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Long-range atmospheric infrasound propagation from

subsurface sources
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ABSTRACT:

In seismology and ocean acoustics, the interface with the atmosphere is typically represented as a free surface.
Similarly, these interfaces are considered as a rigid surface for infrasound propagation. This implies that seismic or
acoustic waves are not transmitted into the atmosphere from subsurface sources, and vice versa. Nevertheless,
infrasound generated by subsurface sources has been observed. In this work, seismo-acoustic modeling of infrasound
propagation from underwater and underground sources will be presented. The fast field program (FFP) is used to
model the seismo-acoustic coupling between the solid earth, the ocean, and the atmosphere under the variation of
source and media parameters. The FFP model allows for a detailed analysis of the seismo-acoustic coupling mecha-
nisms in frequency-wavenumber space. A thorough analysis of the coupling mechanisms reveals that evanescent wave
coupling and leaky surface waves are the main energy contributors to long-range infrasound propagation. Moreover, it
is found that source depth affects the relative amplitude of the tropospheric and stratospheric phases, which allows for
source depth estimation in the future. © 2020 Acoustical Society of America. https://doi.org/10.1121/10.0000792

(Received 16 July 2019; revised 3 February 2020; accepted 6 February 2020; published online 25 February 2020)

[Editor: Philippe Blanc-Benon]

I. INTRODUCTION

Low-frequency acoustic waves, i.e., infrasound, propagate
in the atmosphere in a frequency range between 0.01 to 20 Hz.
Infrasonic waves in the atmosphere may originate from sources
in all geophysical media, such as the solid Earth, the oceans,
and the atmosphere. Examples of infrasound sources include
underground explosions, earthquakes, and volcanoes.! Due to
the high impedance contrast, the Earth-atmosphere and ocean-
atmosphere interfaces are typically treated as a free surface.”
Wave physics predicts transmission on the order of the imped-
ance contrast, which is less than one-hundredth of a percent.
Moreover, the coupled waves are confined within a narrow
cone around the vertical axis, which is defined by the critical
angle. Waves propagating at such steep angles do not get
trapped in atmospheric waveguides and do not travel over long
distances. Therefore, wavefields that are generated in the Earth
and oceans are not expected to be detected in the atmosphere.
Nevertheless, observations of infrasound signals from under-
water and underground sources contradict this traditional
assumption. Such events are known as seismo-acoustic events.

A seismo-acoustic event is an event for which the seis-
mic wavefield in Earth and the acoustic wavefield in the
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oceans and/or the atmosphere are coupled and have been
generated by the same source. Benioff er al.®> were the first
to detect acoustic arrivals caused by an earthquake of
unknown magnitude at a distance of 265 km. Following that,
infrasonic observations of the 1964 M,, 9 Alaska earthquake
have been studied in detail and have been associated with
epicentral infrasound*® as well as secondary radiation from
mountain ranges.’ It was proposed that the infrasound was
locally coupled to the atmosphere through the passage of
Rayleigh waves.

Vice versa, atmospheric sources can also lead to
seismo-acoustics events, as the infrasound waves can readily
couple to seismic waves. Ben-Menahem and Vered® investi-
gated the generation of seismic waves from atmospheric
nuclear explosions. In August 1989, the return of the
Columbia space shuttle generated an atmospheric shock
wave that coupled to seismic P waves,” and in February
2013, the shock wave from the breakup of the Chelyabinsk
meteor excited Rayleigh waves that were recorded at distan-
ces up to 4000 km."”

Since the 1960s, various other studies have focused on
the analysis of infrasound associated with earthquakes.
Usually, such signals are assigned to the interaction of seis-
mic body waves and surface waves with topographic fea-
tures at the epicenteral region.''™'* However, efficient
coupling also occurs remotely from the source epicenter in
sedimentary basins and mountainous areas.'>™'” Such cou-
pling may be observed when propagation paths are efficient
from such regions to the observing infrasound array.'” Thus,
different infrasound arrays may observe different regions of

© 2020 Acoustical Society of America
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efficient coupling.'” In addition, evidence for seismo-
acoustic events can also be found in the ionosphere; mea-
surements of perturbations in the ionospheric total electron
content have been linked to air-coupled surface waves fol-
lowing large earthquakes.'®

Seismo-acoustic events also exist in an Earth-ocean-
atmosphere system. In 2004, a M,, 8.1 earthquake near
Macquarie Ridge generated infrasound waves that were
detected at a distance of 1300 km. The observations could
be qualitatively explained by the coupling of seismic to
hydroacoustic waves and then to infrasound waves in the
atmosphere.'” The 2017 North Korean nuclear test also led
to a seismo-acoustic event that included complex Earth-
atmosphere and Earth-ocean-atmosphere coupling, both
above the epicenter as well as from regions further away
from the test site.?”

Analytic studies attribute sound transmission through
the ocean-atmosphere and Earth-atmosphere interfaces to
two primary mechanisms that are frequency and wavenum-
ber dependent. These mechanisms consist of air-coupled
surface waves and enhanced transmission of inhomogeneous
body waves. However, the effect of these mechanisms has
not been investigated regarding long-range sound propaga-
tion. The goal of this work is to numerically study the effect
of these mechanisms on long-range infrasound propagation
from underwater and underground sources.

The paper is organized as follows. Section II provides
an overview of the different coupling mechanisms. For con-
venience, the coupling mechanisms are discussed regarding
Earth-atmosphere (solid-fluid) and ocean-atmosphere (fluid-
fluid) systems. Nevertheless, the theory holds for any arbi-
trary solid-fluid or fluid-fluid system. The theory of retriev-
ing the seismo-acoustic wavefield in a horizontally layered
medium is explained in Sec. II. Numerical investigation of
long-range infrasound propagation from subsurface sources
is presented in Sec. IV and the conclusions are drawn in
Sec. V.

Il. COUPLING MECHANISM

Coupling of seismo-acoustic energy into the atmo-
sphere happens in both ocean-atmosphere and Earth-
atmosphere systems. Efficient coupling is attributed to three
types of waves that are associated with different parts of the
wavefield spectrum. These waves can be distinguished by
their horizontal phase velocity, which is known as trace
velocity. The first type is homogeneous P and S waves.
These waves consist of relatively high trace velocities, that
once in the atmosphere, propagate almost vertically.
Consequently, in a horizontally layered system, these waves
cannot get trapped in the atmospheric waveguides, there-
fore having the smallest contribution to long-range infra-
sound propagation.

The second type is inhomogeneous body waves, which
are also known as evanescent waves. These waves have
trace velocities that are lower than the medium velocity and
therefore have an imaginary vertical wavenumber
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components, resulting in an exponential decay in amplitude.
Let us define k as the source’s medium wavenumber, and z;
as the source depth. Theory predicts that for a non-
dimensional source depth, kz,, smaller than 1, the interface
(ocean-atmosphere or Earth-atmosphere) becomes trans-
parent to the evanescent spectrum; allowing all the evanes-
cent energy to radiate into the atmosphere. Moreover, the
emitted pressure field into the air can be up to three orders
of magnitude greater than for kz, larger than 1.>'~>* The
contribution of this mechanism is twofold; besides emitting
most of their energy into the air, evanescent waves in the
earth or ocean consist of a large horizontal wavenumber
component. Therefore, once in the atmosphere, these waves
become oscillatory in the air, get trapped in the atmo-
spheric waveguides, and propagate over hundreds and
thousands of kilometers.

The third type is surface waves. Surface waves propagate
along the free-surface of an elastic half-space, and they are a
linear combination of elastic inhomogeneous body waves.>*
In a coupled elastic-acoustic system, combining their solutions
with a propagating or evanescent acoustic waves in the acous-
tic layer give rise to leaky Rayleigh (evanescent-propagating)
or Stoneley (evanescent-evanescent) waves, respectively.25_27
In contrast, Love waves would not contribute to coupled
seismo-acoustic waves due to their horizontal polarization.
The existence of such waves is determined by the elastic and
acoustic properties, i.e., densities and Lamé parameters.”*

Such waves exist in an Earth-atmosphere system. Ewing
and Ben-Menahem studied the generation of Rayleigh waves
from atmospheric explosions.***! Moreover, Ewing et al.*°
have shown that some of the Rayleigh wave energy can radi-
ated back into the atmosphere. Thus, surface waves generated
from an underground source can also radiate acoustic waves
into the atmosphere. While this mechanism is less sensitive
to the source depth, the vertical angle of propagation in the
atmosphere depends on the surface wave velocity vgyfuce and
the atmospheric speed of sound c,;. For vgygace > Cair, the
radiated wave will propagate vertically upwards. The vertical
angle decreases as Ugypce approaches the atmospheric sound
speed, to the limit where the vertical angle is zero. Beyond
this angle, for which vgyface < Cair, the acoustic wave propa-
gates horizontally and decays vertically; this corresponds to a
Stoneley wave.

The transparency of the interface also depends on the
source type (monopole, dipole, etc.) and the attenuation
coefficients in the elastic medium.** Attenuation changes
the behavior of transparency as a function of kz,, as well as
the relative contribution of the different seismic waves to
the total emitted energy. Variations in these parameters can
result in more than a 20 dB difference in the emitted acous-
tic amplitudes.®?

lll. RETRIEVING THE SEISMO-ACOUSTIC WAVEFIELD

Modeling elastic and acoustic wavefields requires solv-
ing the elastic wave equation and the linearized fluid
dynamics equations. Both sets of equations are based on the
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conservation of mass, momentum equation, and an equation
of state. The elastic equation of motion for the displacement
u can be written as>>

0’u
POW—V'UZO’ (1
where ¢ is the stress tensor, and p is the density. The elastic
wave equation can be obtained by combining Eq. (1) with
the complemented Hooke’s law for isotropic media

o =Jtr(e)l +2ue; €= % (Vu + (VM)T)7 (2)

where [ is an identity matrix, 4 and p are the Lamé parame-
ters, and € is the strain. The normal stress relates to the pres-
sure in a fluid media according to .. = —p.

For a moving medium, combining the momentum equa-
tion, conservation of mass, and the equation of state yields
the infrasound wave equation. Assuming a horizontally lay-
ered lossless atmosphere, where the background parameters
vary only in the vertical direction and neglecting wind shear
terms, the acoustic wave equation for atmospheric infra-
sound propagation can be written as>*>°

2
1[0 ) d(1dp\
z(&*”OH'VH)f"VH"‘P@(;@)0
3)

Here voy = vou(z) is the horizontal wind component (verti-
cal winds are negligible), V is the horizontal gradient oper-
ator, py = po(z) is the density, and ¢ = ¢(z) is the adiabatic
speed of sound. Assuming an acoustic medium at rest, Eq.
(3) reduces to the ordinary wave equation that is typically
used for the modeling of ocean acoustics.

Numerous numerical methods provide different solutions
to the acoustic and elastic linear wave equations. Solutions of
the time-space and frequency-space forms of the wave equa-
tion are commonly obtained by using finite-difference,*®?’
spectral methods,*® finite/spectral elements,” and ray meth-
ods.*>*" Modeling wave propagation in layered media with
smooth lateral variations, like the ocean, is usually done by
using normal modes** and parabolic-equation®’ methods for
solving the frequency-wavenumber (f-k) wave equation.

In order to use the solution for the coupled elastic-
acoustic model as suggested by Schmidt and Tango,* for the
coupled atmosphere system, the effective sound speed approx-
imation is used. In this approximation, the horizontal wind in
the direction of propagation is added to the sound speed. The
resulting effective sound speed is then used to model atmo-
spheric infrasound propagation. It has been shown (e.g.,
Assink ez al.>®) that this approximation is sufficient for many
applications. Mathematically, the approximation corresponds
to the following. In the frequency-(horizontal) wavenumber
form of Eq. (3), the operator (0/0t+ voy - Vi)/c can be
written as (iw — iky - voy)/c. Approximating ky =~ wky /c,
where ky; is the horizontal direction of propagation, the opera-
tor can be approximated by
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) (1 Doy lgH)
c c

=—|———F|+oMm*) +- -

iw im
N————— = —. “)
¢+ oy - kH Ceff

The effective sound speed, c.g, overestimates the effects of
the winds on the propagation. Therefore, this approximation
holds for (1) small vertical propagation angles, (2) in-plane
propagation, and (3) low Mach number, M = |vgy|/c.***

Plugging Eq. (4) into the frequency domain form of Eq.
(3) yields

1 /19

K eqeP + Po 7 (p_()@_}z)) =0. &)
The vertical wavenumber is defined as k. e = \/kZ — ki
and ket = @/ cer. In the case of a dissipative atmosphere,
absorption is frequency-dependent, and the winds can cause
a Doppler shift to the waves’ frequencies. Nevertheless, this
effect is small for infrasonic frequencies.*®

Assink er al.* studied the influence of the effective
speed of sound approximation on infrasound propagation in
a lossless atmosphere with a maximum Mach number of
M =0.4. It is shown that (1) overestimation of effect of hori-
zontal wind on refraction leads to underestimates of travel-
time and trace velocity and (2) overestimation of the
acoustic frequency leads to small inaccuracies of the esti-
mated absorption. However, for low wind conditions, the
influence of this approximation is negligible. In both cases,
the amplitudes were not affected by the effective speed of
sound approximation.

The fast field program (FFP) solves the Helmholtz equa-
tion for a horizontally stratified medium. This method is based
on dividing the medium (velocity and density profiles) into
small homogeneous layers, while the layers are coupled to each
other by explicitly imposing the boundary conditions between
them. This allows one to take the influence of an exponentially
decreasing density on the acoustic field into account. In addi-
tion, it allows one to easily handle discontinuities between
solid-fluid, solid-gas, and fluid-gas interfaces as well as provid-
ing a direct control over the simulated frequencies and wave-
numbers. Therefore, the contribution of the different coupling
mechanisms is distinguishable and quantified. In seismology,
this approach is known as the reflectivity method.*’

Using M piecewise homogeneous layers with a thick-
ness of 20m each implies that within each layer,
m = 1---M, the density is constant and the vertical operator
in Eq. (5) takes the form of §?/0z%. Moreover, the relation
between the particle displacement and pressure is
Wi = Vpu/ pmowz. Since the density is constant within each
layer, the curl of the displacement, w,,, is zero. Therefore,
the displacement field in the atmosphere can be expressed
by an independent potential within each layer.

Averbuch et al.
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Following that, in seismo-acoustic modeling the dis-
placement field in each layer can be expressed in terms of a
scalar potential for the acoustic medium and a scalar and a
vector potential for the elastic medium. These potentials are
the basis of the Green’s functions of the displacement field.
In the case of a homogeneous elastic medium, the wavefield
can be decoupled into P-SV and SH motions. These
decoupled motions can be expressed by two scalar potentials
and one scalar potential, respectively.” In this work, we
assume the medium to be horizontally stratified, axisymmet-
ric, with coupled elastic-acoustic layers. For such set-up, the
SH motion has no contribution to the acoustic wavefield in
the fluid layers, and it will be neglected.

Under these assumptions, the displacement field within
a layer at a distance r and depth z, in the acoustic medium
can be written in cylindrical coordinates as

u’:n(r, 7) = 8;?’ ,
: oY
W(r2) =5 (©)

Accounting only for P-SV motion in the elastic medium, the
displacement field within a layer can be written as

w (r,z) = o, + o,

mi or  0roz’
0w, 10 9¥
- a

)

In Eq. (6), the potential (I)fm represent the compressional-
wave potential, and in Eq. (7) the potentials @} and ¥, rep-
resent the compressional-wave and shear-wave potentials,
respectively. All potentials must satisfy the wave equation.
u, and w,, are the horizontal and vertical displacements,
respectively, and suffixes f and s correspond to fluid and
solid medium. Hooke’s law, which relates stress and strain
in an elastic medium, is used to compute the corresponding
stress field.

Since the different coupling mechanisms are frequency
and wavenumber dependent, solving the wave equation in
the f-k domain is beneficial. Defining A as an arbitrary
potential, the frequency-domain wave equation is known as
the Helmholtz equation [V + k2]A,(r,z) = 0. Applying
the Hankel transform to the Helmholtz equation yields the
depth-separated Helmholtz equation

{d—z + kz} Ak, 2) =0 8
de 7 m( rz) =Y, ( )
where k. = \/k2 — k? is the vertical wavenumber, &, is the
horizontal wavenumber, and k,, is the layer wavenumber.
Depending on the medium type in each layer, the potential A
and the vertical wavenumber k., will be replaced according to
the potentials and propagation velocities presented in Table 1.
For the elastic layers, solutions of both compressional-wave
and shear-wave potentials need to be combined in order to
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TABLE I. Potential types, wavenumber definitions, and propagation veloci-
ties for the different media. The seismic wave velocities are functions of the
density and Lamé parameters. The speed of sound in the ocean depends on
the unperturbed pressure and density po and po, the temperature 7, and
salinity S. The effective speed of sound in the atmosphere depends on the
unperturbed pressure and density, temperature 7, and the horizontal winds.

Wave type Earth Ocean Atmosphere
Compressional o* o o
k=w/v, k = ®/Cocean k= o/cefr
p(Pos 2 1) Cocean(P0, Po, T, S) ceir (Po, Po, vorr)
Shear P
k= w/v,
vs(po» 1)

obtain a complete representation of P-SV motion. Moreover,
only a combination of both potentials gives rise to surface
waves which are significant contributors to the seismo-
acoustic wavefield.

Equation (8) is an ordinary differential equation in the
vertical axis, and the solution for each layer is a linear combi-
nation of the homogeneous solution A, (., z) and a particular
solution Am(k,.,z) if a source is present. Exact solutions for
Eq. (8) can be written in terms of wavenumber integrals. The
latter implies that field’s exact Green’s functions in the f-k
domain can be retrieved. Decomposing the solution into up
and down going wavefields allows for a straightforward imple-
mentation of the boundary conditions (BC) in the numerical
solution. Defining A~ and A™, respectively, as the up and
down going wavefield amplitudes, the compressional-wave
potential solution can be written as ®,,(k,,z) = A~e %7
+A* e Tts frequency domain representation is

D, (r,z) = J [A=e ™ + AT e Ty (kr)k,dk,, ©)
0

and Jy(k,r) is the Bessel function of the first kind. Similarly,
W, (r, z) is represented as

| 7 i
¥, (r,z) = J - (B~ %= 4 B o] Jo (ko) K,
o *r

(10)

The 1/k, factor ensures that the two potentials have the
same dimensions due to an extra spatial derivative of the
shear potential in Eq. (8). When &, > &, or k. > k., the ver-
tical wavenumber of the potentials is imaginary. This part of
the spectrum is known as evanescent, and its amplitude
decays exponentially with vertical distance. As k, increases
with increasing frequency or decreasing trace velocity, k.
and k. obtain a larger imaginary value and consequently the
wavefield component decays over a shorter distance. This
property plays an essential role in the coupling process and
affects the emitted infrasonic wave amplitude. This is fur-
ther discussed in Secs. IV and V.

The potentials’ coefficients are obtained using the direct
global matrix (DGM) method, which is based on solving the
continuity equations for all the interfaces (BC between the
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layers) as well as the top and bottom BC simultaneously.*’
The BC for a solid-solid interface are the continuity of nor-
mal and tangential stress and vertical and horizontal dis-
placements. A fluid-fluid interface requires the continuity of
normal stress and vertical displacement. Finally, the BC at a
solid-fluid interface are the continuity of vertical displace-
ment and normal stress, and the vanishing of the tangential
stress. Note that as the shear wavefield is part of both verti-
cal displacement and normal stress, the SV motion contrib-
utes to the acoustic field in the fluid layer.

Discrete variations in the medium properties (density
and velocity) are handled through the BC. These properties
are encompassed in the equations of displacement and
stress. The BC at the top and bottom layers can be free sur-
face, rigid surface, or radiation condition. The presented
solution allows for an exact implementation of the boundary
conditions between the layers. This is in contrast to finite-
difference discretization, which is often used in acoustic
propagation models. Therefore, one can study the interac-
tion of the wavefields in the different media in a straightfor-
ward manner and without any numerical approximations.

In this work, a compressional monopole source is used.
The medium response for such a source, in terms of the
compressional-wave potential, is

. 00 ik.|z—z,
(D(k,‘,z):S(w)J‘  Jo(kr)kodk, (11)

47 0 lk:

where z, is the source depth and S(w) is the frequency-
domain source function. Depending on its position, the
expressions for the wavefield components can be derived
using Eqgs. (6) and (7), and can be included in the continuity
equations in the DGM. Source functions like an S-wave
point source and a double-couple force will generate differ-
ent wavefields and radiation patterns that will affect the
radiated pressure field in the atmosphere. For simplicity, this
study will use only the compressional monopole source.

The Green’s function A,,(r, z) is obtained after applying
the inverse Hankel transform. As the inverse Hankel trans-
form is computationally expensive, this transform is typi-
cally replaced in algorithms by the fast Fourier transform
(FFT). This is an accurate approximation, except for near-
field computations or steep propagation angles. Hence, the
FFP algorithm gets its name from the use of the FFT algo-
rithm to evaluate the horizontal wavenumber integral.
Following Ref. 48, the discrete form of Eq. (9) is

€+ikmin )i 1 —in
A(ry,z) = dhye! o)y /%e /4

% |:Am (kl, Z)eirmin/dk,- \/k_l} ei(anj/L),
I

~
—_

Il
=}

(12)

where L is the number of the discrete wavenumbers and
ranges k; and 7;, respectively. Their corresponding intervals
are dk and dr. € is a parameter with a small value on the
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order of dk which is added for numerical stability. A
detailed explanation can be found in Chap. 4 of the text
book by Jensen et al.*’

Transforming the Green’s functions from frequency-
domain to the time-domain yields the wavefield’s space-time
representation. Considering a set of N frequencies and their
corresponding frequency-space Green’s functions, a broadband
signal can be obtained using Fourier synthesis. That is to say,
an inverse FFT (IFFT) is applied to the frequency-domain
wavefield, convolved with the frequency-domain source func-
tion, Ay, (r, z,t) = IFFT[Ap(r, z, ) - S(w)].

IV. NUMERICAL EXAMPLES
A. Underwater source

Radiation of acoustic waves from an underwater source
into the atmosphere involves the coupling of homogeneous
and inhomogeneous body waves. Their contribution to long-
range infrasound propagation in terms of transmission loss
(TL) is investigated with a model that consists of a smooth
atmospheric profile above a Munk oceanic profile (Fig. 1).
The TL describes the decrease in the wave intensity, and it
is defined as

TL:lOlogm( pLr.2)°/p(2)e(:) ) (13)

ps(ro, Zs)z/p(zs c(zs)

where p;(ro, zy) is the pressure produced by the source at a
distance of 7o =1 m and at a depth z; in unbounded
medium. Also, the same definition holds for an underground
source as long as a compressional monopole source is used.
In case of other source types, the stresses are anisotropic,
and a different scaling should be considered.”®

A point source is placed at a depth of 1000 m, and its radi-
ation into the atmosphere is simulated for two discrete fre-
quencies. At 50Hz, the source’s distance from the ocean-
atmosphere interface is larger than 30 wavelengths (kz > 1).
The top frame in Fig. 1 shows the narrowband field from such
a source. In the ocean, the propagation is bounded in two
waveguides. With its axis at a depth of 1 km, the sound fixing
and ranging channel (SOFAR) is the first waveguide. The sec-
ond waveguide is the entire water column with its margins at
the ocean-atmosphere interface and the ocean bottom. At this
frequency, the ocean-atmosphere interface behaves almost as a
perfect reflector, preventing most of the acoustic waves from
radiating into the atmosphere; only a small fraction of the
wavefield, with steep propagation angles, radiates above the
source. Due to the exponential decay of the inhomogeneous
waves and the high-frequency source, this part of the spectrum
decays and vanishes before reaching the atmosphere.

Reducing the simulated frequency to 0.5 Hz, the distance
to the ocean-atmosphere interface decreases to half a wave-
length (kz < 1). For this setup, the interface becomes transpar-
ent to the evanescent regime, allowing waves with trace
velocities of at least the sound speed at sea level (i.e., 340 m/s)
to radiate into the atmosphere. These waves are then trapped
in the tropospheric (first 10km) and stratospheric (between
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‘; 40 1 B -220 1(]_) FIG. 1. (Color online) Propagation
3 5 from an underwater source at a depth
E -230 B,  of 1000m. The top frame shows propa-
< 20 A i ':' gation from a 50Hz source. In the
—240 ocean, the waves are bounded by the
entire water column as well as being
_g - . _250 trapped by the SOFAR channel. The
1500 1550 0 200 400 600 radiated wave into the atmosphere cor-
responds to the direct acoustic wave
Ceffective [M/] Range [km] from the source. Due to its high trace
300 400 velocity, the wave propagates upwards.
e —200 The bottom frame shows propagation
from a 0.5Hz source. Due to its low
60 B _210 frequency, 1000m equals a third of a
= = wavelength. For these source parame-
X, 40 | B _op0 ™ ters, the interface becomes transparent
8 o to the evanescent waves, allowing it to
=) m get trapped in both tropospheric
E 20 | -230 % (10km) and stratospheric (60 km)
= waveguides.
-240
0
-5 ‘ ‘ | T T 1 -250
1500 1550 0 200 400 600

Ceffective [M/S] Range [km]
Earth’s surface and 50km) waveguides and propagate over
vast horizontal distances (Fig. 1, lower frame).

Before reaching the atmosphere, the inhomogeneous
spectrum of the source undergoes an exponential decay that
depends on the source depth and the vertical wavenumber
which depends on the trace velocity. Subsequently, both
transmitted amplitudes and radiation patterns differ for dif-
ferent source depths. Figure 2 shows the effect of the source
depth on the transmitted acoustic pressure. An increase in
the source depth leads to a decrease in the coupled wave
amplitude, and therefore a decrease in TL [Fig. 2(a)].

Variations in the radiation patterns due to different source
depth are evident when comparing the normalized modal
amplitudes. As the source depth increases, the relative ampli-
tudes of the lower trace velocities decrease while the amplitudes
of the higher trace velocities increase. This is further detailed
by the ratios of the normalized modes [Fig. 2(c)]. For this par-
ticular atmospheric model, the lower trace velocity modes cor-
respond to tropospheric propagation, and the higher trace
velocity modes correspond to stratospheric propagation. The
exponential decay of the evanescent waves is inversely propor-
tional to the trace velocity. Therefore, the low trace velocity
evanescent waves decay faster, and emit waves with lower
amplitudes into the atmosphere. Consequentially, higher ampli-
tude waves are trapped in the stratospheric waveguide for
deeper sources, when compared to the tropospheric waveguide.

B. Earth-atmosphere coupling from an underground
source

In an Earth-atmosphere system with an underground
compressional monopole source, infrasound waves radiate
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into the atmosphere due to the coupling of inhomogeneous
body waves and surface waves. Broadband simulations are
used to investigate the effect of the elastic properties and the
source depth on the radiated infrasonic waves in the atmo-
sphere. The model consists of either a soft or hard elastic
halfspace (Table II) with the same smooth atmospheric pro-
file from Fig. 1 on top of it. A source is placed at depths of
1000, 1500, and 2000 m, and a Ricker wavelet with a central
frequency of 0.5 Hz is used as a source function.

Figure 3 shows the simulated pressure timeseries in the
atmosphere (1 km above the interface) from a source at a
depth of 1000 m in the hard elastic halfspace. The first visi-
ble arrival is the air-coupled surface wave that travels along
the interface with a trace velocity of 1800 m/s. After the sur-
face wave, there is a sequence of different atmospheric
phases. The direct wave that radiates from the source is visi-
ble over the first 50 km. Then, the first guided tropospheric
arrival appears between 50 to 150km from the source. At
120km the second tropospheric bounce arrives, and at
220 km the first stratospheric arrival appears. At further dis-
tances, the atmospheric arrivals consist of two tropospheric
and two stratospheric phases. A zoom-in to such arrivals is
shown in the boxed signal. It shows two tropospheric (/,,)
and two stratospheric (/) signals. The small wiggle leading
the first stratospheric arrival is a result of horizontal propa-
gation across the Earth-atmosphere interface (diving wave
or refracted wave). An f-k analysis reveals two main
branches with trace velocities of 1800 and 330-400m/s.
These branches correspond to the surface wave and the
inhomogeneous body waves, respectively (Fig. 3, right
frame). A faint branch that corresponds to a trace velocity of
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FIG. 2. (Color online) Simulated TL
curves and propagating modes above
ground for a 0.5 Hz source at different
depths. (a) TL values decrease as the
source depth increases. (b) The nor-

malized modes show the effect of the
source depth on the modal amplitudes.
The exponential decay of the evanes-
cent waves is wavenumber dependent.
Therefore, waves with lower trace
velocities decay faster. This behavior
is evident in the increase of the strato-
spheric modes as the source depth

enlarges. The dashed line at 345m/s
represents the transition between tro-
pospheric to stratospheric modes. (c)
Ratios of the normalized modal ampli-
tudes (compared to the blue curve)
imply that as the source depth
increases, the relative stratospheric-

phases amplitudes will be higher than
the tropospheric ones.
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5000 m/s represents the coupling from the homogeneous P
wave. As predicted, the homogeneous P wave has the small-
est contribution to the atmospheric perturbations due to the
high density and velocity contrast.

Simulation for a source in a soft bottom show a better
coupling to the atmosphere (Fig. 4). Beside having stronger
amplitudes, the main difference is the lower surface wave
velocity. Coupling from a slower elastic layer may result in
air-coupled surface waves also getting trapped in the atmo-
spheric waveguides. This mechanism may explain the
observed secondary infrasound source in sedimentary
basins.'”? Accounting for viscoelastic attenuation will
change the relative coupled amplitudes from evanescent and
surface waves. While the general trend is a reduction of the
signals’ amplitudes, surface waves will experience a faster

TABLE II. Rock properties used in the calculation of the coupled fields for
a soft and hard bottom.

Elastic medium p [kg/m?] V,[m/s] Vs[m/s]
Soft 1900 1500 600
Hard 2700 5000 2000
1270  J. Acoust. Soc. Am. 147 (2), February 2020
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decay than body waves. The effect on the coupled acoustic
signal in the atmosphere is modeled for a sample scenario in
the Appendix.

Following the analysis of the modes in Fig. 2, the effect
of the source depth is demonstrated in Fig. 5. As the source
depth increases, the relative amplitude of the second strato-
spheric phase, which corresponds to higher trace velocity,
increases compared to the other atmospheric phases. The
different acoustic partitioning in the atmosphere is a conse-
quence of the exponential decay of the evanescent waves in
the elastic layers.

With the new understandings of the Earth-atmosphere
coupling mechanisms, let us re-examine the detected signals
from the 12 February 2013 and 6 January 2016 North
Korean underground nuclear tests. Assink er al.>' (Fig. 4)
detected three infrasound phases from the 2013 test and one
phase from the January 2016 test. The three prominent
phases are associated with tropospheric propagation (/,,),
stratospheric propagation (/), and a combined propagation
path (/,,5). On the other hand, in 2016, a weak signal was
detected, and it was not possible to determine the nature of
its propagation. It was postulated that a combination of
unfavorable propagation condition and a deeper source
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FIG. 3. Synthetic pressure timeseries. Broadband simulation for a source at a depth of one kilometer with a central frequency of 0.5 Hz in the hard bottom.
The first arrivals correspond to the air-coupled surface wave with a trace velocity of 1800 m/s. Following it are the first tropospheric refractions in the range
of 50-150km, and second tropospheric refractions between 120 and 250 km. The first stratospheric refraction appears at approximately 220 km after the tro-
pospheric phases. A zoom-in on the boxed signal reveals a signal that consists of two tropospheric (/,,) and two stratospheric (/;) phases. Right: f-k plot
shows the dispersion relation of the propagating waves in the atmosphere. Coupling from the direct P wave from the source is barely not visible (branch of
5000 m/s). The 1800 m/s branch represents the air-coupled surface wave, and the 300400 m/s cone shows the amplitudes of the coupled evanescent waves.

during the 2016 test are the reasons for the weak signal. While
further exploring the conclusions of that study, the influence of
the source depth can now be deduced in more detail.
Considering a deeper source and the exponential decay of the
evanescent waves, the amplitude of the coupled signal in 2016
was one order of magnitude weaker than in 2013. Such decay
levels the signal’s amplitude with the background noise.
Moreover, the radiation pattern from deeper sources makes it
more likely that the observed signal was a stratospheric phase.

V. SUMMARY AND DISCUSSION

Observations of long-range infrasound signals origi-
nated from underwater and underground sources contradict
the usually considered free surface behavior of the ocean-
atmosphere and Earth-atmosphere interfaces, which implies
almost total reflection. While wave propagation in solids,
fluids, and solid-fluid systems has been well studied, long-
range infrasound propagation from subsurface sources is not
yet well understood. In this work, coupling mechanisms are

Range [km]

50 100 150 200 250 300
L 1 | L 1

350
L

proposed and studied regarding long-range infrasound prop-
agation. The presented results are essential for the under-
standing of the complex infrasound signals originating from
seismo-acoustic events.

The FFP is used to model the seismo-acoustic coupling
between the solid Earth, the ocean, and the atmosphere
under the variation of source depth and frequency, and prop-
erties of the subsurface and atmospheric conditions.
Modeling in the f-k domain provides a convenient way to
distinguish between the different coupling mechanisms and
study their contribution to the acoustic wavefield in the
atmosphere. Results show the important role of evanescent
coupling between the Earth, ocean, and the atmosphere and
the ability of the emitted waves to get trapped in the atmo-
spheric waveguides and propagate over vast distances.
Evanescent waves with low trace velocities decay faster
than ones with high trace velocities. The differences in the
decay rate lead to an inhomogeneous radiation pattern in the
atmosphere, which leads to different acoustic partitioning in
the atmospheric waveguides. Therefore, for the same
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FIG. 4. Synthetic pressure timeseries. Broadband simulation for a source at a depth of one kilometer with a central frequency of 0.5 Hz in the soft bottom.
The direct P wave (branch of 1500 m/s) is prominent for frequencies up to 2 Hz. Higher amplitudes of the surface wave (570 m/s branch) and the coupled

inhomogeneous waves are also apparent.
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FIG. 5. Comparison of the normalized
signals arriving at 270 km (boxed sig-
nal Fig. 4) for different source depths.

It shows that as the source depth
increases, the relative amplitude of the
second stratospheric phase increases
compares to the other phases. Such
behavior agrees with the modal analy-

Time [sec]

atmosphere and different source depths, the relative ampli-
tudes of the atmospheric phases will change. Particularly, as
the source depth increases, the relative amplitudes of the
higher trace velocity phases are larger than the lower trace
velocity phases.

In the Earth-atmosphere system, surface waves have a
significant contribution to the acoustic radiation into the
atmosphere. Nevertheless, the radiated waves do not neces-
sarily get trapped and propagate in the atmospheric wave-
guides. The propagation direction of the coupled surface
waves in the atmosphere depends on the atmospheric sound
speed relative to the surface wave velocity. Therefore, only
surface waves with trace velocities in the order of the atmo-
spheric sound speed profile will enable the radiated waves
to get trapped in the atmospheric waveguides.

The presented study assumes a horizontally layered
medium to reduce complexity and understand the underly-
ing mechanisms of seismo-acoustic coupling. Although it
provides essential insights into the effect of the coupling
mechanisms on long-range infrasound propagation, it cannot
accurately simulate events in a range dependent medium
and with topographic features. Nevertheless, some conclu-
sions on different setups can be derived. For example, the
presence of a region with a low seismic velocity can lead to
the contribution of surface waves to long-range infrasound
propagation.

The inhomogeneous radiation from underwater and
underground sources brings up the question, how much
information about the subsurface or underwater source can
be retrieved. The effect of a different source depth on the
atmospheric wavefield has been shown. However, the
inverse problem regarding the source intensity, depth, and
mechanism remains a challenge. Moreover, the interaction

sis in Fig. 2 and the theoretical predic-

150 tions of Godin (Ref. 21).

200

with complex topography and range dependent profile,
and the influence of absorption will be the subject of future
research.
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APPENDIX: THE EFFECT OF VISCOELASTIC
ATTENUATION

The effect of viscoelastic attenuation is tested by introduc-
ing complex Lamé parameters and complex medium wave-
numbers. Their imaginary part is derived from empirical Q
factor relations.”>* Based on the seismic velocities of the soft
layer in Table II, quality factors of Q,, = 78 and Q; = 39 are
calculated for pressure and shear waves, respectively. A nar-
rowband simulation is carried out accounting for attenuation.
Its effect is demonstrated in Fig. 6. The “ringing” in the blue
curve (no attenuation) is the signature of the radiated surface
wave. Despite its large amplitude, small features that corre-
spond to the tropospheric and stratospheric propagation are
still visible. Attenuation has two main effects on the coupled
waves: (1) rapid decay of the surface wave leads to no observ-
able signal from it and (2) the radiated acoustic waves are
attributed to coupling from inhomogeneous body waves.

] ] ] ] l l l l
'g' -100 No attenuation
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) \‘\\ FIG. 6. (Color online) Results show
= that the radiated acoustic waves are
L _150 — attributed to coupling from inhomoge-
m neous body waves while the contribu-
S, tion from surface waves is negligible.
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