error is not greater than the apparatus phase error of the experimental data used (1
LS).

We shall compare quantitatively the daily variations of solar proton fluxes, which
began on September 29, 1989, 12 UT, with the sunset changes of our output parame-
ters R(¢) and A(¢) for a completely auroral radio path Aldra—Apatity which we pointed
above. For realization of this purpose we have used the satellite data [12], the exper-
imental VLF data of the Polar Geophysical Institute—RAS, Apatity, Murmansk
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Fig. 5 Satellite data on the proton fluxes with different energies (>1 MeV, >10 MeV, >50 MeV and
>100 MeV) for the period from 28 September (09.28) to 6 October (10.06), 1989, [12]. The event
began on 29 Sept. (09.29), and to 5 Oct (10.05). the proton fluxes were greatly weakened. On 6th
Oct. the fluxes of electrons with energy less than 50 MeV increased again significantly. This figure
was plotted by us according to the data [13]



324 G. F. Remenets et al.

region and the S-C method of SIvIfP [2]. This investigation is a natural continuation
of the analysis which was begun in this pointed work.

The VLF amplitude and phase variations corresponding to the proton precipita-
tions of Fig. 5 are represented by the data in the Fig. 6. We used this data in our
analysis only partly, id est. we analyzed the sunset hours 15:00—-19:00 for every date.
In Fig. 7 such data on 28 and 29 September are represented.

We solved the inverse problem and established the following: (i) The presented
graphs in Figs. 8 and 9 give an error estimate of the method by comparing the
analysis of sunset VLF variations for the positive direction of time (solid lines) with
the analysis for the negative direction of time (dashed lines). Each of these analyses,
based on the solution of the inverse VLF problem by S-C method and which did not
use any geophysical data, was fulfilled independently. (ii) With the change of proton
flux density in the period from September 29 to October 2, 1989 the daily variation
of the effective height A(f) at sunset changed from 5 km on September to 10 km
on October and the reflection coefficient of the first ionospheric ray at a sunset was
practically constant. In this date period the value of effective altitude changed from
47 to 54 km at 15:00 UT, from 52 to 64 km at 19:00 UT. The value of reflection
coefficient modulus has changed from 0.8 to 0.6, id est. to the value of 16 February
1984, Fig. 1. (iii) From October 3 to October 5, the proton flux density did not yet
come back to its undisturbed value but weakened significantly.

In a real wave guide there is none ray mode as for high frequencies, because
of a wave length value being comparable with the altitude scale of inhomogeneity
of electric conductivity. But it was shown numerically several decades ago that an
effective height h(r) was placed inside the altitude layer of electric conductivity which
was significant for the radio wave reflection. Roughly speaking the 4 is an analog of
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Fig. 6 The relative amplitude (top panel) and phase (bottom panel) variations for three frequencies:
10.2 (read curve), 12.1 (green) and 13.6 (blue) kHz. The time of registration: 28 September (09.28)-6
October (10.06), 1989. The amplitudes are at relative units and the phases are given in microseconds
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Fig. 7 The time fragments of the VLF variations before (the left half) and on (the right half) the

solar proton precipitation 29.09.1989. These fragments correspond to the sunset hour for the radio
path
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Fig. 8 The computation results: Dynamics of the effective height /() at sunset. The variations of
effective height 4 at sunset (15:00-19:00 UT) for a week of measurements having begun with an
absence of proton precipitations (28 September) and having continued with solar proton precipitation
for the following days. The continuous curves—is an analysis in the positive direction of time. The
dashed curves—is an analysis in the opposite direction
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Fig. 9 The computation results: dynamics of the modulus of the reflection coefficient R(¢) from
above at sunset, 15:00-19:00 UT, for the week of measurements having begun with an absence of
the proton precipitation (28 September) and having continued with solar proton precipitation for
the following days. The continuous curves—is an analysis in the positive direction of time. The
dashed curves—is an analysis in the opposite direction

the weight center for a solid. The variations of / indicate on the altitude variations of
all electric conductivity altitude range which determines the VLF reflection effect.

Having gotten the values of the effective height at different sunset time with the
SPP we represented in the Table 1 the sunset effect on the electric ionospheric con-
ductivity in a term of & for different stages (days) of the SPP. It is important to stress
on the point that the values before and after the sunset (the values of % in the second
and third columns) were determined independently on any geophysical suppositions
about the electron profile in the ionosphere. Deviation from the monotony decreasing
of the proton flux with the proton energy less than 50 MeV on 6 October, Fig. 5,
declared itself at the deviation from monotone restoration of the A(¢) and R(¢), as it
is seen due to Figs. 8 and 9 and Table 1.

The most interesting result, as it seems to us, is a sunset effect for the effective
height A(z) on 29 and 30 September when the proton fluxes were extreme. That
means that although the SPP was one of the most powerful, the electric conductivity
which appeared below 50 km did not isolate the upper ionospheric D-layer from
the VLF penetration. We see that the radio waves penetrated at the altitudes where
the electron concentration of ionosphere was controlled by the Sun zenith angle,
were experienced the partial reflections from the altitude inhomogeneity, may be,
not monotonous and came to the receiver creating the effect pointed.

In Table 2 we represent the approximate correspondence between the values of
h for different days of the EPP event and a minimal value of the proton energy E
with which it, precipitating from above, may achieve the altitude % in the Earth’s
atmosphere according to the energy estimate [14].

The last point of our analysis is a question about the accuracy of our results.
As the VLF magnitude variations are significantly larger than the apparatus errors
(the signal/noise ratio is larger than 10 and the phase error about 0.5 |1s) the main
troubles of our procedure were the following: (i) while our deterministic analysis
from one time point to another point several approximations of the theory [2, 15, 16]
were used, (ii) practically there were none statistic data, (iii) the over fullness of the
input experimental data (3 amplitude and 3 phase VLF input data against 4 unknown
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Table 1 The values of effective attitude 4 for different dates at the case of fully lighted (day) and
fully shadowed (night) radio path and the values of differences between the pointed values for the
same date

Date h, km at day-time | &, km at h day-night The notes
night-time variations, km
28.09.1989 |63 76 13 Without the
proton precip.
29.09.1989 |48 52 6 The first day of
SPP
30.09.1989 |47 53 6 The second day
of SPP
01.10.1989 |52 63 11 The third day of
SPP
02.10.1989 |55 64 9 The fourth day of
SPP
03.10.1989 |55 67 12 The fifth day of
SPP
04.10.1989 | 60 71 11 The sixth day of
SPP
05.10.1989 |57 74 17 The seventh day
of SPP
06.10.1989 |57 68 11 The eighth day of
SPP
Table 2 The correspondence . .
Dat lighted Night
for different dates between the ae Sun lighte &
effective attitude & values and h, km E, MeV h, km E, MeV
the proton energy E values 28.09.1989 |63 10 76 3
29.09.1989 |48 30 52 20
30.09.1989 |41 50 53 20
01.10.1989 |52 20 63 10
02.10.1989 |55 20 64 10
03.10.1989 |55 20 67 5
04.10.1989 | 60 10 71 5
05.10.1989 |57 15 74 3
06.10.1989 |57 15 68 5

Such energy is sufficient for a proton penetration from above at
altitude & according to [14]



328 G. F. Remenets et al.

magnitudes—A#h, AR for every time step At and unknown initial values kg, Rj) was
used for the &p and R\ determination. The minimization of a discrepancy function
relatively these two parameters gave a solution of the inverse VLF problem which
had the physics sense. The quality and accuracy of such solutions are represented
in Fig. 10—the amplitude data, and in Fig. 11—the phase data. The dates and the
frequencies used are pointed on the figures. This comparison of the experimental data
with the calculated ones according to the SIVIfP, Figs. 8 and 9, is quite satisfactory.
These results are the analogs of Fig. 2.

Our last remark relates to our induced supposition about homogeneity of the
model waveguide at every time moment of a sunset. We may report that according
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Fig. 10 Comparison of experimental and calculated amplitudes for 3 frequencies and 3 dates:
before, on the first and the 4th day of the proton precipitation (28 September, 1989; 29 September,
1989 and 2 October, 1989). The analysis was done for positive direction of time
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Fig. 11 Comparison of experimental and calculated phases for 3 frequencies and 3 dates: before,
on the first day and the 4th day of the proton precipitation (28 September, 1989; 29 September,
1989 and 2 October, 1989). The analysis was done for positive direction of time

to our calculations, Fig. 12, the differences between optical lengths for red curves is
equal to 0.2 ps and for blue curves is equal to 0.4 ws. For this figure the radiuses
for two cylinders were 6370 km and (6370 + 70) km; the distance between a source
and a receiver—900 km and in the model of inhomogeneous waveguide (the dashed
curves) the difference between the boundary heights—20 km. As the apparatus phase
errors were about 1 s, then the pointed variations are not critical when the terms of

ray summation are far enough from their anti phase state.
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lonosphere boundary

Ground

Fig. 12 A scheme of the Ist and 2nd hop trajectories for the homogeneous (continuous curves)
and inhomogeneous (dashed curves) along the radio path waveguides

3 Discussion and Conclusions

The dynamics of the effective height A(#) and the reflection coefficient R(¢) at sunset
for the auroral radio path were gotten for 8 days of proton precipitations. The minimal
vale of h(t) was equal to 45-47 km. It is pleasant to note that although our analysis is
not based on the impulse sounding of the ionosphere bottom (the disturbed D-layer),
as it is in the case of Fig. 4 [10], and is “monochromatic” sounding, our new results
do not contradict to the old ones and they are supplemental to each other. We have
used the “sounding” with 3 radio signal frequencies for the (10—14) kHz range for the
“homogeneous” auroral West-East radio path for every time, with magnetic latitude
about 64° and moderate length (885 km); for these radio path parameters, as it is
evident from Figs. 6 and 7 the VLF signal variations for different frequencies, are
not similar. An absence of similarity is due to interference between 3 terms, Fig. 12.
The presence of the second sky wave (the second ray or “hop”) with two radio wave
reflections from above at every frequency signal increases the solution capability of
the inverse VLF problem. Returning to the comparison of the Helm’s electron profile
results, Fig. 4, and our ones, Figs. 8 and 9 we see that they having the same physics
nature but referring to the different dates (1978 and 1989 years) and to the radio
paths sunlit differently. In one case the conditions were stationary, in the other case
there was a sunset.

It was shown several year decades ago [17] that the effective height h(z) was
inside the significant altitude range of the ionosphere relative to a concrete VLF
magnitude. For example, if we demand that the accuracy of our calculations have to
be not worthier than the accuracy of the experiment than the altitude width of the
range is equal to 6, 4 and 5 km for the frequencies 10, 15 and 20 kHz correspondently
(for a definite daytime profile N.(z)) [18]. According to Fig. 4 the significant altitude
range of the profiles Ne(z) represented is 5—7 km.

The sunset effect was seen at every day, although the proton precipitation on 29
September, 1989 was one of the strongest between the known ones. That means that
(i) the bottom part of disturbed D-layer generated by the proton precipitation did not
isolate the altitudes of regular D-layer for the VLF waves propagating at them from
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the ground and (ii) that the significant altitude range in the case was at several times
greater than in the undisturbed conditions. The future analysis of the dawn time may
be support these statements.

Anincrease of proton flux with the energies (1-50) MeV on 6 October significantly

influenced the VLF data. The effective height A(7) changed from 57-73 km on 5
October to 60—-68 km on next day, Fig. 8. The h(¢) data on 3 and 6 October are
practically identical.

References

10.

11.

13.

14.

. Miroshnichenko, L., de Konong, C.A., Perez-Enriques, R.: Large solar event of September 29,

1989: ten years after. Space Sci. Rev. 91(3), 615-715 (2000)

Remenets, G.F., Beloglazov, M.I.: Dynamics of an auroral ionospheric fringe at geophysical
disturbances on 29 September 1989. Planet. Space Sci. 40, 1101-1108 (1992)

Bremmer, H.: Terrestrial radio waves: Theory of propagation, 344 p. Elsevier, New York (1949)
Gyunninen, E.M., Zabavina, I.N.: Propagation of log waves and inhomogeneous ionosphere.
In: Gyunninen, E.M. (ed.) Problems of Diffraction and Radio Wave Propagation, Issue 7,
pp- 142-151. Leningrad State University, Leningrad (1968). (in Russian)

Remenets, G.F.: Unique ground VLF monitoring of the relativistic electron precipitations. In:
Pudovkin, M. I, Besser, B.P., Riedler, W., Lyatskaya, A.M. (eds.) Problems of Geospace,
Proceedings of an International Conference “Problems of Geocosmos” held in Petrodvorets,
St. Petersburg, Russia, pp. 273-278, Austrian Academy of Science Press, Vienna (1997)
Remenets, G.F., Beloglazov, M.L.: About dynamics of the lower ionosphere during auroral
disturbances by the VLF data. Geomagn. Aeron. 22, 205-210 (1982). (in Russian)
Remenets, G.F., Beloglazov, M.I., Tamkun, L.G.: A modified method of VLF anomalies and a
dynamics of a low ionosphere fringe at the time of the PCA event. Geomagn. Aeron. 29, 45-50
(1989). (in Russian)

Remenets, G.F., Beloglazov, M.L.: An initial analysis of the dynamics of reflection properties
of the low ionosphere at sunset for an auroral radio pass (according to the VLF data). Geomagn.
Aeron. 25, 69-72 (1985). (in Russian)

Helms, W.J., Swarm, H.M.: VLF step frequency sounding of the polar lower ionosphere. J.
Geophys. Res. 74(26), 6341-6351 (1961)

Field, E.C., Warren, R.E., Warber, C.R.: Calculation of ionospheric conductivity profiles by
inverting VLF/LF reflection data: 1. Isotropic propagation. Radio. Sci. 18, 452-460 (1983)
Remenets, G.F., Beloglazov, M.I.: Reflection properties of the lower polar ionosphere, and
features of the excitation and propagation of superlong waves (SLW) at high latitudes (review).
Radiophys. Quantum Electron. 28(12), 1029-1040 (1985)

Coffey, H.E.: Solar-Geophysical Data Number 542, October 1989. Part 1 (prompt reports).
Data for September, August 1989, and late data, p. 18. United States: N. p. (1989)

National Center for Environmental Information. https://satdat.ngdc.noaa.gov/sem/goes/
data/avg/1989/09/goes06/csv/, Page g06_eps_5Sm_19890901_19890930.csv, https://satdat.
ngdc.noaa.gov/sem/goes/data/avg/1989/10/goes06/csv/,  Page  g06_eps_Sm_19891001_
19891031.csv

Gordon, C.W., Canuto, V., Ian Axford, W.: Handbook of Astronomy, Astrophysics and
Geophysics. The Earth: The Upper Atmosphere, Ionosphere and Magnetosphere, vol. 1,
pp. 276-277. Gordon and Breanch Science Publishers


https://satdat.ngdc.noaa.gov/sem/goes/data/avg/1989/09/goes06/csv/
https://satdat.ngdc.noaa.gov/sem/goes/data/avg/1989/10/goes06/csv/

332

15.

16.

17.

18.

G. F. Remenets et al.

Remenets, G.F., Beloglazov, M.L.: Ultrarelativistic electrons in the near cosmos and X-ray
aurora in the middle polar atmosphere. J. Geophys. Res. Space Phys. 118(11), 6829-6838
(2013)

Remenets, G.F., Astafiev, A.M.: Solution uniquity of an inverse VLF problem: a case study of
the ground-based, VLF radio signal disturbances caused the ultra-energetic relativistic electron
precipitation and of their southern boundaries. Adv. Space Res. 56(6), 878-889 (2016)
Galyuk, Y.P, Ivanov, V.I.: Determination of the propagation characteristics of VLF fields in
the earth-ionosphere waveguide in the case of an anisotropic ionosphere inhomogeneous with
height. Problemy Difraktsii i Rasprostraneniia Voln (16), 148—154 (1978). (in Russian)
Rybachek, S.T.: Effect of the essential region of the ionospheric layer on the characteristics of
the propagation of ultra-long waves. Radiophys. Quantum Electron. 15(9), 992-995 (1972)



	Sunset Variations of the Bottom Edge of the Ionosphere During the Proton Precipitations on and After 29 September, 1989
	1 Introduction
	2 A Problem and Its Solution
	3 Discussion and Conclusions
	References


