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Answer to Anonymous Referee #2 Interactive comment on “Model of Propagation of VLF Beams in the
Waveguide Earth-lonosphere. Principles of Tensor Impedance Method in Multilayered Gyrotropic
Waveguides” by Yuriy Rapoport et al.

We are very grateful to the Anonymous Referee #2 and are answering directly to each of the main his
comments and will answer to each of the minor comments in the final text of the revised paper as well. We
believe that the paper becomes really better and more clear, informative and useful for the readers due to the
improvements inspired by the Referee.

For the illustration of the improvements done in the response to the comments of Referee 2, we added the text
of the new draft of the paper in the end of the present document, started with P. 11., as additional illustration
material. The section 5 and the Figures 8-10 are new, and the corresponding Conclusions are added. In our
answers to the Referee’s comment, we refer to this additional material, included in the present file. WE refer to
corresponding pages and lines such as f.e. “P31” and “L20”. We tried to include the new material, added to the
previous text of the paper in response to Referee’s comments in self-consistent manner, to make clear, that the
material both answers to the questions and is suitable to the general context of our work. Nevertheless this is
not the final version of the revised paper yet. The last will be prepared only when and if we get the
corresponding permissions from the Referee and the Editors of AnGeo. The questions of the Referee are
revealed below by “black bold” font.

(1) The interesting goal in a model is to determine what are the main parameters for the
increase/decrease of the EM field. Here in this paper we only have a variation of one parameter: the
electron density.

Concerning the perturbations of the electron concentration: we modified the perturbation as follows. We
include in the revised paper, besides increase or decrease in electron concentration, also definite parameters of
these variations. Namely, we include parametrization of the perturbation in electron concentration, in
particular maximum of the perturbation, region, where it is concentrated and effective width of this distribution
by the vertical coordinate. Then in response to this note of the Referee 2, we added also an influence of the
change in the angle of the inclination of geomagnetic field and carrier frequency of the beam. Then besides just
field spatial distributions, as an object of the influence of the parameters, we include two other very interesting
and important parameters. One of them is a parameter of the polarization transformation |E,/H,|, described in
new Sect. 5, P31, L1-L25. This value can be measured and characterizes the effect of the gyrotropy and
anisotropy, both volume and surface, described by the tensor surface impedances at the lower and upper
boundaries of the waveguide Earth-lonosphere (WGEI). The other value, the influence on which we analyze, is
the complex tensor impedance, in particular real and imaginary parts of its diagonal element Z11. In particular,
an influence on it of the inclination angle of the geomagnetic field and carrier beam frequency are included into
the revised paper. The details concerning these extra simulations with the influences on the propagation of a
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beam in the WGEI of different parameters are presented in the Figs. 8(P32, L1-L5), Fig. 9(P33, L9),
Fig.10(P34,L5) and the texts with explanations included after these Figures.

Now, we have an influence on the propagation losses of VLF beam in the WGEI of NOT only one parameter.
Note that in the text of the paper’s draft the word “Figure” and corresponding number for all the new figures,
added now, reflected the new simulations, are revealed by the red color (f.e. “Figure 8”) in the figure captions.
Then the change of numbers of Figures concerns the Figures 11-13 (PP 35-36), where only numbers are really
changed comparatively to the previous version of the paper. The Figures 11-13 describe experimentally and
(qualitatively) theoretically a common effect of seismogenic changing electron concentration and collision
frequency (in accordance with our previous model of the influence on the ionosphere of the seismogenic
electrostatic field including the corresponding heating-photochemistry effects). Therefore this is rather the
complicated mechanisms which include a set of parameters in the ionosphere (the number of which is >> 1)
such as characteristics of external electrostatic sources placed in the lower atmosphere and mesosphere,
photochemistry parameters, electron concentration distribution, photochemistry parameters etc, effect of
which is reflected finally in Figs. 12 a- ¢ (P35, L11). In the modeling beam propagation in the WGEI, we used
only qualitatively the fact, that as a result of mentioned above seismogenic mechanism, electron concentration
N.and collision frequency v, change simultaneously ( N,and v increase and decrease, respectively). As a result,
the curve 2, comparatively to the curve 1 in Fig. 13 a,b (P36, L3), reflects an effect of additional losses of VLF
beam, which occurs due to simultaneous change of not one, but two parameters, and, moreover, these
parameters change their signs consistently. See also test in Sect. 6, P35, L2-4; P36, L13-28. P37, L1-7.

(2) Here in this paper we only have a variation of one parameter: the electron density. It means that you
show something which is evident: when the density increases the electric field decreases.

As it is already mentioned in item (1), a variations of other parameters are included as well, such as
geomagnetic field inclination angle, beam carrier frequency, value of surface impedance/conductivity of
the lower boundary of the WGEI (atmosphere-Earth boundary). Corresponding results are described in
more details below (see items ). But even effects from electron variations are not evident! Namely:

(i) The simultaneous effect from change of electron concentration N_and collision frequency v,is non-

trivial. First, as described above, this effect is caused by the consistent change of two different
parameters, and consistent change in their signs is described by rather complicated model of
seismogenic electrostatic-heating-photochemistry effects, described in particular in (Rapoport et al.
2006; Grimalsky et al. 2003). The consistent change of signs of both N, and v, causes the proper

change in VLF losses/amplitude of the electromagnetic field (curve 2 in Figs. 13 a, b, P36, L3), which
qualitatively corresponds to the effect observed before strong earthquake (Fig. 11, P35, L11).

(ii) As it is seen from Fig. 9 (P33, L9), the change in the concentration in the lower ionosphere causes
rather nontrivial effect on the parameter of polarization transformation |Ey/Hy|. Note that either
increase or decrease in the ionosphere plasma concentration have been reported as a result of
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seismogenic phenomena, tsunamis, particle precipitation in the ionosphere due to wave-particle
interaction in the radiation belts (Pulinets et al. 2005; Shinagawa et al. 2013; Arnoldy et al. 1989;
Glukhov et al. 1992; Tolstoy et al. 1986) etc. Namely, this effect does not reduces only to increase
(Fig. 9 b) or decrease (Fig. 9 c) of the maximum value of the polarization transformation parameter
|Ey/Hy|. Note also that the corresponding change of this parameter has rather remarkable absolute
values from dozens to thousands percent, as it is seen from the comparison between Figs. 9_new b,
c and Fig. 8 ¢, curve 3. The last curve corresponds to the unperturbed distribution of the ionospheric
electron concentration (see curve 1, Fig. 5b (P29, L11) and curve 1 in Fig. 9 a). It is even more
interesting that in the case of decreasing (Fig. 9_new a, curve 2) electron concentration, the main
maximum of |Ey/Hy| occurs in the lower atmosphere (at the altitude around 20 km, Fig. 9 b, curve
3, which corresponds to w=1.14016¢™). In the case of increasing electron concentration (Fig. 9_new
a, curve 3) the main maximum of |Ey/Hy| occurs near the E region of the ionosphere (at the
altitude around 77 km), while the secondary maximum placed, in the absence of the perturbation
of the electron concentration, in the lower atmosphere (Fig. 8 c, curves 2, 3, P32, L1-5), or
mesosphere/ionospheric D region ((Fig. 8_c, curve 1), practically disappears or just is not seen in
the present scale, in the case under consideration (Fig. 9 c, curves 1-3, P32, L9).

The textin item (ii) above is included into the added draft in P33, L18-29 and P34, L 1-4. These results are

summarized in the Conclusion (7), item (ii), P40, L4-12.

(3) What is the effect of other parameters as the magnetic field inclination for example? The plasma
frequency?

As it was already mentioned above in the paragraph (1), in response to this comment, we have added also an
influence of the change in the angle of the inclination of geomagnetic field and carrier frequency of the beam.
Then besides just field spatial distributions, as an object of the influence of the parameters, we include two
other very interesting and important parameters, namely polarization transformation. This value can be
measured and characterizes the effect of the gyrotropy and anisotropy, both volume and surface, described by
the tensor surface impedances at the lower and upper boundaries of the waveguide Earth-lonosphere (WGEI).
The other value, the influence on which we analyze, is the complex tensor impedance, in particular real and
imaginary parts of its diagonal element Z4;. In particular an influence on it of the inclination angle of the
geomagnetic field and carrier beam frequency are included into the revised paper. The following results are
obtained, in particular, (and reflected in the new Figs. 8 -10, PP 34-34) basing on this new modeling, performed
in the response to the present Reviewer’s note.

(i) As it is seen from Figs. 8 a-c (P32, L1-4), the altitude dependence of the polarization parameter
|E,/H,| has two main maxima in the WGEI, the higher of which lies in the gyrotropic region above
70 km, while the other in the isotropic region of the WGEI. As it is seen from Fig. 8 a, b, the value of
the larger second maximum increases, while the position of the second maximum shifts to the
lower altitudes with increasing frequency. At the higher frequency (w=1.14010¢™), the larger
maximum of the polarization parameter corresponds to the intermediate value of the angle
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(ii)

(iii)

6 = 45 (Fig. 8_new b); for the lower frequency (w=0.86.10¢™), the largest value of the first
(higher) maximum corresponds to the almost vertical direction of the geomagnetic field (6 =5,
Fig. 8_new a). For the intermediate value of the angle (8 = 45’ ), the largest value of the main
maximum corresponds to the higher frequency (w=1.14010¢™) in the considered frequency range
(Fig. 8_new c). The total losses increase monotonically with increasing frequency and depend
weakly on the value of & (Fig. 8_new d).

These results are presented in the present draft of the paper after the caption to Figure 8 (P32,
L1-4) and summarized in Conclusion (7), item (i), P39, L28-34.

As it is seen from Fig. 9 (P33, L9), the change in the concentration in the lower ionosphere causes
rather nontrivial effect on the polarization transformation parameter |Ey/Hy |. Note that either
increase or decrease in the ionosphere plasma concentration have been reported as a result of
seismogenic phenomena, tsunamis, particle precipitation in the ionosphere due to wave-particle
interaction in the radiation belts (Pulinets et al. 2005; Shinagawa et al. 2013; Arnoldy et al. 1989;
Glukhov et al. 1992; Tolstoy et al. 1986) etc. Namely, this effect does not reduces only to increase
(Fig. 9 b) or decrease (Fig. 9 c) of the maximum value of the polarization transformation parameter
|Ey/Hy|. Note also that the corresponding change of this parameter has rather remarkable absolute
values from dozens to thousands percent, as it is seen from the comparison between Figs. 9 b, c
(P33, L9) and Fig. 8 c, curve 3, P32, L1-4. The last curve corresponds to the unperturbed distribution
of the ionospheric electron concentration (see curve 1, Fig. 5b, P29, L11, and curve 1 in Fig. 9). It is
even more interesting that in the case of decreasing (Fig. 9 a, curve 2 ) electron concentration, the
main maximum of |Ey/Hy | occurs in the lower atmosphere (at the altitude around 20 km, Fig. 9 b,
curve 3, which corresponds to w=1.14016c™). In the case of increasing electron concentration (Fig.
9 a, curve 3) the main maximum of |Ey/Hy | occurs near the E region of the ionosphere (at the
altitude around 77 km), while the secondary maximum placed, in the absence of the perturbation
of the electron concentration, in the lower atmosphere (Fig. 8, curves 2, 3, P32, L1-4), or
mesosphere/ionospheric D region ((Fig. 8_new c, curve 1), practically disappears or just is not seen
in the present scale, in the case under consideration (Fig. 9 c, curves 1-3, P33, L9).

These results are presented in the present draft of the paper after the caption to Fig. 9, P33, L18-
29, and summarized in Conclusion (7), item (ii), P40, L4-11.

As it is seen from Fig. 10, P34, L5, the real (a) and imaginary (b) parts of the surface impedance at
the upper boundary of the WGEI have a quasiperiodical character with the amplitude of
“oscillations” occurring around some effective average values (not shown explicitly in Figs. 10 a, b)
decreases with increasing the angle 8. Even without the determination of the exact average values
for each of the curves 1-4 in Figs. 10 a, b, it is seen that corresponding average values of Re(Z4;) and
Im(Z11) , in general, decrease with increasing angle &. It is also seen that average values of Re(Z;,)
for 8 equal to 5,30 ,45and 60 (curves 1-4 in Fig. 10 a) and Im(Z,;) corresponding to 8 equal to

45 and 60 (curves 3, 4 in Fig. 10 b), increase with increasing frequency in the considered frequency
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range (0.86-1.14)-10° ¢*. The average values of Im(Z;;) corresponding to @equal to 5 and 30,
change in the frequency range (0.86-1.14)-10° ¢ non-monotonically, having maximum values
around frequency (1-1.1)-10° ¢

These results are included in the present draft of the paper just after the caption to Figure 10,
P34, L15-22, and summarized in Conclusion (7), item (iii), P40, L12-19.

(iv) It is interesting to note that the value of finite impedance at the lower (Earth-atmosphere)
boundary of the WGEI make a quite observable influence on the polarization transformation
parameter minimum near the E region of the ionosphere (curves 1, 2 in the Fig. 10 c, P34, L5).
Namely, the decrease of surface impedance Z at the lower boundary (Earth-atmosphere) of the
WGEI in two orders causes the increase of the corresponding minimum value of |Ey/Hy| in ~ 100%
(compare minima in the curves 1 and 2 around z=70 km).

These results are presented in the end of the text after the caption to Figure 10, P34, L22-26, and
summarized in Conclusion (7), item (iv), P40, L20-24.

Concerning the plasma frequency ( @, ) it is proportional to the square root of the electron concentration N,

e i
and included into complex conductivity and complex tensor £ . These values determine also effective tensor of
surface impedance. Therefore each and all of the electrodynamics characteristics both presented in the initial

version of the paper and added and reflected in the new Figs. 8-10, PP32-34, added now in the response to the
Reviewer’s notes, are influenced by these volume tensor £ and surface impedance Z; (i, j =1,2)and therefore

by the altitude distributions of N,and @,. For example, change in the altitude distribution of N, (Fig. 5b, P29,

L11) causes change in & (Figs. 5 c, d, P29, L11) and surface tensor impedance z (Table 1, P29, L21). As a result,
field spatial distributions change (Fig. 6, P30, L1; Fig. 7, P30, L6 ). As a result of the change in electron
concentration (and therefore @, ), transformation polarization parameter | Ey/Hy| andt its altitude

distribution change very nontrivially (Fig. 9, P33, L9). There are only couple of examples, but in any of the others
results obtained in the paper, an influence of N,and @, are reflected. We do not emphasize separately @,,;
because they are determined unambiguously by N, the influence of which is investigated rather in details and

the masses of the corresponding particles, while the last are supposed to be known in the scope of the
approximations accepted in this paper.

(4) Why the calculation is stopped at 80 km ?

The proposed new tensor impedance method for modeling propagation of electromagnetic beams (TIMEB) and
the developed model allows and we really did the simulations of (all) the electromagnetic field components

both inside the WGEI (0<z<L,, L,=85 km) and above the WGEI (L,<z<Lax, Lmax=300 km). Nevertheless this paper
is the first of the planned set of the papers, and this paper is devoted, besides the new method in general, also
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to the propagation of the bean inside the WGEI, i.e. in the range of altitudes . O<z<L,, L,=85 km. The calculations
of the field above the WGEI are performed in this context only to establish /confirm the present approximation
of the propagation of the beam inside the WGEI . In other words the results of the field calculations above the
WGEI, in the region L,<z<Lpqy, Lmax=300 km confirms that the region O<z<L,, L,=85 km is really a good
waveguide for the VLF field accounting for the effects of the gyrotropy and anisotropy for the plasma-like media
placed in the inclined geomagnetic field. This fact is really confirmed by the calculations of (all) field
components performed for the range of the altitudes from 0 to 300 km. Nevertheless because, as it was already
mentioned above, this paper is devoted to the beam propagation in the WGEI, only final qualitative conclusion
based on the calculation above the WGElI is presented in the paper. Namely, in the response to the present
Reviewer’s question, the following text is added into the paper.

“Note the following. The present paper is devoted to the new method of modelling characteristics of the
WGEI, namely TIMEB and to the illustration of this method by the examples of the beam propagation in WGEI
presented above. Respectively the field shown in Figs. 4 (P28, L5), 6 (P30, L1), 7 (P30, L6), 13 (P36, L3) include
the range of altitudes inside the WGEI. Nevertheless the present method, in particular the application of the
formulas (30) (P34, L10), (24) (P23, L12), (23)(P23, L4), (27) (P23, L21) and (15)-(19) (P20, L 15-26; P 21, L 1-5)
allows to determine all the field components in the range of altitudes 0<z< L, , where L, =300 km. We
will present here only the final qualitative result of such simulations. Namely, it is shown that in the range

L, sz< L, where L, =85 kmis the upper boundary of the effective WGEI, all the field components are (1) at
least one order of altitude less than the corresponding maximal value in the WGEI and (2) field components
have the oscillating character (along Z coordinate) and describes the modes, leaking from the WGEI. The detail
consideration of the electromagnetic waves leaking from the WGEI will be presented in the special paper.”

This text is included into the second paragraph after the caption to the Fig. 13, P27, L8-18, and these results
are summarized in the paragraph (8) of the Conclusions, P40, L25-34; P41, L1-3.

To the details concerning the waves leaking from the WGEI and comparison of the theoretical simulations to the
results of the corresponding observations, the special and separate paper will be devoted. And all the
calculations for the field in the altitude range above the WGEI will be suitable for a direct inclusion only in this

paper.
(5) In Figure 4 why Ey is oscillating along Z ?

The following note is made in the present draft of the paper in the response to this question of the Reviewer,
see . P37, L18-29:

“Let us make a note also on the dependences of the field components in the WGEI on the vertical coordinate (z)
and the change of such a dependence during a propagation of the VLF beam along the WGEI (Figs. 4 (P28, L5), 6
(P30, L1), 7 (P30, L6), 13 (P36, L3)). The initial distribution of the electromagnetic field on z (Fig. 4a) is
determined by the initial conditions on the beam, see relations (32). Such a field includes, naturally, higher
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eigenmodes of the WGEI. The structure and behaviour of these eigenmodes in the WGEI will be a subject of a
separate paper. Here we only note on this subject that the higher-order modes, in distinction to the lower
ones, have quite large losses and practically disappear after a beam propagation for a distance of order 1000 km
in the WGEL. This circumstance determines the change in the altitude (z) and transverse (y) distributions of the
field of the beam during its propagation along the WGEL. In particular at the distance x=600 km from the beam
input (Figs. 4 b, c, P28, L5) the few lowest modes of WGEI along z and y coordinate are still survived. At x=1000
km (Figs. 4 d, c,6 ¢, f, 7 a, b), practically, only main mode in z direction is survived. Note that the field picture
mentioned above concerns real WGEI with losses, and also gyrotropy and anisotropy cause both volume effects
and surface impedance, in distinction to the ideal planar metallized waveguide with isotropic filling (Collin
2001). “

Minor points:

The English is not fluent and there are many mistakes (or typos) which can be easily corrected with a word
processor

The English will be improved by our co-authors who are working in USA and UK in the final version of the paper,
if we will be allowed by the Editors and Referee to prepare it; the correction with a word processor has been
done just now for the present draft of the paper and this procedure will be repeated as well when the final
version of the paper will be prepared.

Page 3 line 21 To Be Corrected
Just in case | include below also the lines neighbouring to line 21 in P. 3 (in the previous version of the paper):

“Some other details on the distinctions from the previously published models are given below in Sect. 3. The
methods of effective boundary conditions, in particular effective impedance conditions (Tretyakov, 2003;
Senior and Volakis, 1995; Kurushin and Nefedov, 1983) are well-known and can be used, in particular, for the
layered metal-dielectric, metamaterial and gyrotropic active layered and waveguiding media of different
types (Tretyakov, 2003;”

As we see just now, this peace of text is correct. Please specify if something still should be improved, and in this
case this will be improved.

Page 3 line 25 Wait — done, see P14, L13; hereafter such improvements are revealed in the text od the new
draft using the red color font

(1 have not checked the references but | have seen that Ruibie & Tolutue is not correct) — improved, in
accordance with the cited paper, the text of which we have, see P13, L24, 26; P14, L12.

Page 4 line 10 — waves: changed to “electromagnetic waves”, P14, L12.
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Page 4 line 11 LAIM appear before and then must be explained before — “LAIM” has been explained in the 1-2
lines of the Introduction — on the page 2 — before page 4 line 11, see P12, L6, 7 .

Legend of Figure 1 is too long. A part must be in the text (it is also true for other figures).

As it was recommended, the caption to Figure 1 is reduced. Namely the phrases:

" @ |s the angle between the directions of the vertical axis zand geomagnetic field H,. Note that The

coordinate system x'y'Z'included in the Fig. 1 is connected with the geomagnetic field; I-—|0 is directed along

axis z', lies in the plane xz, while the planes x'z' and xz coincide with each other “

are transferred from the end of the caption to Figure 1 to the text of the article before Figure 1, see P15, L8-11.
The signature of the remaining figures includes only the data necessary to identify these figures, and to
distinguish among themselves the different curves in each figure. The information included in the captions is
fundamentally necessary to provide readers with the opportunity to quickly find out what is the meaning of
each of the Figures separately, as well as all the Figures in general. As for the description of the figures in the
text of the article, it is included for each figure separately and when comparing the physical effect between
themselves, illustrated by various figures or groups of figures. At the same time, a description is also given of
the corresponding figures in the necessary proportion while the basic physical effects, illustrated by the
corresponding figures are described. These effects are mainly then included in the Conclusions.

Of course | have not checked the correctness of all equations but | have seen an error in the first equation
(equation (1)) for the ion plasma frequency.

The formulas in Egs. (1) (P16, L13) for electron and ion plasma concentrations in the accepted approximation of
the three-component plasma-like ionosphere (electron, effective one type ion and neutral components) and
guasineutrality, are right.

Page 6 line 5 and line 17 the sign inside exp() is different.

Yes, this is right- tere are two parts of the argument of the phase multiplier ~exp(it -ik.x), which really have
different signs, see also P16. L7, 19 .

Page 7 the values of BETAIj are not clear. What parameters they contain ?

Please look at the line placed 3 lines above the upper formula from Egs. (1), see P16, L10. It is written there:
B=¢&", or E=pBD (the arguments of &, B are omitted here, but included in the paper. Therefore the tensor 3,
inverse respectively to £ and depends on the same parameters as £, which is described in Sect. 3.1, in
particular using formulas (1) and then four lines after formula (1). Therefore gdepends on the same
parameters as the tensor &', described by formulas (1), with components, the altitude distributions of which is
illustrated in Figs. 3 (P27, L 24; P28, L1) and 5¢, d (P29, L11), and by the angle #and corresponding rotation
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matrices, mentioned in the four lines (P16, L14-17) after Eq. (1) (and not included explicitly). Please note that
due to chosen subject- layered anisotropy an gyrotropy inhomogeneous plasma-like Earth-Atmosphere-
lonosphere media - and respectively to do “what is necessary and how it is necessary”, we are forced to choice
combined analytical-numerical approach. Namely, all what is possible, we are doing analytically and all other-
numerically. In particular the tensor Bis obtained, using proper formulas, from the tensor £.

Page 9 line 10 respectively two time — yes, this phrase is improved now as follows, see P19, L11, 12:

“k and k;are the components of wave number, respectively, transverse and longitudinal relatively to

geomagnetic field.”

Page 9 line 15 relation - The matrix at the end of equation (14) seems strange. The left lower element is not 1-
i ? —thank you very much, the typos in this formula is improved, see P19, L19. Namely, the upper right element
is (-1-i). Just in case, this matrix has been obtained analytically by means of few different approaches
independently, with the same result.

Page 13 another parameter DELTA appears here. Is the DELTA in equation (11) similar to the DELTA in
equation (24) ? - thank you, there are different values. To distinguish between them, the corresponding value
in equation (24) is re-denoted now as A,, see P23, L13.

Title 3.5 too long.- Yes, the title 3.5 is shortened as follows (P26, L11):
“3.5 The Modes of the VLF Waveguide. Reflection from the Upper Effective Boundary of VLF Waveguide.”

Page 16 a lot of typos, discharges, demonstrating, speaking, present, presentation. — improved, namely:
The first two phrases in the beginning of Chapter 3.5, namely (P26, L12-14)

“Our model, in general, needs the consideration of the excitations of the waveguide modes by means of current
sources such as dipole-like VLF radio source and lightning discahrges. Then, we will present the results of the
reflection of the waves incident on the upper boundary (z=Lz) of the effective WGEI demonsrtrating that this
structure has indeed good enough waveguiding properties.”

Are replaced by:

“Our model, in general, needs the consideration of the excitations of the waveguide modes by means of current
sources such as dipole-like VLF radio source and lightning discharge. Then, the reflection of the waves incident
on the upper boundary (z=L,) of the effective WGEI can be considered. There will be possible to demonstrate
that this structure has indeed good enough waveguiding properties”
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As a result of this replacement:

discharges — replaced by “discharge” (P26, L13)
demonsrtrating —removed

Then the following improvement are done in this text, in the first paragraph of Sect. 3.5, p. 16:

Shortly speaking - removed
Present; presentation — are improved (P26, L23; P26, L24).
Page 17 line 1 these - improved (now it is came to the last line of p. 26: P26, L26).

Page 17 line 9 why Figures 3_2 and 4_3 — (the same concerns line 8) — improved as Fig. 3, Fig. 4 —see in the
present draft P27,L17, 8

In Figure 3 it is difficult to understand the contain of the panels b) to g) - Page 19 line 13 figure 5 — Improved.
Namely, quality of all panels in Figs. 3 and Fig. 5 is improved (widths of the lines increased, sizes of the letters
and numbers in the Figures increased). Therefore the contain of all panels in Figs. 3, 5 should become
understandable now, see P27, L24, 28, L1; P29, L11.

Besides of that, the sign in square root in the first of formula (9) is improved — there was before mistakenly,
line 17, p. 8:

There became after the improvement now, P18, L19:

2 _/811"'/822_,_ 1811_/82 2 u
Ko = 2 —(( 2 2) +/812ﬂ21]

All other necessary improvements, such as polishirignglish, Adding the inclusions, corresponding
to the newly obtained results into the Abstract andntroduction and others, will be done after gettirg the
permission from the Referee and Editors to preparé¢he final version of the revised paper.

We also add separately the new Figs. 8, 9 , 10 ags, 3, 5, which are improved with the
requirement of the Referee 2.
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Abstract. Modeling propagation of VLF electromagnetic beamshe waveguide earth-ionosphere (WGEI) is of eagr
importance because variation in the characterisfiteese waves is an effective instrument for dasgics the influences on
the ionosphere “from above” (Sun-Solar Wind-Magsptere-lonosphere), “from below” (the most powerful
meteorological, seismogenic and other sources @ ldwer atmosphere and lithosphere/Earth, such wasicanes,

earthquakes, tsunamis etc.), from inside the iomesp (strong thunderstorms and lightning discharged even from the
far space (such as gamma-flashes, cosmic rays w3, VLF became one of the universal instruméattsnonitoring the

Space Weather in the direct sense of this termthieestate of the Sun-Earth space and the ionos@seit is, particularly
determined by all possible relatively powerful smas, wherever they are placed. This paper is dévuotestly to modeling
VLF electromagnetic beam propagation in the WGE& p¥esent a new tensor impedance method for magdetiopagation
of electromagnetic beams (TIMEB) in a multi-layeiedomogeneous waveguide. Suppose that such a waleed.e.

WGEI, possesses the gyrotropy and inhomogeneity avthick cover layer placed above the waveguidge M very useful
and attractive feature of the proposed TIMEB methadspite of a large thickness of the waveguideecdayer, the
proposed effective impedance approach reflectsngradt of such a cover on the electromagnetic (EMYyes, which
propagate in the waveguide. This impedance apprcachbe applied for EM waves/beams in layered gypit/anisotropic
active media in very wide frequency range, from MbFoptics. Moreover, this approach can be appledalculations of
EM waves/beams propagation in the media of ani@diforigin such as metamaterial microwave or ogitivaveguides.
The results of the modeling the propagation of \ldams in the WGEI are included. The qualitative garison between
the theory and experimental observation of increpsisses of VLF waves in the WGEI is discussed: fiew proposed

method and its further development allow the corspar with the results of the future rocket expemnmerhis method
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allows to model (i) excitation of the VLF modestihe WGEI and their excitation by the typical VLFusces, such as radio
wave transmitters and lightning discharges anddgékage of VLF waves/beams into the upper ionagghmgnetosphere.

Keywords — ionosphere, atmosphere, VLF, tensor impedance, gtropy, layered waveguide, beam, electromagnetic
wave, boundary conditions, ionospheric disturbancewertical coupling processes

1 Introduction

This paper is dedicated to the propagation in tystesn Lithosphere—Atmosphere—lonosphere—Magnetosphe

(LAIM) of electromagnetic (EM) waves /beams in ttaio range, with particular applications to veowlfrequencies
(VLF). This topic became very actual due to théofeing reasons. (1) Variation in the characterst€ these waves is now
an effective instrument for the diagnostics of ‘bepheric weather” as a part of the Space Weathepdgbbd 2017; Yigit et
al. 2016; Richmond 1996) in its direct meaning: stete of the Sun-Earth space and the ionospherariitular determined
by all possible sufficiently powerful sources, wénegr they are placed. Change in the characterigioplitude and phase)
of the VLF waves propagating in the waveguide emmiosphere (WGEI) reflects the corresponding v in the
ionospheric electrodynamics characteristics (compléelectric permittivity) and respectively, theflirences on the
ionosphere “from above” (Sun-Solar Wind-Magnetasghlonosphere (WINDMII) (Patra et al., 2011; Kiosk, 2011;
Boudjada et al., 2012; Wu et al., 2016), “from kélg¢the most powerful meteorological, seismogemd ather sources in
the lower atmosphere and lithosphere/Earth, suayeasnes and hurricanes (Nina et al., 2017; Roizahal., 2014; Chou
et al., 2015), earthquakes (Hayakawa, 2015; Sugkal Hayakawa, 2014; Sanchez-Dulcet et al., 20%8haimis etc. or
from inside the ionosphere (strong thunderstornsl@tning discharges, terrestrial gamma-ray feshr sprite streamers
(Cummer et al., 1998; Qin et al., 2012; Dwyer 2M®&yer and Uman, 2014; Cummer et al., 2014; Messanget al., 2018).
Note that the VLF signals are very important fag therging of the atmospheric physics and spacenplgysics with the
astrophysics and high-energy physics. The correfipgriintersection area” for these two discipliriesludes cosmic rays
and very popular now objects of investigation —hkidtitude discharges (sprites), anomalous X-ragtsupowerful gamma-
ray bursts etc. The key phenomena for the occuerehall of these objects are runaway electronk wibaway breakdown
and one of the necessary conditions of them igptesence of cosmic rays, consequently these phar@are intensified
during the air showers generating by cosmic pagdidGurevich and Zubin 2001; Gurevich et al. 2008he runaway
breakdownand lightning discharges including high-latitudees case radio emission both in HF range, whicHdcba
observed using LOFAR and other radio telescopegifRiet al., 2014; Scholten et al., 2017; Hare @0%&nd in the VLF
range. Corresponding experimental research inclodmsurements of the VLF characteristics by thernatéonal
measurement system of the pairs “transmitted-receseparated by a distance of a couple of thousamdBiagi et al.,
2011; Biagi et al., 2015). Another internationakteyn is based on the measurements of VLF charstiterifor the
characterization of the thunderstorms with thethghy discharges/World Wide Lightning Location Netk (WWLLN)

(Lu et al. 2019) (2) Intensification of the magnetospheric reskaveave processes, particle distribution and weaatiqle
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interaction in the magnetosphere including radiabelts leads to the great interest to the VLFmkasvaves, in particular
whistlers (Artemyev et al., 2013; Agapitov et 2014; Agapitov et al., 2018)

The differences of our proposed model from the kmowes used for the simulation of the VLF wavethenWGEI
are the following. (1) In distinction to the impedt@ invariant imbedding model (Shalashov and Godpigdv, 2010; Kim
and Kim, 2016), our model provides optimal, foridié class of problems, which we consider, balaheéveen the
analytical and numerical approaches and is, in éachbined analytical-numerical one, basing on maweep, method
(Samarskii, 2001). As a result, this model allowsaming analytically the tensor impedance anchatdame time, provides
high effectiveness and stability of the modeling). [ distinction to the full-wave finite differeactime domain (FDTD)
models such as (Chevalier and Inan, 2006; Margtadll., 2017; Yaxin et al., 2012; Azadifar et &017), our method
provides very physically clear lower and upper ltarg conditions, in particular physically justifiagoper boundary
conditions corresponding to the radiation of thev@gapropagation in the WGEI to the upper ionosphegnetosphere.
This allows in a perspective to determine the Igakenodes and to interpret not only ground-baset,alsp satellite
measurements of the VLF beam characteristics.n(@)idtinction to the models (Kuzichev and Shkly2010; Kuzichev et
al., 2018; Lehtinen and Inan, 2009; Lehtinen arah)r2008) based on the mode presentations and imdde frequency
domain, we use the combined approach, This apprimatides condition of the radiation at the altéadbf the F region,
equivalent impedance conditions in the lower Eargind at the lower boundary of the WGEI, mode aggh, and finally,
beam method. This combined approach, finally, esdhe possibility to interpret adequately databoth ground and
satellite detection on the EM wave/beam propagatintpe WGEI and these which leakage from the W@ the upper
ionosphere/magnetosphere. Some other details ogigtiactions from the previously published modate given below in
Sect. 3.

The methods of effective boundary conditions, artipular effective impedance conditions (Tretyak@Q@03;
Senior and Volakis, 1995; Kurushin and Nefedov, 3)98re well-known and can be used, in particular,the layered
metal-dielectric, metamaterial and gyrotropic aetlayered and waveguiding media of different typBstyakov, 2003;
Senior and Volakis, 1995; Kurushin and Nefedov,3;3Bollin, 2001;Wait, 1996) including plasma-like solid stateuibys,
and Tolutis,1983) and space plasm@&/dit, 1996) media. The plasma wave processes in theguéde structures metal-
semiconductor-dielectric, placed into the extemagnetic field, were widely investigatedu(ibys and Tolutis1983; Maier,
2007; Tarkhanyan and Uzunoglu, 2006) in variougdency ranges, from radio to optical ones. Corredjmy waves are
applied in modern plasmonics and in non-destructésting of semiconductor interfaces. It is of iett to realize the
resonant interactions of volume and surface elewgmetic waves in these structures, so the siroakatof the wave
spectrum there are important. To describe such Emiayered structures, it is very convenient afigéotive to use
impedance approach (Tretyakov, 2003; Senior andkigl 1995; Kurushin and Nefedov, 1983). As a ritepedance
boundary conditions are used, when the layer cogesiaveguide is thin (Senior and Volakis, 1995; i&lnin and Nefedov,
1983). One of the known exclusions is the impedaneariant imbedding model, the distinction to whiof our new

method has been mentioned above. Our new apprddEBl, proposed in the present paper has the se¢gf attractive,
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for practical purposes, features. These features(grthe surface impedance characterizes cower laf finite thickness,
and this impedance is expressed analyticallyHg) method allows an effective modelling of 3D mgaropagating in the
gyrotropic waveguiding structure; (iii) finally, the considered waveguide can be modified by amgreal influence such
as bias magnetic or electric fields, or by any @&xtlave or energy beams (such as acoustic or caiisields etc.), the
corresponding modification of the characteristjaisase and amplitude) of the electromagnetic VLRrbpeopagating in the
waveguide structure can be modelled.

Our approach was targeting properly and is suitidyl¢he farther important development which wilba to solve
also the following problems, which continue thé psesented above: (iv) the problem of the exatabf the waveguide by
the waves incident on the considered structure fatrove could be solved as well with the slight rfiodiion of the
presented model, with inclusion also ingoing wavég) consider a plasma-like system placed intodkternal magnetic
field, such as the LAIM system (Grimalsky et al99® a, b) or dielectric-magnetized semiconducttnucture; then the
electromagnetiaovaves radiated outside the waveguiding structsmel( as heliconR{ibys and Tolutis1983) or whistlers
(Wait, 1996)) and the waveguide modes could be conslddtegether; (vi) adequate boundary radiation @@ on the
upper boundary of the covering layer are derivedi, dased on this (and absence of ingoing wavies)|eakage modes
above the upper boundary of the structure (in ottards, upper boundary of covering layer), will ssarched with the
farther development of the model, delivered inphesent paper. Namely, the process of the leakbhtie @lectromagnetic
waves from the (opened) waveguide, then their foamstion into magnetized plasma waves, propagailogg magnetic
field lines, and, possibly, excitation of the wauiling modes by the waves incident on the systesm fexternal space
(Walker, 1976), can be modeled as a whole. Suclodifitation can be measured, characterizing thereat fields and
corresponding field sources, caused the above-oreti waveguide modification. Combining with the peD
measurements of the phases and amplitudes of ¢étraghagnetic waves, propagating in the waveguigdingctures and
leakage waves, the model possessing the above anedtifeatures can be used for searching, and ewesmitaring the
external influences on the layered gyrotropic actvtificial or natural media, for example microwasr optical waveguides
or the system LAIM and WGEI, respectively.

The structure of the paper is as follows. In S2cformulation of the problem is presented. In S8dhe algorithm
is presented, including the determination of thenditions of radiation of the VLF waves/beams intwe tupper
ionosphere/magnetosphere at the upper boundargedlm the F region at the altitude (250-400) kiffiective tensor
impedance boundary conditions at the upper boyn@aB5 km) of the effective WGEI; and finally t/3 model of the
propagation of the VLF beam in the WGEI, which ve#l TIMEB, because in fact the beam method is combiwith tensor
impedance method. The questions on the mode peaggenand leakage modes of VLF are discussed véefhyh because
the corresponding details will be presented inrtbet papers. In Sect. 4, the results of numericadeting are presented. In
Sect. 5, the discussion is presented, includingxample of the qualitative comparison between ¢iselts of our theory and
an experiment; and the future rocket experimernthermeasurements of the characteristics of VLFadjgadiated from the

VLF transmitter and propagating in the WGEI andgieating into the upper ionosphere. Finally, cosidas are presented.
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2 Formulation of the problem

The VLF electromagnetic (EM) waves with frequendies10 - 100 kHz can propagate along the Earth’&asarfor long
distances >1000 km. The Earth’s surface of a hagidactivity z = O( z is vertical coordinateand the ionosphere F-layer
= 300 km form the VLF waveguide, see Fig. 1. Thepagation of the VLF electromagnetic radiation tediby a near-
Earth antenna within the WGEI should be describethb full set of the Maxwell equations in the reqic atmosphere 0 <
z < 60 km, the approximately isotropic ionospheréailer 60 km <z < 75 km, and the anisotropic E- and F- layershef t
ionosphere, due to the geomagnetic fig¢|d added by the boundary conditions at the Earilrtase and at the F-layeé. is

the angle between the directions of the verticéd axand geomagnetic fieltbﬁo.Note that the coordinate systexhy' 7'

included in the Fig. 1 is connected with the geomnedig field; Hois directed alongz'axis, lies in the plan&z, while the

planes x'z' and xz coincide with each other.

” 7z F Region of Ionosphere
4
1/ / EMW Radiation
LHL\.‘(
Anisotropic / Gyrotropic media
8
L, Effective Upper Boundary
i of WGEI
Lien === ====sresssmsasasmmaassnnnnnsnns
— Isotropic media
v EM Beam
9 ——
Lower Boundary of WGEI

X
Earth x'

Figure 1. The geometry of the anisotropic/gyrotropicwaveguide. EM waves propagate in OX directionH  is the external

magnetic field. The (effective) WGEI for EM waves oaapies the region0 <z< L, . Isotropic media occupies the region 0 2< Lo

, Liso <L, . Anisotropic/gyrotropic media occupies the regiom so < z< Lo . Covering layer occupies the regioh, < z< L. WG
includes isotropic region 0 <z< L;sp and a part of anisotropic regionL, < z< L. It is supposed that the anisotropic region is
relatively small part of the WG, (LL,s0)/L, ~ (0.1-0.2). At the upper boundary of covering lagr (z= L) the radiation of EM to
the external region > L., is accounted for with the proper boundary conditons. Integration of the equations describing the EM
field propagation allows to obtain effective impedace boundary conditions at the upper boundary of ééctive WG (z=L,). These
boundary conditions effectively includes all the ééct on the wave propagation of the covering layeand the radiation (atz = L)
to the external region ¢ > La)-

3. Algorithm
We present here the algorithm of the new proposeithad, staying in details only on the main subggdhe present paper,
in particular on the boundary conditions, impedamethod and the method for the beam propagaticheéWGEI. The

other parts of the method, connected with the npydsentation of the excitation of WGEI by a givemrent source and the
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reflection of the EM waves from the effective uppeundary of the WGEI and leakage of the EM wavesfthe WGEI to

the upper ionosphere/magnetosphere, will be outlivexe only very briefly and will become the subgeaf the next papers.

3.1 Direct and inverse tensors characterizing theohosphere

In the next subsections we will derive the formuascribing the transfer of the boundary conditianthe upper boundary
(z=Lmay, Fig. 1, resulting in the tensor impedance coodd# at the upper boundary of the effective WGEIL(). To make
this, we need, firstly, to describe the tensorsratterizing the ionosphere. The monochromatic M is considered with
the components of EM field exp(i at). The main goal is to transfer the EM boundary dtiors from the upper ionosphere
at the height., ~ 250 — 400 km to the lower ionosphére~ 70 — 90 km. The vertical axis @Z, the inclination angle of the

geomagnetic field i€ (Fig. 1). The anisotropic medium is inhomogenedos@OZ axis only and is characterized by the

tensor permittivityé (w, z) or by the inverse tensq@(m Z) =§_1(Cd Z): EI,B(CLIZ)EE] where D is the electric induction.

Below the absolute units are utilized. The expmassifor the components of the effective permitjivif the ionosphere are

in the coordinate fram&’YZ’ whereOZ’ axis is aligned along the geomagnetic fiét:

g & O
. Lo w,’ Qw-iv,) w, Qw=iv) ,
&=\-§ & 0|, &=1- N2 2 - N2 2 & =19,
(w-iv) —w, ) v (w-iv) —w,") v
0 0 g
w, 2 [ w, o, w w2
g=- . P92 = 2 + . P'2 - 2 v & =1- .pe - . o ; (1)
(w=v,)" ~w, ) o (w-iv) - w, ) (w=iv,)lo (w=iv,)l
2 2
L S, Y L S,
m m mc mc
Herew ,w , w,. w, are plasma and cyclotron frequencies for electemsions respectivelyn,, m, v, 1 are the masses

pe’ pi' “He?

and the collision frequencies. The expressions h&f tomponents of(w,z) are obtained from (1) by means of
multiplication with the rotation matrices (Spiege859). In the case of a medium with a scalar cotinty g, like the lower

ionosphere or atmosphere, the effective permigti{d) reduces to the scalar= 1 - 47id/ w

3.2 The equations for the EM field and upper boundey conditions

The EM field depends on the horizontal coordinass~exp(-ikx). Generallyk, < ko, wherek, = aJc. In simulations of VLF
beam propagation, we plt = ko. In the case of searching VLF waveguide mokleis slightly complex and should be
calculated from boundary conditions at the Earsisace and upper surface of the effective WGEI.

The Maxwell equations are:
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_OH, oH

— =ik, —x+ikH, =ikD,, ik H,=ikD,
oE OE
——L =—ikgH,, —=+ik,E,=-ikH,, -ikE, =-ikH 2
62 0" "x 62 X~z kO y Xy kO z ()

In eq. (2),E, = B,,D, + B,,D, + B,.D,etc. All the components of the EM field can be esgnted through the horizontal

components of the magnetic fiditj, H,, and the following equations for these componbais been derived:

% —B”kz a:; -ai —Bﬂkxz a:; —'kxai —ﬁ”kf Hy [+kH, =0 (3a)
1-8,, 1- 27 2 1- 227, 2
P & P
a_ (ﬁll ﬂlz wZI ) a 1812 > aHx +
k0 1-8 K az 93 1-8 k® oz
22 k02 22 K:)z
k2 ﬁlz EB23 K( ﬁ32 le
5 s H, |+ik, (B (3b)
(ﬁ kolﬁK() ik, (B + l%lﬁK)aZ
22 k02 22 k02
H ﬁS x k2 kx ﬁ23 wSZ —
—ik, ——2— + 3 H,=0
22 ko 22 ko
The expressions for the horizontal components@gtactric fieldg,, E, are:
— I k2 ﬁlZ wﬂ :812 aHx kx K< ﬁlz |1?23
E, =— 11 2 13 2 Hy
| Bt kolﬁ'&)azlﬁlaaz Bt BK‘)
22 ko 22 koz 22 K)Z
1- 22 1- 227 2 1- 227 2
P P P

In the region 2 L, the upper ionosphere is assumed weakly inhomogesnemd the geometric optics approximation is
10 valid in the VLF range there. Note that such anrapimation is invalid at the upper boundary of #ftective VLF WGEI at
80 — 90 km because of the great inhomogeneity ef itmosphere in the vertical direction withieHayer. These

circumstances determine the choice of the uppendiemy z =L .~ (250-400) km, where the conditions of the radiatre
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formulated. The dispersion equation connectedwaiee numbers and the frequency of the outgoing wédmes been got

from egs. (3), wherla‘|x,y ~e_ikzz, while the derivatives like)S,./dz and the inhomogeneity of the media are neglected:

2 x kx 2 K(Z
22k 1- 22 1\+~ P22 12 k 3 1- 22 2
[ﬁ ky(1- )jﬁﬁ(ﬁ( B ko) koﬁfﬁ’]) +((B 15+ B 3\ /le%)"'
) 2 k2 kx4
* 12 P23 32472 kx kz - ko 1- 33 Xz 1- 22 Xz T 4P 2 32| 5
+k02(/353+ﬁ55]) ((ﬁko)(ﬁko)koﬁ@’)j (5)

_(ﬂZlkzz + B,3K, kz) [nglzki - 1832k><|§) =

Thus, generally Eq. (5) which determines the wawenlmers for the outgoing waves is of the fourth oi@#ait 1996). The

boundary conditions at the upper boundary L. Within the ionospheré-layer are the absence of the ingoing waves, i.e.

the outgoing (radiated) waves are present only. faets should be selected that possess the negaiignary part$m(k;;,
»)< 0, i.e. the outgoing waves dissipate upwards. Hewein the case of VLF waves some simplificatian de used.
Namely, the expressions for the wave numbersare obtained from egs. (3), where the dependenceis neglected:
[k 2|>> ko. This approximation is valid withif-layer where the first outgoing wave correspondsh& whistler of small
dissipation, the second one to the highly dissiygasiow wave. The EM field components, which areessary to formulate
the boundary conditions for eqgs. (3a, bz atL,.x, can be presented as:

H, = Ae"*+a,Ae"? H=a, Ae™ '+ A%’ (6)
In the relations (6% = z- L,. egs. (3) are simplified there in the approximatiescribed above:

az H d°H
ﬁzz :821 k H, =0, ﬁnaf Iglzazx-'-k H,=0 (7

Again, the solution of egs. (7) is searched |d§y:y"e_ikzz. The following equation has been obtained to fet wave

numbersk, , from egs. (7):

K* = (B * /811)/(2 + 8182~ BB »=0, K l:(oz (8)

Therefore, as it follows from eq. (8),

B11+B221((B11_2B22)2+,312,821) a, _Bzz 1 - B . =:811_K22= B k. 2 k02

a. =
2

By By _K12 ’ B, 1322_/(22 e K1,22
The signs ok, » have been chosen from the conditiomk, »)< 0. From Egs. (5) at the upper boundary L. the

2 _
K1,2 -

9

following relations are valid:

H,=A+a,A, H =a A+ A (10)
As it follows from eq. (10),

A=N(H,~aH ), A=A(H,~aH)A=1-ag, ()
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Thus, it is possible to exclude the amplitudeshef dutgoing waves, , from Egs. (9). As a result, at= L, the boundary

conditions are rewritten in terms f, H, only:

L =ik + ) == (maa k) Hira (o ) H)
aaHZ A (12)
Ozy =ik Ak, A) :_IZ((kzz_agzkzl) Hyta (K, k) H)

The relations (12) are the upper boundary conditiohthe radiation for the boundaryL,~(250-400) km. Then these
conditions will be transformed/recalculated usihg &nalytical-numerical recurrent procedure intaieslent impedance
boundary conditions a=L,~ (70-90) km.

Note that in the “whistler/VLF approximation”, vdliat frequencies ~ 10 kHz, one can get for thegtoreof the
ionosphereln this approximation and accounting for tkat 0, we find, using egs. (5), (8), (9) that dispersemjuation
takes the form

kK = ki g? (13)
wherek? = k? + k> = k> + K?; k, andk, are the components of wave numberspectively,transverse and longitudinal

relatively to geomagnetic fieldzor the F region of the ionosphere, where< w<< w,., €q. (13) reduces to the standard

form of whistler dispersion equatipr, |k = k, | g |; g=—a§e/(az%) - w=CK|K | (@, /afpe); in a special case of the

waves, propagating exactly along geomagnetic figlek 0 one obtain, for the propagating whistler waves|l-wgown

dispersion dependence (Artcimovich and SagdeeW)XoF CZKZ(%/afpe). Coming back to our problem and accounting
for that in our case we can reasonablykus 0, eq. (13) reduces & cos’ @ = k?g?. As a result, we gek, = 9/ cosk;,

K, =—i\/g/cosfk,, and then, similarly to the relations (12), theubdary conditions can be presented, in terms of the

tangential components of electric field, particlylan the form:

o - - [El 2 1] g, [1#i -1-i
T +BU=0,U=| *|;B==,|——
0z * U {E } 2 cos9k0[1+i 1+i ] (14)

y
Conditions (12) or (14) are the conditions of rédia (absence of ingoing waves) formulated at thgen boundary
Zz=Lmax and suitable for the determination of the enerdytle wave leaking from the WGEI into the upper
ionosphere/magnetosphere. Let us emphasize agatinhi formulas expressing the boundary conditminthe radiation
(more accurately speaking, an absence of incomange® what is the consequence to the causalitgipk®) (12), (14) are

obtained as a result of limiting pass by the sipatametek/ko |k /k, |- 0in eq. (5). Note that in spite of disappearance

of the dependence of these boundary conditionsicitkplon k,, the dependence of the characteristics of the wave
propagation process dg, as a whole, is accounted for, and all resultsséiflevalid for the description of the wave beam

propagation in the WGEI along the horizontal aigith finite k, ~ k; .
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3.3 Equivalent Tensor Impedance Boundary Conditionsit the Upper Boundaryz=L, of the Effective WGEI

The tensor impedance at the upper boundary of ffextwe WGEI z=L,, Fig. 1, is obtained by means of
recalculating to the level=L,~80 — 90 km of the conditions of radiation (12) &4), formulated at the upper boundary,
placed in the F region of the ionospherez=t, .~ (250-400) km.

The main idea of the effective tensor impedancehotktis the unification of the analytical and nuroaki
approaches and the derivation of the proper impezl#oundary conditions without any approximatiortha “thin cover
layer”, used in the majority of an effective impada approaches previously, applied either forieidif or natural layered
gyrotropic structures, see, f. e. (Tretyakov, 2088nior and Volakis, 1995; Kurushin and Nefedowg3;QAlperovich and
Fedorov, 2007). There is one known exception, ngmieVariant imbedding impedance method (Shalashad a
Gospodchikov, 2010; Kim and Kim, 2016). The comgami of our method with the invariant imbedding ih@ece method
will be presented in the end of this subsectiors. E£8), jointly with the boundary conditions (1Bave been solved by finite
differences. Outline here the main ideas and tyessdf the derivations of the corresponding forswla

The derivatives in Egs. (3) are approximated as

H j+1 HX' Hx'_Hx j-1
i[C(z)ﬁjzllq%mz)M_ Q ’7__1/2)( ); =(H); J

(Zz 0z h h h (15)
1
o, (F@ HX)=§1(F(z,-+1)( H)ju— H7.0(H),) etc.

In eq. (15), z.,,=h{(j+0.5). In egs. (10) the approximation &H,/dz=[(H,),-(H) ]/ h. Here h is the

discretization step along9Z axis; N is the total number of the nodes. At each gtifye difference approximations of Egs. (3)

take the form:

|

SO A0 A ® _
a; [, +a7 H; +a |1 =0 (16)

D

- H
whereH =(HXJ' J=N-1LN-2,..1 z =h0j, L =hON. The expressions for the matrix coefficients in 8d) are
y

complicated; they are given in Appendix. The sethef matrix egs. (16) has been solved by the methiidd factorization,

or elimination, or matrix sweep (method) [SamarskiiO1l]. Namely, it is possible to write down:
H,=bH_, j=N,.1 (17a)
ij+1 = b11j+1H1+ bla‘+ Ha Hyj+ 1= b2n+ H+ szz+ H;HE H<j s H = H/j (17b)
This method is in fact a variant of the Gauss elatibn method for the matrix 3-diagonal set of Hugs. (16). The value of

bu has been obtained from the boundary conditiony (&mely, they can be rewritten as:
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&" MHy, +6,° tH =0 (18)
Thereforeh\, :—(C)A’,\,(O))_1 WN(_). Then the matricebj have been computed sequentially down until thérettvalue of z

= =L, =h-N,, where the impedance boundary conditions are asdumbe applied. At each step the formulasﬁpollow

from (16), (17) and take the form

~ (0 A (+) Ha — A~ —
(@°+a" M )H =-47H, (19)
R

~
A

Therefore, accounting for (17), we obtabp —(a“’ +a Eﬂ?

{ . The derivatives in eqgs. (4) have been

approximated as:
oH _ (Hx)NZ+1_(Hx) N, _ (bNZ+l 11_1)HH><)Nz + bNZ+1 12HHV)NZ

Gz v = h - h

(20)

Note that a result of this discretization, only ttadues at the grid levell, are included into the numerical approximation of

the derivativesdH,  /9z atz=L,. We determine tensor impedanZein particular atz=L, ~ 85 km such as the tensor

value containing in the following relations, all which are related to the corresponding altitudeother words, to the grid

with numbem,, corresponding to this altitude):
AxE=Z[H n=(0,0L;0r g, = 7, H, + Z,,H,; E,=-Z,H -~ Z,H, (21)

The equivalent tensor impedance is obtained, if) teing two-step procedure. (1) We obtain the mdl)y using the set of

equations (3a, b) with the boundary conditions @2) the procedure (17)-(19) described above.RBj the expressions
(21) with tensor impedance into the left parts #relderivativessH, , /dzin the form (20) into the right parts of egs. (4).

Equating in the left and right parts of the twoaibéd equations coefficients td§, H, respectively, we obtain the analytical

expressions for the components of the tensor inmpedatz = L, :

le:_i_h ﬁﬂ 2 o1 ’822 2 Eqbn_l) 1212:_i_h lg—kz 9z Eqbzz_ )_ ’8 mz_KhG IBZ3 2 |1
N 1_:822% 1_:822% N 1-B,75 1-8,75 2 1_[?2272
Ko Ko ks’ K k
2= (gl PPy, o Pe )|
S LTV S ﬁzzkfz
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The proposed method of the transfer of the boundanglitions from the ionospheFelayer L. = 250 — 400 km into the
lower part of theE-layerL, =80 — 90 km is stable and easily realizable, whenpared with some alternative approaches
based on the invariant imbedding methods (ShalaahdvGospodchikov, 2010; Kim and Kim, 2016). Thebgity of our
method is due to the stability of the Gauss elitidmamethod when the coefficients at the centrafjdhal are dominating;
the last is valid for the ionosphere with electrgmeatic losses where the absolute values of theifisity tensor are big.
The application of the proposed method of the matwieep in the media without losses may requireutiization of the
Gauss method with the choice of the maximum elemergnsure the stability. However, as our simalai(not presented
here) demonstrated, for the electromagnetic prablenthe frequency domain the simple Gauss elidnaand one with
the choice of the maximal element gives the sarsgltee The accumulation of errors may occur in etiohal problems in
the time domain, when the Gauss method should pkedpsequentially many times. The use of the iraelent functions
Hy, Hy in Egs. (3) seems natural, as well as the trar{féa), because the impedance conditions are ihessions of the
electricE,, E, through these magnetic componeHts H, at the upper boundary of the VLF waveguide 80 k80 The
naturally chosen direction of the recalculatiortted upper boundary conditions framwmL,. to z=L,, i.e. from upper layer
with large impedance value to lower altitude layéth relatively small impedance value, providesthta same time, the
stability of the simulation procedure. The obtainemmponents of the tensor impedance are sl < 0.1. This
determines the choice of the upper boundarl, of the effective WGEI. Due to small enough impesganEM waves

incident from below on this boundary reflect effeely back. Therefore, the regidhs z< L indeed can be presented as an

effective WGEI. Then such a waveguide includesardy lower up tolso ~ (65-75) km with rather small losses, but also
thin dissipative and anisotropic/gyrotropic layetween 75 and 85-90 km.

Finally, the main differences and at the same teantages of the proposed tensor impedance méthmdthe
known method of the impedance recalculating, irtipaear invariant imbedding methods (Shalashov &@u$podchikov,
2010; Kim and Kim, 2016) are the following. (i) distinction to invariant imbedding method, our nuths a direct method
of the recalculation of tensor impedance, and tiveesponding tensor impedance is determined anallytj see egs. (22).
(i) Our method, for the media without non-localitgoes not need a solution of integral equationds),in invariant
imbedding method. (iii) The proposed tensor impedamethod does not need the revealing of forwaddreflected waves.
Moreover, even the conditions of the radiation (&42he upper boundan~L,,.. are determined through the total field
componentsHy,, what makes the proposed procedure technicallyhniess cumbersome and practically much more
convenient. (iv) At the same time, the procedureeiy effective and computationally stable, as iexplained above in this
subsection. As it is already mentioned, for theyvew-loss systems, the required level of stabitiazn be achieved with the

modification based on the choice of the maximainglet for matrix inversion.
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3.4 Propagation of the Electromagnetic Waves in th&yrotropic Waveguide and the TIMEB Method

Use, as the independent functions, the transvessganentsE,, H,. The goal is to derive the equations for the sjowl

varying amplitude#\(x,y,z), B(x,y,z9f the VLF beams included corresponding field comgnts:
Ey:%A(XMZ)D@"*M cg '#:‘; B xy)X e+ c (23)

Note that in this case it should ke= ko, because the beam propagates in the WGEI, the paairof which is occupied by
the atmosphere and lower ionosphere (D regio)eratlosed to free space by its electromagnetiarpaters. The presence
of a thin anisotropic and dissipative layer beloggio the E region of the ionosphere causes, dhegavith the impedance
boundary condition the proper dependence ofB(x,y,z) Using (21), (22), it is possible to write dowretbboundary
conditions at the height = L, for the slowly varying amplitude&(x,y,z), B(x,y,zpf the transverse componerig H,.
Namely, from the Maxwell equations in the methodeéms it is possible to express the comporigngsmdH, throughE,,
Hy:

B..OH,
Ex = ylZEy+ I%a_zy-'-ﬂlSHy (24)

i OF,
* k, 0z'
where VY, =D (E£—E1£ ) B NE B 507 A 5 & %€ &,.The using of Egs. (21) and (24) leads to the

following form of the boundary conditions féx, B:

i oA _ 0 0A,L i 0B
A‘EZH%—Z"'ZQEB-O, Vi, LA IS Zlej;_Z-'-(ﬂlS Zza)DB" Kﬂsﬁ‘;z 0 (25)

Let us derive the evolution equations for the slowdrying amplitude#\(x,y,z), B(x,y,zdf the VLF beams. Below

the monochromatic beams are considered, so thednegwis fixed and the amplitudes do not depend on tifg@arch the

solutions for the EM field a&, H ~ expfat —ik,x—ik,y) The Maxwell equations are written down as

. oH, H, . . o
—ik,H, - P =ik,D,, 37 +ik H,=ik,D, -ikH +ikH ,=ikD,

26
. OE, E, . _ . o (26)
ik, E, N —ik,H,, 3 +ik E,=-ikH, -ikE+ikE=-ikH
Here D, = ¢,,E, +¢,,E, +¢,E,. From Egs. (21), it is possible to get the expoessforE,, E, throughE,, Hy:
1 k, k k> i kZ OH, kK ik, OE
Ex = Z{[‘gm |1“32_(512-"?;’) mgss_é)] Ey +k_0(£33_?) 0Zy +E£ 1Q_|y +K2y£ 130_Zy (27)
1 k, k k? i 0H, Kk k’ ik kZ 0
Ez :Z{[gal [0512+k7y) ‘532[0511‘%)] Ey _Egala_zy_gmg 11_Ky2) Hy —szfﬂf 11_?),2) a_EZy
k 2 2
In eq. (27),A= (&, —é) Q£33—E) - &4,[&; The equations fo,, H, obtained from the Maxwell equations are:
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[:—222 k2 - ky]Ey+|k( - ik E, - |kE)+IgD 0—|I5 X+I<K|55+[§H 0 (28)

After substitution of expressions (27) for 8y, E; into Egs. (28) the coupled equations Er H, only can be got. Namely,
the expansion should be us&g= kot+ &k, |k << ko, alsolky| << ko. Then the correspondence should be applied (Wekilan
and Wilhelmsson 1977):

0 0

_|@k - T, _||:K - — 29
< ox Yooy (29)

The expansions should be until the quadratic tevittsrespect td, and the linear terms with respectdq. As a result, the
parabolic equations (Levy 2000) for the slowly \iagyamplitudesA and B have been derived. In the atmosphere and the

lower ionosphere, where the effective permittivitsgluces to a scalafwz), they are independent:

OA i aA 9°A
Fr 2k, | oy T3z

B i 0B, 9°B) ik,
™ E[EG_Z('BG_Z) 0)?] {e-1B=0

j K qe-1a=0
(30a)

Here g = ¢7*. Accounting for the presence of gyrotropic layeamée and the presence of tensor impedance boundar

conditions at the upper boundary= L, of the VLF waveguide, the equations for the slowdyying amplitudes in general

case are coupled and possess a complicated form:

V, 0B ik

oA i [GA aZAj ik,
+ — &, -)A+= +_°[y B=0
x 2 2 97 22 2 9z 23
a; ko Z B, 9°B /} 9B , ik (30b)
I i
FVREYS (B ) —]+ (V A+ (B B) + - VAt —— °Eﬂ— 1)B=0
ox 2&(/31162 oz oy') 28,02 2/311 . 2/311 g0z 2 B
In Eqg. (30b),
&L, —€L,LE ElE & £ TE £ 5E = &, 5 _E&
1/125 13 32A 12 33,y215 23 31A 213‘ 33;}/235 2;{. 12 g‘ 1,]y325 Q’ lAZ @ }ﬁllzf,ﬁlzzfj}

lg 31 333 33 A EIIB‘SS g‘ 31

Egs. (30b) reduce to Egs. (30a) when the effeqiieanittivity is scalar. At the Earth’s surfaeze= 0 the impedance

20 conditions reduce, due to a finite conductivitytleé Earth, to the form:

. 12
| iw
Ey =ZH,, E=-Z Hy’ ZE=[47'ETE] (31a)
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Here gz ~ 10° s* is the Earth’s conductivity. The boundary condiio31a) at the Earth’s surface, whege= 7, = 7,

2,=2,=0, B,=¢(z=0)", ), =0, §, =0, can be rewritten as

i oE, i oH, i
E,+—Z.—=0, —— +—2ZH =0 (31b)
k, = 0z &(z=0)k 0z K

The Egs. (30) added by the boundary conditions §2®)e upper boundary of the VLF waveguidé , and by the boundary
conditions at the Earth’s surface (31b) are uséovbto simulate the VLF wave propagation. The stefanpedance of the
Earth has been calculated from the Earth’s condtictiThe initial conditions to the problem (3025), (31b) are

A(x=0,y,2 = 0, x 0,y, = 53e>(p(( v 05,1 /0)/2") eéep(( ~7,) z/o)z%) , =n (32)

The size of the computing region alo@y axis isL, ~ 1000 km. Because the gyrotropic layer is relagitkin and is placed
at the upper part of the VLF waveguide, whereadbtens are excited near the Earth’s surface, tie difraction in this
gyrotropic layer alon@Y axis is quite small, i.e. the terms withA/dy?, &B/dy’ are small there. Contrary to this, the wave
diffraction is very important in the atmospherehe lower part of the VLF waveguide near the Earthirface. To solve the
problem of the beam propagation, the method oftsyiwith respect to physical factors has beeriaggSamarskii 2001).
Namely, the problem has been approximated by tiite filifferences:

= (A} oC . o~
C=(Bj, S TherLe=o (33)

In the termsLyC , the derivatives with respect yaare included, whereas all another terms are ieclidtoL,C. Then the

following fractional steps have been applied, ih& bne is along y, the second one is alzng

CrHiz _@p G gz

+ [yépﬂ/z - 0' + |76P+1 - O (34)

The region of simulation i® < x < Lx = 1000 — 2000 knm) <y < L, = 2000 — 3000 km) <z < L, =80 — 90 km. The
numerical scheme (34) is absolutely stable. Hhgris the step alon@X axis,x, = p h,p =0, 1, 2,.... This step has been

chosen from the condition of the independence @sthmulation results on diminishiitng.

25



10

15

20

25

Figure 2. The rotation of the local Cartesian coordiate frame at each step along the Earth’s surfadg,. on a small angled¢ ~
~ AXIRg, radians, while4x=h,. The following strong inequalities are validh, << L, << Rg. The Earth’s surface is atZ = 0.

Under the simulations at each step al@¥axis, the correction due to the Earth’s curvahae been inserted in adiabatic

manner, namely the rotation of the local coordirfedene XOZ Because the step alomgs smallh, ~ 1 km<< L;, this
correction of theC results in the multiplieexp(-ik-J), whered = z-(W/Re), Re >> L, is the Earth’s radius, see Fig. 2 and

the capture to this figure. At the distances1000 km, the results of simulations do not dependhe insertion of this
correction, whereas at higher distances some datindi differences occur. Namely, the VLF beam pgades more closely

to the upper boundary of the waveguide.

3.5 The Modes of the VLF Waveguide. Reflection frorthe Upper Effective Boundary of VLF Waveguide.

Our model, in general, needs the consideratioh@feixcitations of the waveguide modes by meansiwéct sources such
as dipole-like VLF radio source and lightning disaire. Then, the reflection of the waves incidentl@upper boundary
(z=L,) of the effective WGEI can be considered. Therk lvé possible to demonstrate that this structae indeed good
enough waveguiding propertieshen, in the model described in the present paperVLF beam is postulated already on
the input of the system. To understand, how sulsbaan is excited by the, say, dipole antenna neslother boundarg=0
of the WGEI, the formation of the beam structursdshon the mode presentation should be searched.tfié conditions of
the radiation (absence of ingoing waves) (12) ecanded as the boundary conditions for the VLF bestiated to the upper
ionosphere/magnetosphere. Due to relatively lacgéesof the inhomogeneity in this region, the campeometrical optics
(Rapoport et al. 2014) would be quite suitabletifier modeling a beam propagation, even accountinthéowave dispersion
in magnetized plasma. The proper effective boundandition, similarly to (Rapoport et al. 2014) viswallow to make
relatively accurate matching between the regioascdbed by means of full wave electromagnetic agg@n (with Maxwell
equations) and complex geometrical optics (FWEM-C&proach). All of these material is not includatbithepresent
paper, but will be delivered in the two future pap®ne ofwhich will be dedicated to the mogeesentation of the VLF
propagation in the WGEI, and the other one - toldakage of VLF beams from the WGEI into upper gpteere and

magnetosphere and the propagatioth#semedia. However, we should mention in the presapeponly one result, which
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concerns the mode excitation in the WGEI, becabse result is principally important for the justifition of TIMEB
method. Namely, it is shown that thé& lowest modes of the WGEI are strongly localizedtlie atmosphere-lower
ionosphere. Their longitudinal wavenumbers areectosthe corresponding wavenumbers of EM wavefénatmosphere.
This fact convinces that the TIMEB method can bglied to the propagation of VLF electromagnetic esin the WGEI.

4. The Results of Modeling
The dependencies of the components of the permittéy, &, &, in the coordinate frame associated with the geomiagn

field |:|O are given in Fig3. The typical results of simulations are preserite#fig. 4. The parameters of the ionosphere

correspond to FigB. The inclination of the geomagnetic field i’45he VLF frequency isv= 10° s*, f = w/277=15.9 kHz.
The Earth’s surface is assumed as ideally conduittéreZ = 0. The values of EM field are given in absolutésjn.e. the
magnetic field is measured in Oersteds (Oe), os64Bs), 1 Gs = 10T, whereas the electric field is also in Gs, 1=G00
Vicm there.

Note that in the absolute (Gaussian) units the madgs of the magnetic field compongHi| are the same as ones of the
electric field componeng}| in the atmosphere region where the permittivityeis 1. Below in the figure captions the
correspondence between the absolute units andqala8t ones is given.

It is seen that the absolute values of the compsraithe permittivity increase sharply just abave 75 km. The behavior
of the components of the permittivity is step-liks,seen from Fig. 3_2, a. Due to this, the resdilsémulations are tolerant
to the choice of the position of the upper waltlef waveguide the Earth’s surface — ionosphere.cohguted components
of the tensor impedance at= 85 km are: Z;; = 0.087 +i0.097,Z,; = 0.085 +i0.063,7;, = -0.083-i0.094,Z,, = 0.093 +
i0.98. So, a conditiolZ,s| s0.15 is satisfied there, which is necessary fqliegbility of the boundary conditions (3).

The maximum value of thid, component is 0.1 Oe = Fa in Fig. 3, a) for the initial VLF beam at= 0. This corresponds
to the value of, component of 0.1 Gs = 30 V/cm. At the distarce 1000 km the magnitudes of the magnetic fid|dare

of about 310° Oe = 3 nT, whereas ones of the electric fjdre of about A0° Gs= 1 mV/cm.
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Figure 3. Part a) is the vertical dependencies ohé components of modules of components of the peftthiity in the frame
associated with the geomagnetic fieldy, |&, |&|, the curves 1, 2, 3 correspondingly. Parts b) ) gre the real and imaginary parts
of the componentsg, &, &, general and detailed views.

20 40 60
Z, km

Z, km

0 20 40 60 80 0 20 40 60 80
Z, km Z, km
Figure 4. Part a) is the initial distribution of |H,| at x = 0. Parts b), c) areH,| and H,| at x = 600 km. Parts d), e) ar¢E,| and H,| at
x = 1000 km. For the electric field it is 3-10-6 Gs 1 mV/cm, for the magnetic field it is 3-10-5 Gs 3 nT. At the altitudes z < 75 km

itis |Ej =|H,|, so 3-10 Gs= 10 mV/cm there. w=1.0Fc™; § = 45

It is seen from Fig. 4, b) - e), that the wave bgame localized within the waveguide the Earthideme — ionosphere € z
< 75 km mainly in the regions with the isotropic métivity. The mutual transformations of the beawifsdifferent
polarizations occur near the upper boundary, dubdoanisotropy of the ionosphere within the thaper 75 km< z < 85
km, Fig. 4, b), d). These transformations depenthervalues of the components of the permittivityhe ionosphere at the

altitudesz > 80 km and the components of the tensor impedasmethe measurements of the phase and amplitude
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modulations of different EM components near thetlEarsurface can yield the information on the prtips of the lower
and even middle ionosphere.

The qualitative effect is changing the polarizatios. an occurrence &, component of the electric field at small altitudes
~5 — 10 km near the Earth’s surface, due to thasmahtransformations of EM beams, Fig. 4, partsde). Note that the
case of the ideal conductivity of the Earth’s scefés considered herg&,= 0, so atz = 0 the component i§, = 0. If this
impedance iZ # 0, thenE, component occurs also at the Earth’s surface.

The magnitudes df, component depend essentially on the values oflfron concentration at the altitudes 75 - 100
km. In Fig. 5, parts a), b), there are differenpeledencies of the electron concentrati¢z), three curves, solid (1), dash (2)
and dot (3) ones. The corresponding dependencit®e absolute values of the components of the pivityi are in Fig. 4,
parts c), d).

100 ™ cem? 1

10%
10}
10°]
10%
10"y

50000'5 l&l
400001

300001
20000

10000

3 10°! Py .
" 0 50 100 150 200 250 300 60 80 100 120 140 80 90 100110120 130 140 150 80 90 100110 120 130 140 150
Z, km , km Z, km Z k
a b c d

Figure 5. Different profiles of the electron concetmations n used in simulations. The solid, dash, ahdot curves correspond to
these different profiles. Part a) is the detailed iew; b) is a general view. The corresponding profie of the modules of the
components of the permittivity || and |g,| are given in parts c), d).

The distributions offy|, H,| onz, yatx = 1000 km are given in Fig. 6. Parts a), b) correspo the solid (1) curve(z)in
Fig. 5; parts c), d) are for the dash (2) cunaripe), f) are for the dot (3) curve in Fig. 5€Tihitial beams oH, are the
same and are given in Fig. 4, a). The values ofghsor impedance for these three cases are pedsantable 1

Table 1. The values of the tensor impedance correspading to the data shown in Fig. 5. Impedances prestd in the lines 1,2 and 3

in Table one correspond to the solid (1), dash (2jd dot (3) curves in Figs. 5 a)-d), respectively.

Zn Zn Zip Zy

0.088 +i0.098 0.085 +1i0.063 -0.083-i0.094 0.898.098
0.114+i0.127 0.107+i0.079 -0.105-i0.127 0.125+i6.12

0.067+i0.0715

0.061+i0.051

-0.060-i0.070

0.069+@.0
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Figure 6. Parts a), c), e) are dependencies @], parts b), d), f) are dependencies of|| at x = 1000 km; w=1.0.0c™; § = 45.

The initial beams are the same as in Fig. 4, a). Rara), b) corresponds to the solid (1) curves in §i 5; parts c), d) are for the dash
(2) curves; parts e), f) correspond to the dot (Jurves there. For the electric field it is 3-10-6 & 1 mV/cm, for the magnetic field
itis 3-10-5 Gs= 3 nT. At the altitudes z < 75 km it isE,| = [H,|, so0 3-10-5 Gs 10 mV/cm there.
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Figure 7. The dependencies of EM components on thetitide z in the center of the waveguide y = 1500 krfor the different
profiles of the electron concentration. The solid (1. dash (2), and dot (3) curves correspond to théfterent profiles of the electron
concentration in Fig. 5, a), b), the same kinds afurves. For the electric field it is 3-10-6 Gs 1 mV/cm, for the magnetic field it is

3.10° Gs=3 nT. At the altitudes z < 75 km it iSE = |H,/, so 3:10-5 Gs 10 mV/cm there. w=1.00c™; 6 = 45

The distributions off,|, H,| onz atx = 1000 km in the center of the waveguide 1500 km are given in Fig. 7. This and

other (not presented here) simulations show thangé in complex tensors of both volume dielectgengttivity and

impedances at the lower and upper boundaries eftafé WGEI influence remarkably on the VLF lossethe WGEI. The

modulation of the electron concentration at thitumles above= 120 km affects weakly the
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5. An influence of the parameters on the polarizatin transformation and losses in the WGEI

An important effect of the gyrotropy and anisoirap the corresponding transformation of the fiplarization
during the propagation in the WGEI, absent in theal metal planar waveguide without gyrotropy anig@ropy. We will
show that such an effect is quite sensitive tocdreier frequency of the beam, propagating in th@BA/ inclination of the
geomagnetic field and perturbations in the elecwoncentration, which can vary under the influencéshe powerful
enough sources placed “below”, “above” and “insitte8 ionosphere. Let us remind that in the realBA/Ge anisotropy
and gyrotropy are connected both with the volunfecetind effective surface tensor impedances &t thetlower and upper
surfaces of the effective WGEI, namety=0 andz= L, (Fig. 1). The corresponding transformation of tieédf polarization is

determined a follows. We introduce the characterisblarization relatiohg, / H, | (z;y= L, /2;x= %), taken at the central

plane of the beamyfL,) at some characteristic distance=X,) from the beam input/VLF transmitter. The follogin
arguments justify such a choice of the charactergolarization parametergjH,[) and its dependence on the vertical
coordinate %). (1) The WGEI is rather similar to the ideal marmmetallized waveguide. This is connected with two
circumstances. First, tenseiis different remarkably from the isotropic onenly in the relatively small (upper) part of the
WGEI, namely in the altitude range ~ (5+10) km(from (75-80) to 85 km, Fig. 1). Second, both tretk and ionosphere
conductivity are quite high and corresponding ingrezbs are quite low. In particular, the elementthefeffective tensor
impedance at the upper boundary of WGEI are siigal}| < 0.1 (see, for example, the table 1). (2) Respelgtithe carrier
modes of the VLF beam are closed to the modeseoidiéal metallized planar waveguide. These modes@rdivided into
the sets of uncoupledg(H,,E;) and H,E,H,) modes. The detail search of the propagation @fstiparate eigenmodes of
the WGEI is not a goal of the present paper, asgdagtively, will not be presented here and willdme a subject of the
special paper. (3) Because we have adopted fointtiel beam(s) the input boundary conditions ie ttorm (23) (with

H,#0 , E,=0), the above mentioned valugg, /H, |(z;y= L, /2;x= ) characterizes the mode coupling and

corresponding transformation of the polarizatiothatdistance, from the beam input due to the presence of therweland
surface gyrotropy and anisotropy in the real WGHiIe results presented below are obtainedferLl000 km, what is, by
the order of value, a typical distance, for exampkiween the VLF transmitter and receiver of theoBean VLF/LF radio
network (Biagi et al. 2015). Another parameter elotarizing the propagation of the beam in the WEmnely effective
total loss parameter, i$ma(X=X0)/ Hyma(X=0)|. Note that this parameter characterizes both miitisie and diffraction
losses connected with beam spreading in the trases¥g direction during the propagation in the WGEI.

In Fig. 8, dependences of the introduced abovarjzaltion and loss characteristics are presentddtaninfluences
on these parameters of the carrier beam frequemdtyhe inclination of magnetic field (instead otlination angle we use

the angled between the direction of the geomagnetic field #uedvertical direction, see Fig. 1).
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Figure 8. The modeling is done for the altitude dependence tifie electron concentration shown in Fig. 5b, curvé. Characteristics
of the polarization transformation parameter |E,/H, | (a-c) and effective coefficient of the total losseat the distancex;=1000 km
from the beam input (d); (a, b) and ( d ) - depeslences of the polarization parameter (a, b) and tat losses (d) on the vertical
coordinate for different angles & between geomagnetic field, respectively; black (Ioed (2), green (3) and blue (4) curves in Figs. a,

b and d correspond tod equals to5°,30 ,45and 60°, respectively; Figs. a and b correspond to frequeies w=0.86.0LG¢™ and
w=1.14MG6c™, respectively; ( ¢ ) — dependence of the polarizah parameter on the vertical coordinate for the diferent
frequencies; black (1), red (2) and green (3) cursecorrespond to the frequencies equal t0.860L6 , 1018and 1.140016 c?,

respectively and g = 45 .

As it is seen from Figs. 8 a-c, the altitude deewe of the polarization parametgy/iH,| has two main maxima in the
WGEL, the higher of which lies in the gyrotropigien above 70 km, while the other in the isotroggion of the WGEL.
As it is seen from Fig. a, b, the value of the tagecond maximum increases, while the positiorhefgecond maximum
shifts to the lower altitudes with increasing fregqay. At the higher frequencyu=1.14mG6c¢™), the larger maximum of the
polarization parameter corresponds to the interatedialue of the angle = 45 (Fig. 8 b); for the lower frequency
(w=0.86m0c™), the largest value of the first (higher) maximworresponds to the almost vertical direction of the
geomagnetic field § =5, Fig. 8 a). For the intermediate value of the an@ = 45 ), the largest value of the main
maximum corresponds to the higher frequenoy (.14 6¢™) in the considered frequency range (Fig. 8 c). b losses

increase monotonically with increasing frequencyg dapend weakly on the value 8{Fig. 8 d).

32



10

15

20

25

To model the effect of increasing and decreasimgelectron concentration, in the lower ionosphere on the
polarization parameter, we have used the followpagameterization for the chande, =n (2 - n( 2 of the electron

concentration, where,,(2) is the unperturbed altitude distribution of theatton concentration:

on) = n900s: 0@ =1rA-C R - o e g r = g BBy (9

In relations (35),Az,=2z- 7; Az is the effective width of the altitude distributicof the perturbation of electron

concentration; the perturbatiasn, is concentrated in the range of altitudgs z< z(and is equal to zero outside this

region); An,(z) =An(z) =0, while ®(z) =Pd(z) =0.
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Figure 9. Electron concentration (a), decreased and increagdgcurves 2 (red) and 3 (blue), respectively) relately to reference
concentration (curve 1 in Fig. 1b, repeated, for th convenience, as curve 1 (black) in Fig. 9_new a)d corresponding altitude
distributions of the polarization parameter [E,/H,| (Figs b and c, respectively). Curves 1 (black), @ed), and3 (green) in Figs. b, ¢
correspond to w equal to 0.86.016¢™, 1.0 Cc™ and 1.14mMGc™, respectively; decreasing concentration (curve ZFig. a) and
increasing concentration (curve 3 in Fig. a) corrgond to the following parameters determined the paameterization of
concentration variation (see formulas (35))z=50 km, z=90 km, Az = 20 km; for decreasing concentration (curve 1, Fig. a) rad

increasing concentration (curve 3, Fig. a) -f ==1.25and f =250, respectively. Angle@ is equal to45 .

As it is seen from Fig. 9, the change in the cotre¢ion in the lower ionosphere causes rather noakreffect on
the parameter of the polarization transformatiyiH,|. Note that either increase or decrease in thesjumere plasma
concentration have been reported as a result sfnegienic phenomena, tsunamis, particle precipitatiche ionosphere
due to wave-particle interaction in the radiaticgitd (Pulinets et al. 2005; Shinagawa et al. 204r8pldy et al. 1989;
Glukhov et al. 1992; Tolstoy et al. 1986) etc. Namthis effect does not reduces only to incredsg.(9 b) or decrease
(Fig. 9 c) of the maximum value of the parametethef polarization transformatioB,{H,|. Note also that the corresponding
change of this parameter has rather remarkableluabsealues from dozens to thousands percent, ssséen from the
comparison between Figs. 9 b, ¢ and Fig. 8 c, cBtvEhe last curve corresponds to the unperturbigiiliition of the
ionospheric electron concentration (see curved., b and curve 1 in Fig. 9 a). It is even moreriesting that in the case of
decreasing (Fig. 9 a, curve 2 ) electron concéatrathe main maximum oEJ/H, | occurs in the lower atmosphere (at the

altitude around 20 km, Fig. 9 b, curve 3, whichresponds tow=1.1416c¢™). In the case of increasing electron
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concentration (Fig. 9 a, curve 3) the main maximaf|E,/H,| occurs near the E region of the ionosphere @ttitude
around 77 km). The secondary maximum, which isqrdam the absence of the perturbation of the mleatoncentration, in
the lower atmosphere (Fig. 8 c, curves 2, 3), asasphere/ionosphere D region ((Fig. 8 ¢, curvepfctically disappears

or just is not seen in the present scale, in tse cader consideration (Fig. 9 c, curves 1-3).
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Figure 10. The effects connected with surface impedances at thwper and lower boundaries of the WGEIL. (a, b) - Fequency
dependences of the real (a) and imaginary (b) partsf the element Z11 of the effective tensor impedar at the upper boundary

(z=Lz, see Fig. 1) of the WGEI. Curves 1 (black), 2€d), 3 (blue) and 4 (green) correspond to anglé equal to 5°,30 ,45and 60,

respectively. The Earth conductivity is supposed todinfinite (the surface impedance at the lower bowtary of WGEI is zero).
(¢ ) — The vertical coordinate dependencies of trsformation polarization parameter |Ey/Hy| at the frequency w=0.8600L6 ¢

and angle 8 =45 for_the (scalar/isotropic) surface impedance Z athe lower surface of the WGEI equal to 10-4 (Earth
conductivity o equal to 109 ¢-1) , curve 1 and Z =10-29(=10"c¢*), curve 2.

As it is seen from Fig. 10, the real (a) and imagyn(b) parts of the surface impedance at the uppendary of the
WGEI have a quasiperiodical character with the @omé of “oscillations” occurring around some etfee average values
(not shown explicitly in Figs. 1@, b) decreases with increasing the afdgl&ven without the determination of the exact
average values for each of the curves 1-4 in Bi@s, b, it is seen that corresponding average valtiBe(Z,) andim(Z,).

in general, decrease with increasing agyldt is also seen that average valueRe{4,) for 8 equal to5’,30 ,45and 60" (curves 1-4
in Fig. 10 a)andIm(Z,) corresponding t@ equal to45 and 60° (curves 3, 4 in FiglO b) increase with increasing frequency in the

considered frequency range (0.86-1.14)-db The average values tf(Z,;) corresponding t@ equal to5 and 30', change in the
frequency range (0.86-1.14) 10" non-monotonically, having maximum values aroundiency (1-1.1)-10c. It is interesting to note
that the value of finite impedance at the lowerr(e@atmosphere) boundary of the WGEI make a quliteeosable influence on the
polarization transformation parameter minimum nberE region of the ionosphere (curves 1, 2 irRige 10 c). Namely, the decrease of
surface impedancg at the lower boundary (Earth-atmosphere) of the Wi@Bwo orders causes the increase of the corradipg

minimum value of[E/H,| in ~ 100% (compare minima in the curves 1 antb2redz=70 km).
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6. Discussion

The observations presented in (Roznoi et al. 20&®)onstrated a possibility for seismogenic increasosses of
VLF waves in the WGEI (Fig. 8; see the details RoZnoi et al. 2015)). We will discuss the corresjmmte to these

experimental results qualitatively.
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Figure 11. Averaged through night residual VLF/LF sigals in the ground observation for the wave pathsJJY-Moshiri, JJI-
Kamchatka, JJY-Kamchatka, NWC-Kamchatka, and NPM-Kamchatka. Horizontal dotted lines show the & level. The color filled
zones highlight values exceeding the 62evel. Two panels below are Dst variations and gaquakes magnitude values (from
Rozhnoi et al., 2015, but not including the DEMETER dad). See other details in (Rozhnoi et al. 2015).
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Figure 12. Modification of the ionosphere by electc field of seismogenic origin. (a) — Geometry ohe electrostatic problem on the
penetration into the ionosphere of the electric fiel excited by near-ground seismogenic current soug; | and Il - isotropic and
anisotropic regions of the system “atmosphere-ionpbere”. (b) Electric field in the mesosphere; in thepresence of the seismogenic
current sources only in the mesosphere (curve 1)nly in the lower atmosphere (curve 2); both in thenesosphere and in the lower
atmosphere (curve 3); current sources in the mesolpre and lower atmosphere are of the same sign aedincide by the sign with
fair weather current (directed vertically downward). ( ¢ ) Relative perturbations (normalized on the arresponding steady-state
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values in the absence of perturbing electric fielddenoted by the index “0”) of electron temperaturg( T, / T, ), electron
concentration (N, / N, ), and electron collision frequency ¢, /v ).
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Figure 13. Altitude distributions of the normalized tangential (y) electric (a) and magnetic (b) VLF beam field compeents in the
central plane of the transverse beam distributiony=0) at the distancez=1000 km from the input of the system. Curves 1 inif. a,
b correspond qualitatively to the presence of onlynesospheric electric current source (with relativgl smaller value of N, and

larger v,) and curves 2 — to  the presence of both mesospheand near-ground seismogenic electric current saces (with
relatively larger value of N, and smaller v, ); curves 1 and 2 correspond to the identical inpubeams atz=0 (not shown here).
Curves 1 and 2 in Fig. 10 a, b correspond qualitately to the curves 1 and 3 in Fig. 9 b, respectiyelsee also Fig. 9 ¢ and the

caption to that figure). w=1.50.0c™ ;8= 45

To do this, account for the modification of the asphere due to electric field excited by the neargd seismogenic
current source. In the model (Rapoport et al. 200® presence of the mesospheric current souvddch reflects the

observations (Martynenko 2004; Meek 2001; Bradii4) is taken into account, and curve 1 in Fig.1Bebcorresponding
vertical field distribution in the mesosphere. 4t Supposed that the mesospheric current has Hmgmponent and is
positive, what means that it is directed verticalbpvnward, as well as fair-weather current (curyEid. 11). Then suppose
that near-ground seismogenic current is directatiérsame way, as mesospheric current. If the rpheais current is equal
to zero and only corresponding seismogenic nearrgt@urrent is present. Corresponding mesosphiettrie field, under

the condition of given difference of the potentiblstween the Earth and the ionosphere (curve 2,1d), is directed

oppositely to those excited by the correspondingasgheric current (curve 1, Fig. 12 b). As a tesalthe presence of
both mesospheric and seismogenic near-ground ¢uthentotal mesospheric electric field (curve ®). B1 b) is less by the
absolute value, than those in the presenanlyfmesospheric current (curve 1, Fig. 12 b). As &hewn in (Rapoport et al.

2006), the decrement of lossk’||for VLF waves in the WGEI is proportional f& " |~|¢ "|~N, & . Accounting for that in
the external electric field in the mesosphéteand v, decreases and increases, respectively, due topiheamnce of

seismogenic near-ground electric current, in aolditio the mesospheric current (curve 3, Fig. 12ldgses increase
comparatively to the case, when the seismogenieuis absent and electric field is larger by dltsovalue (curve 1, Fig.

12_new_9 b). Anincreasing in VLF beam lossesyshim Fig 13 corresponds to increasing losses imitheasing absolute
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value of imaginary part of the dielectric permiittpwhen near-ground seismogenic current sourcevésu2 in Fig. 12 a, b)
appear, additionally to the pre-existing mesosgpheuirent source (curves 1 in Fig. 12 a, b, se® @gption to the Fig. 12).
This corresponds qualitatively to the results, pnésd in (Roznoi et al. 2015), see also Figs. 14/_Be Note that the above
mentioned estimations concern only volume lossethen WGEI. Losses connected with the modificatidnefiective
impedance are not included in the course of thésmentary estimations, and the more detailed censibn of both the
modification of the ionosphere by means of elegthiotochemistry mechanism and the variation ofdesdue to all
mechanisms including volume and effective impedaftaxts will be a subject of the subsequent papers

Note the following. The present paperasated to the new method of modeling charactesigifche WGEI, namely
TIMEB and to the illustration of this method by tlexamples of the beam propagation in WGEI preseatsove.
Respectively the field shown in Figs. 4, 6, 7, 18vnnclude the range of altitudes inside the WQgvertheless the
present method, in particular the application & fbrmulas (30), (24), (23), (27) and (15)-(19pai$ to determine all the

field components in the range of altitudes z< L, wherel,, =300 km. We will present here only the final

qualitative result of such simulations. Namelyisitshown that in the rande, < z< L., wherel, =85 kmis the upper

boundary of the effective WGEI, all the field commgats are (1) at least one order of altitude lkas the corresponding
maximal value in the WGEI and (2) field componemése the oscillating character (aloagoordinate) and describes the
modes, leaking from the WGEI. The detail considerabf the electromagnetic waves leaking from th&&Y will be
presented in the special paper.

Let us make a note also on the dependences &éttieomponents in the WGEI on the vertical conede ¢ and
the change of such a dependence during a propag#tthe VLF beam along the WGEI (Figs. 4, 6, 7,18w). The initial
distribution of the electromagnetic field aifFig. 4a) is determined by the initial conditicorsthe beam, see relations (32).
Such a field includes, naturally, higher eigenmoafehe WGEI. The structure and behavior of thegerenodes in the
WGEI will be a subject of a separate paper. Her@mhg note on this subject that the higher-ordedew) in distinction to
the lower ones, have quite large losses and peadigtitisappear after beam propagation for a digtariorder 1000 km in
the WGEI. This circumstance determines the chamgles altitude Z) and transversegy) distributions of the field of the
beam during its propagation along the WGEI. Inipalar at the distance=600 km from the beam input (Figs. 4 b, c) the
few lowest modes of WGEI alormpandy coordinate are still survived. 41000 km (Figs. 4 d, ¢, 6 e, f, 7 a, b), practigcall
only main mode in z direction is survived. Notetttie field picture mentioned above concerns re@BNwith losses, and
also gyrotropy and anisotropy cause both volumect&ffand surface impedance, in distinction todlealiplanar metallized
waveguide with isotropic filling (Collin 2001).

The closest approach to a direct investigationhaf profile of VLF electromagnetic field in the Hatbnosphere
waveguide was a series of sounding rocket campaagmaid- and high-latitudes [Wallops Is., VA, anglg Station,
Antarctica - Kintner et al.,1983; Brittain et d1983; Siefring and Kelly, 1991; Arnoldy and Kintn&e89] where single-axis
E-field and three-axis B-field antennas, supplemerih some cases with in situ plasma density measemts were used to
detect the far-field fixed-frequency VLF signalslided by US Navy and Stanford ground transmitters.
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The most comprehensive study of the WGEI will bevided by the ongoing NASA VIPER (VLF Trans-lonospie
Propagation Experiment Rocket) project (Pl J. Wniggl, UC Berkeley, NASA Grant 8ONSSC18K0782). TWPER
sounding rocket campaign is consist of a summenttilge launch during quiet magnetosphere conditivom Wallops
Flight Facility, VA, collecting data through the B, and F regions of the ionosphere with a paylzadying the following

5 instrumentation: 2D E- and 3D B-field waveforms, &Hz; 3D ELF to VLF waveforms, 100 Hz to 50 kHL) wideband
E-field measurement of plasma and upper hybrids|ii®0 kHz to 4 MHz; and Langmuir probe plasma tgrend ion
gauge neutral density measurements at a samplie@fat least tens of Hz. The VIPER project will & fully 3D EM field
measurement, DC through VLF, and relevant plasnta ragutral particle measurements at mid-latitudesutih the
radiation fields of (1) an existing VLF transmitt€the VLF transmitter Cutler with call sign NAA, dtvery low

10 frequency (VLF) shore radio station at Cutler, MgitdSA, which transmits, at a frequency of 24 kidzrgput power of up
to 1.8 megawatts, see Fig. 11) and (2) naturalbuoing lightning transients through and aboveldaky upper boundary
of the WGEI supported by a vigorous theory and rfindeffort in order to explore the vertical andrizontal profile of the
observed 3D electric and magnetic radiated fiefdb@ VLF transmitter, and the profile related e bbserved plasma and
neutral densities. The VLF wave’s reflection, alpsion, and transmission processes as a functioaltdtide will be

15 searched making use of the data on the vertical EL&nd B-field profile

N3 Uy ¥7 / ’ y:
) 7._52 —b0,

i-y0 -8 -66 —6
NAD b

Figure 14 _new _11. Proposed VIPER Trajectory
20 The aim of this experiment is the investigatiorttef VLF beams launched by the near-ground sourdefvdnsmitter with
the known parameters and propagating both in theeWs&d leaking from WGEI into the upper ionosphé&karacteristics

of these beams will be compared with the theorpgsed in the present paper and the theory on leabd&the VLF beams
from WGEI, which we will present in the next papers

25 Conclusions
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1)

(2)

3)

(4)

()

(6)

(7)

We have devoloped the new and highly effective sbimethod of tensor impedance for the VLF electrgmeatic
beam propagation in the inhomogeneous waveguidiedjan “tensor impedance method for modeling pragiag

of electromagnetic beams (TIMEB)” in a multi-laydfiahomogeneous waveguide.

The main differences/advantages of the proposesbtémpedance method in comparison with the knowethod

of the impedance recalculating, in particular inaar imbedding methods (Shalashov and GospodchiRog0;
Kim and Kim, 2016) are the following: (i) our methés a direct method of the recalculation of terisgredance,
and the corresponding tensor impedance is detedranalytically, see Egs. (22). (ii) Our method, foe media
without non-locality, does not needs a solutiomntégral equation(s), as the invariant imbeddinghmé does (iii)
The proposed tensor impedance method does nottheegkvealing of forward and reflected waves. Muezp
even the conditions of the radiation (12) at theparpboundaryz=L., is determined through the total field
componentsd, ,, what makes the proposed procedure technicallydesibersome and practically more convenient.
The application of this method jointly with the pi@us results of the modification of the ionosphdrg
seismogenic electric field gives the results, whicialitatively are in an agreement with the experital data on
the seismogenic increasing losses of VLF waves/bgaopagating in the WGEL.

The waveguide includes the region for the altitudesz < 80 - 90 km. The boundary conditions are theataati
conditions atz = 300 km, they can be recalculated to the lowétudes as the tensor relations between the
tangential components of the EM field. In anotherds, the tensor impedance conditions have beahaige= 80
—90 km.

The observable qualitative effect is mutual transitions of different polarizations of the electagnetic field
occur during the propagation. This transformatibthe polarizations depends on the electron conagon, i.e. the
conductivity, of D- and E-layers of the ionosphaté¢he altitudes 75 — 120 km.

Change in complex tensors of both volume dielecp@mittivity and impedances at the lower and upper
boundaries of effective WGEI influence remarkahtytbe VLF losses in the WGEI.

An influence on the parameters characterizing ttegpggation of the VLF beam in the WGEI, in partazuthe
parameter of the transformation polarizatigH,| and tensor impedance at the upper boundary oéfteetive
WGEI, of the carrier beam frequency, inclinationtbé geomagnetic field and the perturbations in ahieude
distribution of the electron concentration in thevér ionosphere is demonstrated.

0] The altitude dependence of the polarization paramigy/H,| has two main maxima in
the WGEI, the higher of which lies in the gyrotropegion above 70 km, while the other in the isoizo
region of the WGEI. The value of the lager secorakimum increases, while the position of the second
maximum shifts to the lower altitudes with incregsfrequency. At the higher frequency

(w=1.14016c™), the larger maximum of the polarization parameteresponds to the intermediate value

of the angles = 45 ; for the lower frequencyd)=0.8601Gc™), the largest value of the first (higher)

maximum corresponds to the almost vertical directbthe geomagnetic field. For the intermediatei@a
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of the angle @ =45 ), the largest value of the main maximum corresgotadthe higher frequency (
w=1.14006c¢™) in the considered frequency range. The total édesicrease monotonically with
increasing frequency and depend weakly on the \@lde

(ii) The change in the concentration in the lower iohesp causes rather nontrivial effect
on the parameter of polarization transformatigyi,|. This effect does includes increase and decrefase
the maximum value of the polarization transformafarameter f£,/H, |, but does not reduce only to this.
The corresponding change of this parameter hasratmarkable absolute values from dozens to
thousands percent. Even more interesting is thetteircase of decreasing electron concentratienmidin
maximum of |Ey/Hy | occurs in the lower atmosph@ethe altitude around 20 km. In the case of
increasing electron concentration, the main maxinofilrie,/H,| occurs near the E region of the ionosphere
(at the altitude around 77 km), while the seconaaaximum practically disappears.

(iii) The real and imaginary parts of the surface impeelaat the upper boundary of the
WGEI have a quasiperiodical character with the #omghé of “oscillations” occurring around some
effective average values decreases with increabim@ngled . Corresponding average valuesR¥é(4; )

and Im(Z;;) , in general, decrease with increasing amdgleAverage values oRe(4,) for & equal to

5,30 ,45and 60 and Im(Z;;) corresponding tod equal to 45 and 60 , increase with increasing
frequency in the considered frequency range (0.88)11G c'. The average values din(Zy)
corresponding tod equal to5 and 30 , change in the frequency range (0.86-1.14)-&® non-
monotonically, having maximum values around freqyefi-1.1)-16c™.

(iv) The value of finite impedance at the lower (Eattiasphere) boundary of the WGEI
make a quite observable influence on the poladmatransformation parameter minimum near the E
region of the ionosphere. Namely, the decreaseudhee impedance Z at the lower boundary (Earth-
atmosphere) of the WGEI in two orders causes thee@se of the corresponding minimum value of |
E/H, | in ~ 100%.

(8) In the rangelL,<z< L, ., whereL, =85kmis the upper boundary of the effective WGEI, alk tfield
components are (1) at least one order of altiteds than the corresponding maximal value in the WazE (2)
field components have the oscillating characteon@lz coordinate) and describes the modes, leaking fiwen t
WGEI. The detail consideration of the electromaignataves leaking from the WGEI will be presentedtlie
special paper. The initial distribution of the etemagnetic field ore (vertical direction) is determined by the
initial conditions on the beam. Such a field in@dachigher eigenmodes of the WGEI. The higher-ondedes, in
distinction to the lower ones, have quite largesé@sand practically disappear after a beam projoag&ir a
distance of order 1000 km in the WGEI. This circtamse determines the change in the altitwlelitribution of
the field of the beam during its propagation altimg WGEI. In particular at the distange600 km from the beam
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input, the few lowest modes of WGEI along z cooatknare still survived. At=1000 km, practically, only main
mode in z direction is survived. This fact refledts a minimum number of oscillations of the bearaldi
components alongat this distance (ir direction).

(9) The proposed model and results on propagation df ¥lectromagnetic beams in the WGEI will be usedul
explore the characteristics of these waves asfaaotieke instrument for diagnostics the influencesloe ionosphere
“from above” (Sun-Solar Wind-Magnetosphere-lonosphe“from below” (the most powerful meteorological
seismogenic and other sources in the lower atmospdued lithosphere/Earth, such as hurricanes, cquaakes,
tsunamis etc.), from inside the ionosphere (stibngderstorms and lightning discharges) and evem fihe far

space (such as gamma-flashes, cosmic rays etc.).
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Appendix: the matrix coefficients included into eq.(16)
Here the expressions of the matrix coefficientspesented that are used in the matrix factorinaiiocompute the tensor
impedance, see eq. (16).
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