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During earthquakes and strong underground explosions the nonlinear passage of the acoustic waves takes
place through the lithosphere into the ionosphere, which is analyzed in this paper. This nonlinear passage
occurs due to nonlinear elastic modules of the lithosphere and hydrodynamic nonlinearity of the atmosphere.
The waves are excited by underground sources under earthquakes. The acoustic wave propagation going
almost vertically upwards causes a change of their spectrum. A wide spectrum of the acoustic waves till the
radio wave range, caused by fracturing of the rock in the surface, was observed by means of satellite
measurements and radio telescope investigation of meteor bombing of the Moon. If the fracture occurs at
deep depths, high frequencies due to nonlinear interaction transform into very low and extremely low
frequency waves. Very low and extremely low elastic displacement waves achieve the Earth’s surface and
excite the response in seismograms. Acoustic waves move through the atmosphere into the ionosphere, and
this causes changing their spectrum. More than 100 higher harmonics are excited. Excitation and passage
of acoustic waves produce ELF and ULF waves in the atmosphere, as a result of the nonlinear transform

and diffraction of waves.

1. INTRODUCTION

It is very important to investigate the mechanisms of
the energy flows from the lithosphere into the atmo-
sphere and the ionosphere caused by natural hazards
(seismic and volcano activity, for example experiment
MASSA [1—7]). All mechanisms possess different
precursors [2] due to three basic channels of the
lithosphere-ionosphere coupling, namely, electromag-
netic, geochemical, and acoustic ones [3].

The acoustic channel of the lithosphere-ionosphere
coupling seems to be quite effective. This takes place
due to atmospheric acoustic waves excited by fluctu-
ations of the terrestrial surface [6]. This channel
manifests in different phenomena [7], like exciting
the plasma waves and a periodic structure in the
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ionosphere, the increasing transparency for radio
waves, linear and nonlinear generation of magnetic
perturbations, oscillation of E-F-layers in the
ionosphere caused by acoustic and acoustic-gravity
waves, nonlinear change of the spectrum of waves in
the atmosphere, ionosphere, and lithosphere [7—12].
The last-named case is analyzed below.

2. MODELLING OF PASSAGE OF ACOUSTIC WAVES
IN THE LITHOSPHERE

The geometry of the model is shown in Fig. 1. The
cylindrical surface is around the source of under-
ground seismic explosion (or plate deformation). After
that a seismic acoustic burst-like envelope, of a finite
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Figure 1. The geometry of the model for the nonlinear passage of
acoustic waves caused by underground fracturing through the
lithosphere, atmosphere, and ionosphere

P

transverse scale, of the generated waves begins its
passing through the Earth. It is possible to use the
theory of elasticity with nonlinear modules, where
damping the waves and their diffraction are taken into
account. The elasticity theory for the case of the
Earth’s crust as isotropic uniform medium results in
the following equations for the mechanic displa-
cement:
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where I'(z) and B(z) describe the viscosity and
nonlinearity coefficient of the elastic isotropic
transversely uniform medium in the cylindrical geo-
metry for the acoustic waves with longitudinal and
transverse velocities S, and S,, respectively. If it is
possible to neglect the derivatives from S, we take into
account only a dependence of diffraction coefficient
I'(z) on the coordinate z in which the waves pass. The
condition of neglecting the derivative of the sound
velocity dS,/dz in Eq. (1) is 1dS,/dzl = 'S, <kS,,
where [, ~ 1 km is the scale of the vertical variation
of S, k=w/S, ~ 200 km™' is the wave number of the
ELF acoustic wave at the frequency w ~ 1000 s™'. In
another words, this condition is &/, > 1 and is here
well satisfied.

Rewrite Eq. (1) by the components. The projection
on the axis Z is:
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It should be noted that the transverse profile is

quite smooth. The transverse direction of the de-
formation is:
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are used. The

1()

method of slowly varying proflle is applied so as this
research is focused on the nonlinear evolution of a
seismic acoustic burst-like envelope of a finite trans-
verse scale in the cylindrical geometry.

For the p-component we obtain:
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The variables z, p, and y = ¢ — f Sz

or
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Therefore, it is possible to exclude the transverse
component.
For the z-component we have:
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This is the equation of Khokhlov — Zabolotskaya
[13]. Below we use, in non-dimensional form, the
Eq. (2) with change I'(z) = G(z) and B(z) > N(z) and
introducing the diffraction coefficient D:
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During modelling, the fast Fourier transform with
respect to # in Eq. (3) was applied. In this appro-
ximation we need to subdivide the equations into the
LF and ELF parts. The classification of waves is taken
as following: LF corresponding to wave frequencies
about < 100 kHz, ELF about < 500 Hz and ULF about
< 3 Hz.
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The equation for the LF part, i.e., a higher part of
frequency spectrum, is:
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The equation for the ELF part is:
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We take into account the diffraction only for the
case of ELF part. The results of simulations are
shown in Figs 2, 3. The source is located at a depth
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Figure 2. The nonlinear frequency conversion of AW (HF AW - ELF
AW) under passing through the lithosphere. Part a) is initial
distribution 1 A4;(¢, p)| 2 of the first harmonic; part b) is a distribution
of 1441, p=0)|2 for harmonics (=1, 2, ...), when the greatest ratio
1 A5/ Ay 1% is observed; part ¢) is output distribution of the velocity
of the ELF AW (¥, p) on the Earth’s surface. Here, wy = 5- 10* s_l,
wgLr = 1000 s po = 0.5 km. Norming for amplitudes of HF AW is
Ay = 0.01 em™, ratio of nonlinear and linear elastic modules is
ci11/cy; = 10, a dissipation coefficient for the frequency wo =
=5-10* s ! is taken to be 0.25 km'

of 30 km. The results are presented for the uniform
Earth’s crust, because the simulations with the scale
of variation /, ~ 1 km of the sound velocity S, and of
the viscosity I' gave qualitatively the same results on
the transformation of the wave spectrum. The ratio of
nonlinear and linear elastic modules is used as
¢ /e;; = 10, a dissipation coefficient for the
frequency w, = 5-10* s is taken as 0.25 km™ (it is
proportional to the square of frequency, o« w%).

It is possible to estimate that LF waves possess high
losses G, essential value of nonlinearity coefficient N,
but diffraction is small in this frequency range. In the
case of ELF part, essential nonlinear source due to LF
part and an influence of diffraction take place.



38

V. Grimalsky et al.

Figure 3. The nonlinear frequency conversion of AW under passing through the lithosphere. Part a) is initial distribution |A;(?, p)l2 of the
first harmonic; part b) is output distribution of the velocity of the ELF AW (¢, p) at the Earth’s surface. Here, wy = 5-10" 571, WELF =
= 1000 s_l, po= 0.5 km. 600 times decrease of input intensity, as compared with Fig. 2

Figs 2, 3 illustrate that only ELF waves reach the
Earth’s surface without high losses. The LF part
dissipates very fast, due to excitation of higher
harmonics.

MODELLING OF ACOUSTIC WAVES PASSAGE
INTO THE IONOSPHERE

The theory for different effects ensured by acoustic
channel of coupling is based on the elasticity and
hydrodynamic theory and Maxwell’s equations. We
apply this theory to the nonlinear effects provided by
seismic waves. The ELF atmospheric acoustic waves
interact with each other in the atmosphere and
ionosphere, producing ULF atmospheric acoustic wa-
ves, which reach the ionosphere altitudes, can be
observed by satellites. During the earthquake the
spectrum of the seismic waves is wide but only ELF,
which changed due to nonlinear passing into ULF,
reach the ionosphere. This process can be amplified
due to the nonlinear interaction of ELF and their
transformation into ULF acoustic atmospheric waves.

For the acoustic channel of the lithosphere-iono-
sphere coupling, the above-mentioned circumstances
are very important. A propagation of nonlinear
acoustic waves in the atmosphere is described by the
following set of hydrodynamic equations:
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Here, C, is the sound speed in the air, v(z) =
v(0)exp(z/H) is the kinematic viscosity of the air
@(0) = 0.14 cm®/s), p =p, +p', p = p, + p' are its
total density and pressure, in which o, and p, are
stationary values of atmospheric density and pressure
©o, Py < exp(—z/H), H = k,T/mg is the effective
atmosphere height, &, is the Boltzmann’s constant,
m is the neutral gas mass of the ionosphere and g is
gravitational acceleration), p', p’' are their perturbed
parts, and V, V , V are the components of the air
velocity.

We use the adiabatic equation for pressure with the
adiabatic constant y. It is assumed that nonlinearity
is moderate and only quadratic nonlinear terms are
preserved in Eqs (4). Note that all mechanisms of
hydrodynamic nonlinearity are essential. Also we
suppose that an acoustic wave moves preferentially
vertically upwards, and inequalities 1V _ | <1V | are
valid. In a linear approximation, when viscosity is
neglected, from Eqs (4) we readily get for the acoustic
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Figure 4. The nonlinear frequency conversion of AW, ELF AW into ULF AGW, under propagation through the atmosphere. Part a) is initial
distribution |A(, p)l2 of the first harmonic; part b) is a distribution of 14z, p=0)|2 for harmonics (j =1, 2, ...); part ¢) is distribution of
the velocity of the ULF AGW w(¢, p) at the altitude z = 50 km; part d) is distribution of the velocity of the ULF AGW (¢, p) at the altitude
z = 100 km; part e) is distribution of the velocity of the ULF AGW(t, e? at the al}iltude z = 150 km; part f) is distribution of the velocity
of the ULF AGW (1, p) at the altitude z = 200 km. Here, g p =500s °, Q=25 "; pg =5 km
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wave the following expression [V(z #)l =
exp(z/2H)-exp(i(Qt — Kz)), where K is the acoustic
wave number, and the energy flux remains constant,
po(2)1V (z,1)1* = const. Numerical simulation confirms
this analysis. Because the wave acoustic dispersion is
small (Q > 0.1 s, a lot of higher harmonics are
excited under the nonlinear interaction.

Therefore, a slowly varying profile approach is
suitable for the analysis of the nonlinear acoustic
propagation in the atmosphere. It is possible to derive
a single equation for the vertical component of velocity
of the air V,. The density dependence on the single
transverse coordinate is assumed only.

When introducing the new dependent variable V =
= V,exp(—z/2H), and z, n =t — z/C,, p, the resulting
equation is (below, p, p, are used for notations of
transverse coordinate only):
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The Eq. (§) also is the Khokhlov — Zabolotskaya
equation [13] for a medium with a density decreasing
along z-axis. Here we consider the case when the
envelope frequency is Q@ ~ 1 s >Q_, Q = C,/(2H).
After changing the independent variable z, w =
= explz/(2H)], it is possible to rewrite Eq. (3) to:
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The input ELF wave is burst-like, namely, it is the
wave packet with the ELF carrier frequency wg; its
envelope lies in ULF frequency region. The value of
p, determines a transverse scale of the initial pulse.

After an excitation at the Earth’s surface, ELF wave
is subject to nonlinearity that leads to a generation of
higher harmonics and also to down-conversion, na-
mely, increasing ULF components. More than 100
harmonics are excited. The growth of higher harmo-
nics leads to the creation of a saw-tooth like structure.
This structure dissipates duc to viscosity. The ULF
part of the spectrum is not subject to dissipation, it
increases due to this nonlinear interaction. When the
transverse scale p, ~ 1—10 km, diffraction is not
essential for ELF wave but it can decrease the peak

amplitudes of the ULF part. The results of numerical
simulations (Fig. 4) demonstrate that there is an
effective nonlinear interaction of ELF and ULF atmo-
spheric acoustic waves and a good nonlinear excitation
of ULF atmosphere-ionosphere waves caused by ELF
seismic acoustic bursts on the Earth’s surface.

The nonlinear interaction of atmospheric acoustic
waves demonstrates the importance of the acoustic
channel via the example of the nonlinear mechanism
of the energy flux propagation from the lithosphere
into the ionosphere. The efficiency of the nonlinear
acoustic transformation is quite high. For an initial
ELF wave amplitude V (z = 0) =V, = 2.5 cm/s, one
can obtain that the corresponding ULF wave ampli-
tude is V, = V(0)exp(z/(2H)) = 300 cm/s at the

z

altitude z = 130 km.

CONCLUSIONS

The modelling of acoustic wave passages from the
lithosphere into the ionosphere, excited by fracturing,
is studied. The simulation of the nonlinear passage of
the acoustic waves caused by underground fracturing
through the lithosphere, atmosphere, and ionosphere
shows that there is an effective nonlinear interaction
of the burst in the lithosphere. First of all, a strong
excitation of LF and ELF acoustic waves occurs.
Second, a good nonlinear excitation of ULF waves (<
3 Hz) takes place in the atmosphere. The diffraction
decreases the value of the pulse of ULF, but losses of
these waves are small. The LF waves are excited in
the lithosphere, but these waves possess high losses
and they are so small on the Earth’s surface that they
have not been detected by a seismograph. In fact, a
transformation of the seismic burst after passing
through lithosphere into ELF acoustic waves takes
place. In the ionosphere, ELF waves excite ULF
waves. The nonlinear interaction of acoustic bursts
demonstrates an importance of acoustic channel using
the example of the nonlinear mechanism of the energy
flow from the lithosphere into the ionosphere.
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MPOXOJXXEHHYI AKYCTUYHUX XBUJIb
YEPE3 JITOCOEPY B IOHOC®EPY, BUKJINKAHHUX
CENCMIYHOIO 1 BYJKAHIYHOK) AKTHUBHICTIO

B. I'pumanscekuii, C. Komesas, A. KonapeHko,
B. Mauenes, . Xyapec

ITiy; yac 3eMIETPYCiB Ta MOTYXKHUX TMif3eMHUX BUOYXIB BiA0yBa€ThCH
HeJIHIFHE MPOXOMKEHHS aKyCTMuHux 30ypeHb uepes Jitocdepy B
ionocdepy, amamia gkoro mpoBeneHo B gauini crarrti. [TTupoxwmit
CIIEKTP aKYCTUUHUX XBWJIb, 10 OYB BUKJIMKAHUN POSTPICKYBAHHIM
TipCbKUX IOPiJy Ta IPOCTUPABCS aX [0 /Aialla30Hy pajiOXBUJIb,
CIIOCTEPIraBcd Ha CYIYTHUKAX Ta Y Pagio TEJECKOIMHMUX OCHTiIKEH-
Hax GomGapaysanus Micaug mereopamu. HesiHiliHE NPOXOIKEHHS
XBWJIb Bijl MA3EMHUX JPKEpes 3a0e3MeueH0 eJaCTUUHOK HeJiHil-
mictio Jitocepy Ta rigpoauHaMiuHOIO HeiHiMHICTIO atMmocdepwu.
K0 pO3TPICKyBaHHS Bif0yBAETHCY HA BEJIMKUX IMOUMHAX, HENi-
HiliHa B3aEMOJid BUCOKOUACTOTHMX KOJMBAaHb 30YIKYyE Haj- Ta
BKPali-HM3bKOYACTOTHI XBWJI HPYXKHOCTI, 9Ki JOCArarOTb MOBEPXHIi
3emnai Ta 3AIACHIOITH BiAryk Ha ceticMorpamax. IlepeBakHO Bep-
THKAJbHE MOIMIMPEHHY aKyCTUUHUX XBUJIb B aTMOC(epi BUKJIMKAE
MOCJiIOBHI 3MiHM B IXHBOMY cHEKTpi, 30ymkytoun moHan 100 rap-
monik. enepanis BHU ta YHY xBuie B atmocdepi BigfyBaerhcsa B
HACJiMOK HekinifHOI TpaHcdopmanii ta audpaknii akycTMuHUX
XBWJIb, IO MOMIUPIOIOTHCS Ta 30YIKYIOThCA B Hill.



