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Abstract — In this paper, the processes of propagation the
infrasonic acoustic waves in the lower atmosphere are
investigated if a vegetable layer is presence. Analysis can carry
out using 2D-simulation (instead 3D-simulation) due to enough
large distance of from a source to forest massif. A three-layer
model “Air-vegetation layer-ground” is considered. Authors
study the problem of an interaction the acoustic waves falling at
a given angle on the ground with vegetable layer and seismic
waves arising in the ground. A question about the vegetation
influence to amplitudes of the acoustic and seismic waves
excited in the ground is investigated. The influence of a friction
coefficient to the attenuation velocity of the acoustic oscillations
in the vegetation is also estimated. An algorithm and a program
for calculation the acoustic pressure levels in different media
using wave equations for air, Euler’s gas dynamics equations
for vegetable layer and elasticity equation for the ground have
been implemented and realized.

Index Term — Acoustic waves, infrasound, vegetable layer.

I. INTRODUCTION

HE solution of the problem of prediction of destructive
geoecological risks is associated with the solution of a
multifactor problem. Natural and technogenic explosions
include power polygon and quarry explosions, earthquakes,
volcanic eruptions etc. The greatest interest is to study of the
acoustic impact from mass explosions that influence to
industry and residential buildings. Some authors have shown
that under certain conditions the influence of some
meteorological factors can lead to the multiply increase
geoecological risks [1-4]. In particular the numerical
simulation of seismic and acousto-gravity waves propagation
in atmosphere was carried out in [5] if wind was present.
At the same time, there are factors that lead to effect of the
weakening risks in presence of a snow cover, a vegetation
massif, a geological heterogeneity of the relief. Earlier
authors considered the partial statements of problems of the
acoustic waves propagation associated with influence
estimation of the separate factors
Problems related to the impact of snow cover on the
propagation of elastic waves, have been solved in [6-9].
Using numerical modeling, the authors found that the
acoustic wave is strongly absorbed in the snow even by a
small thickness. Some problems of the influence estimation
of a different altitude surface relief on the acoustic
oscillations were considered in [10-13]. These papers also
study a technique to obtain the quantitative estimations of the
influence wurban relief on the acoustic situation, a

development the protection technology from the infrasonic
source such as transport noise.

The papers [14-16] describe theoretical and experimental
investigations of the acoustic waves propagation in the
vegetable massif to study their ecological protective features
from adverse technogenic acoustic oscillations, like for
example protective tree band along large highways and
railways from transport noise. These investigations are actual
but poorly studied.

In the present paper, the attenuation characteristics caused
by the influence of the vegetation layer on the surface
propagation of acoustic oscillations from the distant infralow
frequency vibrational sources are evaluated. A three-layer
model “Air-vegetation layer-ground” is considered. The
problem of interaction of the acoustic waves falling at a
certain angle on the ground covered with the vegetation and
seismic waves arising in the ground is studied. The question
about influence of the vegetation on amplitudes of seismic
waves excited in the ground is investigated. A system of
differential equations of Euler’s gas dynamics, wave and
elastic equations with boundary conditions is constructed. It
describes the propagation of incident and reflected acoustic
waves in air and the propagation of acoustic refracted and
reflected waves in vegetation and seismic waves in elastic
ground. Amplitudes and pressures of reflected and refracted
acoustic and seismic waves were calculated and analyzed
depending on various characteristics of the vegetable layer.

II. PROBLEM STATEMENT

Consider a 3-layer model consisting of air, vegetation and
ground. Suppose that an acoustic wave propagates in the
lower atmosphere from the distant infralow frequency source
and falls onto the ground with the vegetation layer on the
surface at a certain angle 6 (0<0<90°) to the vertical. In this
model, air occupies the upper half-space with the sound
speed ¢ and density p. The medium vegetable layer is
characterized by the friction coefficient o. Its physical
meaning is associated with the absorption effect creating by
the vegetation. The friction coefficient o depends on
coefficient of aerodynamic resistance ¢ and specific density
of the vegetation surface (leaves and branches) S. The ground
occupying the lower half-space is characterized by density
pe, longitudinal and transverse wave velocities V, and V.

The question is investigated: How does the vegetation
layer influence on amplitudes of the acoustic waves
decreases depending on the properties of this layer. Assume
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that the infralow frequency source is located at a distance
much greater than the acoustic wavelength. Therefore, its
wave front is assumed to be locally flat and the analysis is
carried out in the framework of 2D modeling.

III. THEORY

The wave equations for air pressure and relation between
velocities and pressures have the form:
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where p, 1 =(u,, u.) u c are the pressure, the velocity vector
of the air particles and sound speed. The solution of equation
(1) can be represented as harmonic waves. Than the resulting

air pressure will be written as the sum of the pressures of the
incident and reflected waves:

P= P()eimt’[kx)‘*"kzz + Plei(utfikxxfikzz ,
where Py, P; are the amplitudes of the falling and reflected
waves, o=2xf is the angle frequency, 4, k. are wave vector
projections along x and z axes.

Consider the 2D problem statement of the interaction the
acoustic waves with vegetable massif. This problem is based
on a system of differential equations of Euler’s gas dynamics
and can be written as:
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where % =(uy, u.) are the velocity vector of the air particles, p
is air density, ¢ is sound speed, a is the friction coefficient in
the vegetation. As a result, we obtain the expression
depending on only the pressure p:
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The solution of equation (2) can be written also as the sum

of the pressures of the refracted and reflected waves:
P:})zelmt—zkxx—zkzz +1)3€lmt—thx—tkzz ,

where P, P; are the refracted and reflected waves

amplitudes.

The friction coefficient o depends on the aerodynamic
resistance coefficient ¢; and the specific density of the
vegetation surface (leaves and branches) S. Table 1 shows
the characteristics of vegetation massifs. For real massifs, the
nonuniform distribution of the vegetation surface density S in
height is characteristically.

TABLE 1
CHARACTERISTICS OF VEGETATION MASSIFS
Tree type Height H, m S Cd
Small-leaved forest 7-30 1.2 0.02
Pine 10-50 1.2 0.03
Bush 1-5 7 0.05

The “air- vegetation edge” boundary conditions are
equality of the pressures and velocities by component z in the
both media.
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The acoustic refracted wave falling on the "vegetable
layer-ground" boundary is taken into account in the boundary
conditions as follow: the acoustic wave pressure with
constant speed ¢ and frequency o is equal to the normal
ground stress. As a result we have the following equalities:
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For the ground dynamic elastic equations with constant
characteristics Ag, tgr, per are solved:
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The solution of equation (4) can be sought in the form of
potentials.
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The potentials ¢ and y are related to the displacement field
by following formulas in the general forms:
L0 v _de dv
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Substituting the potentials ¢ and y from (5) into the
boundary conditions (3), we will obtain a system of
equations for A and B coefficients:
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Let Po=1 be the incident wave amplitude. It is necessary: to
calculate the coefficients Py, P», P3, P4, Ps, which correspond
to the pressures amplitudes of the reflected and refracted
waves.

O
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IV. SIMULATION RESULTS

Programs of the mathematical simulation for calculating
the acoustic waves pressure levels were developed and
implemented using the equations (2)—(6). The simulation
numerical results of the acoustic wave fields within the three-
layer model “air-vegetation-ground” are presented. Test
calculations to debug the developed programs were
performed. The acoustic pressure values for the refracted and
reflected waves in the case of the harmonic acoustic wave
passing through the vegetation onto ground considering the
friction coefficient are computed.

It is notes that the effect of absorbing the acoustic waves
energy is observed. As an example, Figure 1 demonstrates
the acoustic pressure graphs for the refracted and reflected
waves respectively depending on the incidence angle 6 in
case the acoustic wave passes through the vegetation at the
different heights of 0, 5, 10, 50 meter and by frequency of 10
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Hz. The Figure 1 demonstrates the absorption effect noted by an order, the acoustic pressure attenuation rate is almost
above. The acoustic waves amplitudes can decrease more an 10 times higher. The dissipation rate is influenced by the
order at the angle of 90° and the height of 50 m. presence of wind. Figure 3 presents attenuation curves of the

Figure 2 shows the acoustic pressure graphs for the acoustic pressure within vegetation at the frequency of 10
refracted and reflected waves respectively depending on the = Hz. It follows from Fig. 3 that the acoustic pressure is greater
incidence angle 0 at the various frequencies of 8, 15, 40 Hz.  when the wind blows from source to the vegetation than
We can see in the Fig. 2 that with increasing the frequency = when the wind blows in the opposite direction.
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Fig. 1. Graphs of the acoustic pressure for refracted and reflected waves depending on the incidence angle 0 for the acoustic wave propagation through the
vegetation at various heights of 0, 5, 10, 50 meters, frequency of 10 Hz.
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Fig. 2. Graphs of the acoustic pressure for refracted and reflected waves depending on the incidence angle 6 at different frequencies of 8, 15 and 40 Hz.
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Fig. 3. Graphs of the acoustic pressure attenuation in the vegetation if the wind is present, frequency of 10 Hz. The solid line is the absence of
wind; dashed-wind from the source to the vegetation (20 m/s); dot-dash-in the opposite direction (-20 m/s).

V. DISCUSSION OF THE RESULTS

Analysis of the simulation results showed that the
pressures amplitude of the reflected wave in the air, and also
the refracted and reflected waves in the forest, depend
significantly on the incident wave angle in the air and on the
frequency. Fig. 1 shows that as the angle of incidence
increases, the pressure amplitudes decrease, and more
sharply near 90°. At the same time, the attenuation of the
acoustic waves amplitudes in the forest increases with the
vegetation height. The amplitudes of the longitudinal and
transverse waves in the ground also depend on the vegetation
height but to a lesser degree. Their dependence on the wave
incident angle in the air has its feature. With increasing the
incident angle, there is a limiting angle, after which the
transverse wave is not excited in the ground. At this incident
angle, the phase rotates 180 degrees along the longitudinal
wave in the ground. Fig. 2 demonstrates that with increasing
frequency the acoustic waves amplitudes decreases. The
critical angle of the transverse wave disappearance is 27° for
8 and 15 Hz. There is no critical angle for 40 Hz.

The presence of a wind also influences on the pressure
amplitudes of the refracted and reflected waves in the
vegetation. As follows from Fig. 3 the wind leads to increase
of the pressure amplitudes in the direction from the source to
the vegetable massif and decrease for the opposite direction.
For the wind speed of 20 m/s, the variations magnitude is 10-
15%. The presence of the wind does not influence to the
critical angle for excitation of the transverse wave in the
ground, and weakly affects to its amplitude, since this angle
depends on the ratio of the elastic parameters of all three
media and the frequency of the wave.

VI. CONCLUSION

The authors of this paper considered the problem of the
acoustic wave falling at a given angle onto ground with the
vegetation layer on the surface from distant infralow
frequency source. The mathematical simulation of the
propagation processes of the infrasonic acoustic waves in the
atmosphere considering the friction forces within the
vegetable layer is performed. It was assumed that at large
distances form the source the spherical wave front is locally
flat, which allowed 2D modeling. The friction coefficient
influence on the attenuation rate of the acoustic oscillations
in the vegetation is estimated.

The interaction problem of the acoustic waves falling at a
given angle onto the ground with the vegetable layer and
seismic waves arising in the ground in the “air-vegetation-
ground” model was solved. For this problem boundary
conditions and results of the problem solution of the acoustic
waves propagation through permeable obstacle as vegetation
were analyzed.

The algorithm and program for calculating of the acoustic
pressure levels in various media using the wave equation for
the atmosphere, Euler’s gas dynamics equations for
vegetation and elastic equation for the ground have been
developed and implemented. Within the created
mathematical model, a choice of initial parameters and
boundary conditions was justified and the test computations
were performed.

Dependences of the acoustic pressure for refracted and
reflected waves in the vegetation and longitudinal and
transverse waves in the ground on the model parameters: the
vegetation height, the acoustic wave frequency, and the
influence of the wind are obtained.

121



X1V MexnaynapoaHas HaydyHO-TexHH4Ueckas KoHpepenuus ATIDIT — 2018

REFERENCES

[1] Gubarev V.V., Kovalevskii V.V., Khairetdinov M.S., Avrorov S. A.,
Voskoboinikova G. M., et al. Prediction of environmental risks from
explosions based on a set of coupled geophysical fields. /
Optoelectronics, Instrumentation and Data Processing. Allerton Press,
Inc. 2014, Vol. 50, (4), P. 3—13.

[2] Khairetdinov, M., Kovalevsky, V., Voskoboinikova, G., Sedukhina, G.
Vibroseismoacoustic Method in Studying of Geophysical Fields
Interaction in Ground Atmosphere // Proceedings of the 14th
International Multidisciplinary Scientific Geoconference "Informatics,
Geolnformatics and Remote Sensing" SGEM-2014, Albena, Bulgaria,
2014, V.1, P. 925-931.

[3] Khairetdinov, M.S., Kovalevskii, V.V., Voskoboynikova, G.M.,
Sedukhina, G.F. Estimation of meteo dependent geoecological risks
from explosions using seismic vibrators. Technology of Seismic
Survey. Novosibirsk: “Geo”. —2016. — No. 3. — P. 132-138.(in Russian)

[4] M.S. Khairetdinov, G.M. Voskoboynikova, V.V. Kovalevsky and
G.F. Sedukhina. Multifactorial Prediction of Geoecological Risks from
Powerful Explosions with Application the Vibroseismic method //
Proceedings of 12th International Forum on Strategic Technology
(IFOST 2017). Ulsan, S.Korea, 2017, P. 350-354.

[5] Mikhailenko B.G., Mikhailov A.A. Numerical Modeling of Seismic
And Acoustic-Gravity Waves Propagation in "Earth-Atmosphere"
Model in the Presence of Wind in the Air / Numerical Analysis and
Applications, 2014, 7(2), P. 124-135.

[6] Voskoboynikova G., Imomnazarov K., Mikhailov A., Tang, J.-G.
Influence of Snow Cover on Seismic Waves Propagation // Proceedings
in AIP. Springer, 2017, V. 10187, P. 697-703.

[71 Voskoboynikova G.,Shalamov K., Khairetdinov M., Kovalevsky V.
Multifactor estimation of ecological risks using numerical simulation //
AIP Conference Proceedings 1895, 120009 (2017).

[8] M.S. Khairetdinov, G.M. Voskoboynikova, Kh.Kh Imomnazarov and
A.A. Mikhailov Multifactorial Estimation of Geoecological Risks for
Environment // Proceedings of 12th International Forum on Strategic
Technology (IFOST 2017). Ulsan, S.Korea, 2017, P. 334-338.

[9] Imomnazarov, K.K., Mikhailov, A.A. Application of a spectral method
for numerical simulation of seismic waves in the porous media in the
presence of energy dissipation / Siberian Journal of Computational
Mathematics. —2014. — 17(2). — 139-147. (in Russian)

[10] Aleksandr A. Mikhailov, Valery N. Martynov Numerical modeling of
the infrasonic and seismic waves propagation in the “Earth-
Atmosphere” model with a curvilinear interface / AIP Conference
Proceedings 1907, 030036 (2017).

[11]Kharchenko, S.V. Influence of city relief to formation of acoustic
situation: experiment and simulation. Vestnik VSU. S.:Geography.
Geoecology. —2016. — 3. — P. 26-34. (in Russian)

[12]Using natural means to reduce surface transport noise during
propagation outdoors / T. Van Renterghem [et al.] // Applied Acoustics.
—2015. — Ne92. — P. 86-101.

[13]Senjushchenkova, L.M. Acoustic features of noise propagation in
lowered forms of relief. Universities News. Constructing. —2010. — 5. —
P. 91-99. (in Russian)

[14]Sytnik, V.V. Simulation of the influence the vegetable massif to
acoustic oscillation propagation. Mathematical modeling. — 2007. —
19(8). — P. 90-96. (in Russian)

[15]Pierre Chobeau Modeling of Sound Propagation in Forests Using the
Transmission Line Matrix Method. Study of multiple scattering and
ground effects related to forests // Universit¢é du Maine, Le Mans,
France, — 2014. — 147 P.

[16]”The sound amplifying forest with emphasis on sounds from wind
turbines” Elis Johansson // Department of Civil and Environmental
Engineering. Division of Applied Acoustics. Chalmers University of
Technology. Sweden. —2010. — 97 P.

122

Khairetdinov Marat S., Professor of the
Novosibirsk  State Technical University;
Principal Researcher of the Institute of
Computational Mathematics and
Mathematical Geophysics SB RAS, e-mail:
marat@opg.sscc.ru. Author and co-author of
over 250 scientific papers.

Voskoboynikova Gyulnara M. PhD, Research
Associate of the Institute of Computational
Mathematics and Mathematical Geophysics
SB RAS, e-mail: gulya@opg.sscc.ru. Author
and co-author of over 70 scientific papers.

Kovalevsky Valery A\ Professor
(Engineering), Deputy Director for Science at
the Institute of Computational Mathematics
and Mathematical Geophysics SB RAS.
Research interests: mathematical simulation
in geophysics, vibroseismic investigations,
geophysical informatics. Author and co-
author of over 150 scientific papers.



