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Chapter 1: Introduction

1.1 Infrasound: Background and Facts

Infrasound is the region of the acoustic spectrum covering frequencies < 20 Hz, which is the
lower limit of the audible range. Infrasonic waves are generated by natural phenomena such
as auroras, avalanches, earthquakes, meteors and volcanoes, large animals, machinery (e.g.
wind turbines and high-bypass jet engines), as well as nuclear and conventional explosions.
These low-frequency compression waves were first observed on a global scale after the
eruption of the Krakatoa volcano, Indonesia, in 1883. Infrasound records have been
attributed to events such as Oppau explosion, Germany in 1921, Buncefield oil depot
explosion, United Kingdom 2005, Chelyabinsk meteor, Russia in 2013 and nuclear tests by
North Korea in 2013. Compared to audible sounds, infrasound energy losses are much
smaller owing to their low frequencies. Hence, an infrasonic signal can propagate over large
distances, reaching altitudes of more than 100 km (Blanc and Ceranna, 2009). That is why
infrasound can be used in atmospheric studies, prediction of natural disasters, and in
detecting tests of chemical and nuclear ordnance. The Comprehensive Nuclear-Test-Ban
Treaty Organization (CTBTO) was established in 1997 to monitor clandestine nuclear
explosions. This is done through a continuously growing network of infrasound detector
arrays. Presently, the network consists of 60 infrasound stations of 337 monitoring facilities,
complemented by the seismic, hydro-acoustic, and radionuclide stations of the International

Monitoring System (IMS).

1.2  Atmospheric Propagation of Infrasound
The long-range propagation of infrasound in the atmosphere is affected by the vertical sound

speed profile. Sound speed varies as the square root of temperature and is also subject to the



effects of the winds. Under typical conditions, starting at sea level, the speed of sound
decreases due to decreasing ambient temperature. In the upper stratosphere, absorption of
solar UV radiation by ozone causes a positive temperature gradient, up to about 45 km.
Above this height, the temperature decreases again through the mesosphere. In the
thermosphere, solar X-rays and extreme-UV (XUV) radiation at wavelengths < 170 nm are
almost completely absorbed, resulting in a steep positive temperature gradient. Also in the
thermosphere, the energetic radiation causes dissociation and ionization of air molecules,
leading to the ionospheric layers. Principal propagation channels are the stratospheric duct,
formed between the ground and the stratopause and the thermospheric duct, formed
between the ground and about 100 km in the thermosphere. Since the ducts that are formed
are not rigid, sound leaks out of the duct back to the ground and sound propagating from the
ground can be diverted back to the surface by the duct boundaries. Arrivals of infrasound
from the thermosphere have been well documented in literature. An example of such

measurements is shown in Figure 1.

19 20 21 22 23 24 25 26 27
60 C T T T T T T T T T -

Amplitude [Pa]
o

0.5

Frequency [Hz]

19 ' 20 21 22 23 24 25 26 27
Time [min] after origin time

Figure 1: Top: Infrasound signal recorded in French Polynesia on Hao 450 km North-West
Jfrom the source of a nuclear explosion with a yield of a few kilotons. Below: Time-
Jfrequency analysis (Blanc and Ceranna, 2009)



Typically, sounds of frequencies above 1 Hz are strongly attenuated over long atmospheric
paths. The classical absorption coefficient varies as the square of frequency and inversely
with pressure: therefore, frequency components of a few tenths of Hertz can propagate over

long distances. This is consistent with data such as that shown in Figure 1.

1.2.1 Existing Infrasonic Attenuation Predictive Models

Sound wave travelling through air (free of fog, moist and dust) is attenuated due to
atmospheric absorption caused by classical and non-classical losses (Sutherland and Daigle,
1998). The classical losses are associated with heat conduction, viscosity, and diffusion.
Non-classical (or molecular) losses are associated with the relaxation of the vibrational and

rotational degree of freedom of polyatomic molecules.

1.2.1.1 The Sutherland and Bass (SB) Model

The model (Sutherland and Bass, 2004) estimates atmospheric sound absorption up to 160
km. It is based on Navier-Stokes equations and linear propagation. The model sought to
improve on the existing American National Standard: ‘Method for calculation of the
absorption of sound by the atmosphere’. Also, the model includes losses due to rotational
relaxation. Absorption estimates for altitudes above 9o km are regarded as less accurate due

to uncertainty in composition of the atmosphere at such high altitudes.

1.2.1.2 The Gainville and Blanc-Benon Model
A nonlinear propagation model (Gainville and Blanc-Benon, 2010) was developed to

investigate two things: (1) develop an operational 3D nonlinear ray tracing code that



computes temporal pressure signatures (waveforms) at receivers of the CTBTO. This was
done by solving generalized Burgers’ equation (Pierce, 1981) along each eigenray linking the
source to each receiver. While accounting for nonlinear effects, viscosity absorption and
molecular vibration mechanisms. (2) non-linear effects relative to linear dissipative effects
were quantified by the Gol’dberg number (Pierce, 1981). In the study, nonlinear effects were
observed to dominate linear absorption effects on propagation of the explosion event studied

(Misty Picture experiment).

1.2.1.3 The de Groot-Hedlin Model

A computational algorithm was developed (de Groot-Hedlin, et al., 2011) to model linear
infrasound propagation and compare its results to the SB model. It was observed that the SB
model overestimates the attenuation coefficient when compared to observed values for
thermospheric returns. The conclusion is drawn that a better understanding of infrasound

absorption in the thermosphere is needed.

1.3 Motivation

The propagation of acoustic waves in the atmosphere is intimately connected to the state of
atmosphere (e. g. temperature, pressure, density, winds etc.). Therefore, accurate models are
required that include all the relevant physical mechanisms affecting the acoustic
wavenumber, such as scattering, attenuation and dispersion which control infrasonic
propagation. Problems that have been identified with infrasound propagation are discussed

below.



In a study of a large bolide that burst above a dense seismic network in the US Pacific
Northwest on February 19, 2008, estimates of absorption obtained from currently used
attenuation models (Sutherland and Bass, 2004) predict much greater attenuation for
thermospheric returns at frequencies greater than 0.1 Hz than was observed (de Groot-
Hedlin, et al., 2011). Two possible reasons were suggested for this observation:

1. SB model predictions for the attenuation coefficient in the thermosphere are

inaccurate,

2. thermospheric returns undergo non-linear propagation at very high altitude.
Poor understanding of infrasound propagation at thermospheric altitudes has been
attributed to the rarefied nature of the thermosphere. Ambient pressure ranges from ~107°
atm at 86 km to ~10~° atm at 160 km (compare to 1 atm at sea level), while Mean free path,
L, ranges from 10 mm to 53 m in the lower thermosphere. The transition between a
continuum and non-continuum regimes can be expressed in terms of the acoustic Knudsen
number defined as the ratio between the mean free path of the air molecules and the
acoustic wavelength (Kn = L/1). In the physical acoustics literature, the same ratio is often
expressed via the frequency/pressure (f/p) ratio, based on the kinetic theoretical
dependence of pressure on the inverse mean free path. For Kn < 0.01, the fluid is regarded
as a continuum, hence, continuum mechanics i.e. Navier-Stokes approximation is most
suited for characterizing the fluid dynamics. However, for Kn > 0.01, non-continuum
mechanics (e.g. Burnett, super-Burnett, 13-moment approximation etc.) is considered

appropriate.

The thermosphere is located within the ionosphere. Hence, it contains charged species-
electrons and positive ions. It is therefore expected that these charged species should have

some influence on the propagation of acoustic waves. This effect of the ionosphere on



infrasound propagation has not been considered in existing absorption models (Sutherland
and Bass, 2004; Gainville and Blanc-Benon, 2010; de Groot Hedlin, et al., 2011). In this
study, a mechanism is suggested based on the following premise: the acoustic wave front
incident from the neutral upper mesosphere encounters “streams” of charged particles-
electrons and ions traveling along paths defined by existing magnetic and electric fields.
Consequently, there will be a collisional exchange of energy between the neutral particles
and the charge carriers. This exchange affects the dynamics of the neutral-charged mixture
(a partially ionized plasma or PIP): the charged “streams” are perturbed by the incident
acoustic wave motion and in turn, the infrasonic wavefront will lose some coherence. The
former imposes fluctuations in the electron and ion current densities, as well as electric and
magnetic fields. The latter effect embodies the net loss of energy, whose “imprint” is carried,
upon downward refraction at the thermospheric inversion, to the ground detector.

In this work, the non-continuum fluid mechanics is applied to the problems of absorption
and dispersion of infrasound in the lower thermosphere (approximately 85 to 160 km). A
hypothesis of charged species within the lower thermosphere having some effect on the
absorption and dispersion of infrasound is also tested in this work by incorporating the

effects of electric and magnetic forces into the predictive framework to be developed.

In this work, only sources of infrasound on (or close to the) the ground are considered in
order to avoid the need to include nonlinear steepening or shocking. Examples of ground-
based infrasound sources of interest are avalanches, earthquakes, explosions, and strong
storms. The rationale for this choice is as follows: as the wave advances into the
progressively thinner layers, the particle displacements in the wavefront may increase owing
to fewer collisions to the point where shocks may appear. For surface sources, steepening

and/or shocking are likely to occur and persist over a few kilometers from the source. In the



comparatively thicker troposphere, one can assume that the higher frequency components
are fast attenuated. The assumption is made that: by the time a wave reaches the
thermosphere, the acoustic pressure fluctuations are smaller than the local equilibrium
pressure. Therefore, one could neglect nonlinear effects. Nevertheless, this assumption may
need to be revisited in future studies, especially for extremely strong low-elevation sources

(e.g. airbursts like the Chelyabinsk and Tunguska events).

1.4 Continuum and Non-continuum Mechanics

Dynamical fluid parameters such as pressure, density, velocity, and temperature are
obtained by solving the flow equations describing the mass continuity, conservation of
momentum and energy, combined with the equation of state. These equations must be
supplemented with constitutive relations expressing the transport of stresses and heat via
the stress tensor and heat flux. The flow and transport equations are obtained as
approximate solutions of Boltzmann Transport Equation (BTE) developed by Ludwig
Boltzmann in 1872, within the context of non-equilibrium statistical mechanics (Mason,
1965). The first approximation yields the inviscid Euler equations which are appropriate for
a lossless medium and therefore of no interest in this work. The second approximation yields
the Navier-Stokes equations, which can accurately predict thermo-viscous flows in
continuous media. In the Navier-Stokes approximation, the viscous stress tensor and heat
flux are independent. The third and fourth approximations yield the Burnett and super-
Burnett equations (Mason, 1965), respectively, in which the stress tensor and heat flux are

coupled.



The fundamental characteristics of acoustic wave motion-phase speed (or sound speed) and
attenuation coefficient enter the real and imaginary parts of the wave number respectively.
Assuming that the molecules’ internal and translational degrees of freedom are in thermal
equilibrium, sound propagation in air is effectively non-dispersive (frequency-independent
phase speed) while the attenuation coefficient of air varies with the square of the frequency.
When molecular relaxation times are finite, slight dispersion will occur. In this work, a
theoretical model is developed to calculate the acoustic wavenumber in the lower
thermosphere, relying on ambient data (e.g. pressure, temperature, composition, mean free
paths) and thermophysical parameters (e.g. specific heat capacity, viscosity, thermal
conductivity) obtained from atmospheric measurements and NIST databases. The model
uses an algorithm that distinguishes between continuum and non-continuum regimes based

on the local Kn.

1.5 Brief Overview of Thesis Contents

An introduction to research topic has been presented in this chapter. In chapter two, in
order to simplify the research problem, first, a neutral thermosphere is assumed. A
framework to study dispersion and attenuation of infrasound is then developed. The results
obtained based on the continuum and the non-continuum mechanics are compared. In
chapter three, the effects of charged thermosphere are considered within the approximation
of a PIP via equations of a single-fluid MHD. Also in chapter three, the direct physical
method to obtain the attenuation coefficient of acoustic waves is employed. This is done via
the Energy Dissipation Corollary (EDC) (Pierce, 1981), which is based on the energy balance
equation expressed in conservative form. Chapter four contains conclusions reached based

on results of this study and recommendations for direction of future work.



Chapter 2: Modeling Dispersion and Absorption for a Neutral Lower
Thermosphere

Better predictions are needed for acoustic attenuation and dispersion in Earth's lower
thermosphere. The motivation for this study is that, in the tenuous environment of the lower
thermosphere, Kn can become large enough to preclude treating the atmosphere as a
continuum. Therefore, the Navier-Stokes (NS) equations are likely to yield erroneous
results; one must resort instead to non-continuum fluid mechanics. The latter is made
possible through the BTE. The Chapman-Enskog expansion of the BTE to first order in Kn
yields the NS equations, and to second order the Burnett (BU) equations. The progression

can go on to account for higher-order departures from equilibrium (e.g. 13-moment).

2.1 The NS Stress Tensor and Heat Flux

To obtain the equations describing the motion of a viscous fluid, it is necessary to include
terms due to viscosity (internal friction) in the equation of motion of an ideal fluid. The NS
stress tensor is defined as (Landau and Lifshitz, 1959):

b 4 c’)vi_l_avj 25 av, L5 av, 2.1
%y = TPO TH axj dx; 3 b dx; § ijc’)xl

In tensor notation equation 2.1 can be written as follows:

s <« - - 2 ped - e - 2.2
7= —pI+u[Vv+ (Vv)T—glv-v] + &IV v
In the NS framework, the heat flux is simply the Fourier law of heat conduction (Mason,
1965) shown below:
q = —kVT 2.3

In the NS approximation, the stress tensor and heat flux are independent.



2.2 The BU Stress Tensor and Heat Flux

The third order solutions to BTE yields the BU stress tensor and heat flux (Mason, 1965).

- 29 2 3 K 2.4
o=—pl+ [(2——1)(v-*+ —V2p —— V2T>]
g 3 U S P T 52 pe,
= —kVT ——— (36, — —4¢,—|V
== 5 pe, " tpe,  2p)t Y

In the non-continuum mechanics, the stress tensor and heat flux are no longer independent.
The two quantities are coupled. In the BU approximation, the stress tensor depends on the
divergence of the pressure gradient force and the divergence of the heat flux. The stress
tensor becomes dependent on the thermal properties of the fluid not just on the divergence
of the particle velocity as is the case in the NS approximation. Similarly, the BU heat flux

becomes dependent on the stress tensor.

2.3  Fluid Transport Equations

At this stage, the thermosphere is assumed to be neutral, hence unaffected by electric and
magnetic fields. For simplicity, the effects of gravity are assumed negligible. The equations
that govern fluid dynamics are those of mass continuity, conservation of momentum,
conservation of energy, and the equation of state. These transport equations are then

supplemented by constitutive relations involving the stress tensor and heat flux.

a:p+V-(pv) =0 2.6a
pDv=V-37 2.7a
pDU—-G(V-B)+V-G=0 2.8a
p=ppmT) 2.9a

10



2.3.1 The Linear Acoustics Approximation

In the linear acoustics regime, fluctuations are assumed to be much less than ambient
values. In order to simplify this model, the effect of winds is not considered. The set of fluid
transport equations is solved for the wave number at each altitude. The gradient of ambient
density is considered insignificant (consistent with neglecting gravity). Linearizing equations
2.6a to 2.9a i.e. keeping terms of order one (O-1) in fluctuating quantities yields the

following equations:

atpl + pOV - 1_7)1 =0 2.6b
poatﬁl =V- 31 2.7b
poatUl +p0V171 +V(_])1 =0 2.8b
ap ap 2.9b
p1 = (%>T 5p + (a_T)p 8T = poPrp1 —Po %p T4

The internal energy in equation 2.8b can be expanded as follows:

U=U(T,p)

U _(au> 6T+<6U) 5o = c.T +(6U> 5 2.10
1 — an apr_Cvl apr

Applying the thermodynamic identity (Condon and Odishaw, 1967) with p = p, and p = p,

C, — Cp = [E_p(a_U> ]:(a_U) =l<@_cp_cv>
P v p p dp T dp r Po\Po o,

1 (po Cp — Cyp
U1—CuT1+%<%— x, P1

Po Cp_cv
PoCyO0: T +<——
0Cv0tiq 6 %,

>6tp1+p0V-v1+V-q1=0 211

Rearranging equation 2.11 and substituting —p,V - ¥, for d,p; (2.6b) the following
conservation of energy equation is obtained:

Po Cp—Cy 2.12

PoCy0: Ty — <E T T

)Pov'ﬁ1+P0V'ﬁl+V'ﬁ1=0
P
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which reduces to:

2.8b’

¢, —C
PocvatT1+Po< po( -

)V'ﬁl‘l'V'q)l:O
14

2.3.2 Divergence of the Perturbed NS Stress Tensor and Heat Flux

Sound propagation in a viscous fluid is accompanied by fluctuations in pressure,
temperature, and density. These, in turn, induce oscillations in both the stress tensor and
heat flux. The divergence of NS stress tensor and heat flux are derived below. For air, ¢ = 0.

By perturbing the stress tensor to first order in pressure and particle velocity, one obtains:

> 2(—)
31 = _p11 + 1% I:V'l_;l + (V'l_;l)T - §IV - 1._7)1]

o 2.
V ) 81 = _Vpll + 124 [V ) Vﬁl + V - (Vﬁl)T - §IV(V - ﬁl):l
V " V'l_;l = Vz'l_;l
V- (V'Bl)T = VI_J)1V= V(1_7)1V) =V(V"l_7)1) = V21_7)1+VXVX1_7)1
Assuming no turbulencei.e. VXV X v; =0

. - 2
V'Ul = —Vp11+,u[2V v1_§IV 171]

V-G, =-Vp, +u (2 - ;T) V2%, = —iKp, — (2 - ;T) K23, 2.13
Similarly, the divergence of the fluctuation in heat flux can be expressed, in terms of the
first-order temperature perturbation, as
V-G, = —kV?T; = kK?Ty 2.14
Although solutions to above set of equations can be carried out for various wave field
geometries (e.g. spherical, cylindrical, guided waves etc.), the essential features of free-space

propagation are retained for plane waves (Mason, 1965). Assuming plane wave solutions to
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fluctuating parameters implies inserting 2.13 and 2.14 into 2.7b and 2.8b respectively, and

using the plane wave approximation, the system of equations becomes:

—iwp, + ipol_() ‘v; =0 2.6¢
_iwpoﬁl = _ll_()pl - 'Ll(z - 2/3 T)Kzﬁl 2.7C
. . Cp —C\= . 2 2.8¢c
—iwpoc, Ty +ipg K-vi+kK°T; =0
P
p1 — PoPrp1 + poayTy =0 2.9¢
2.3.3 Obtaining the Dispersion Equation
The resulting system of equation is homogeneous in fluctuating quantities and can be
written in matrix form as follows:
—iw ipoK 0 0 (2} 2.15
0 iwpy—4/3uK* —iK 0 2
0 ipo(cp - cv/ocp)K 0 kK?—iwpgc, |\ P1
1 0 —poPr Polp Ty

For sound waves K - ¥; = Kv; and assuming propagation in one direction i.e. I = 1. The

condition for consistency is the vanishing of the determinant.

—iw ipoK 0 0
4 .
0 fwpo — K iK 0
2.16
0 ¢, —C¢C 0 kK? — iwp,c
ip0< D v>K PoCy
ap
1 0 —PoBr Polp

The determinant of the matrix yields a characteristic equation of order-four (O-4) in K. This

represents the dispersion equation, K = K(w). The phase speed (speed of sound, c), and the

13



attenuation coefficient («), are obtained, respectively from the real and imaginary parts of

the dispersion equation: K = @/, + i .

2.3.4 NS Results for a Neutral Thermosphere
To evaluate the NS model, values for ambient parameters are needed. The next section

explains how these values were obtained.

2.3.4.1 Ambient Data for the Thermosphere

Ambient data for pressure, density, temperature and mean free path are extracted from the
US Standard Atmosphere 1976 (US 76). US 76 is a document compiled by NOAA, NASA, and
USAF. It contains data for the mesosphere and lower thermosphere obtained via rocket and
satellite over a complete solar cycle. The following ambient data were extracted from US 76:
mean free path (Figure 2), pressure, density, temperature (Figure 3), and the number
densities of nitrogen, oxygen, and air. At this stage of the model, air is considered as a
mixture of its major constituents i.e. nitrogen, N, (= 78%) and oxygen, 0,(~ 21%). Up to
about 90 km, the molecular weight of air is fairly constant at about 28% kg/kmol. Even
though molecular weight of air reduces to about 23% kg/kmol at 160 km, the ratio of N, to
0, can be assumed constant. Thermophysical parameters (p,, ¢y, ¢,,, 4 and k) for N, and 0,
were obtained from NIST Chemistry Webbook (http://webbook.nist.gov/chemistry/fluid/).
Number densities for the two constituents and air obtained from US 76 were used to derive
number ratio/concentration of each constituents. The ratios were then multiplied by the
total ambient pressure of air to obtain partial pressures for N, and 0,. The partial pressures
of N, and 0, along with temperature at every 1 km between 85 to 160 km were used to query

the NIST Chemistry Webbook for the thermophysical parameters of interest. The values for
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each parameter were then combined in ratio of 0.78 of N, and 0.21 of 0, to form an air
mixture of N, and 0,. The lower-thermospheric profiles of u and « for N, - 0, mixture is

shown in Figure 4.

160

140

120

Altitude (km)

100

80 [ [ [ [ [
0 10 20 30 40 50 60
Mean Free Path (m)
Figure 2: Thermospheric profile of MFP
160 160 160
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_
E 130 130 130
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=
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<
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Figure 3: Thermospheric profiles of ambient quantities
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Figure 4: Thermospheric profiles for N, — 0, mixture

2.3.4.2 Obtaining the Dispersion Relation
Equation 2.16 is solved using MATLAB for K (w) at every 1 km between 85 and 160 km. Thus
the dispersion equation is obtained at each altitude. The sound speed and attenuation are

obtained from the real and imaginary parts of K (w) as shown below:

__ @ 2.17a
@) = peR @]
o (@) = Im[R(w)] 2.17b

The model is evaluated at the following frequencies: 0.01, 0.1, 0.5, 1, 5 and 10 Hz. At every
altitude four solutions are obtained for K (w). The physical solutions are the ones having
both the real and imaginary part of K (w) positive. Of these, one solution, whose real and
imaginary parts are nearly the same, represents an evanescent (or non-propagating) mode.
The other physical solution, with the imaginary part smaller than the real part, is the

acoustic (or propagating) mode.
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Alongside sound speed and attenuation profiles, Kn profile is shown. On the Kn profile, the

regions within which NS (Kn < 0.01) and BU (Kn > 0.01) frameworks are each valid are

indicated.
Knudsen number Sound speed (m/s) Attenuation (Np/m)
160 T 160 T 160 .
1501 i 150 ] 150 .
140 . 140 . 140 .
—_
£ 130r 1 1301 1 130 1
5 Kn < 0.01
3 120- 1 120- 1 120 1
=
=
ﬁ 110 1 110r 1 110 1
1001 . 100f k 100 .
90f 1 9of 1 9of 1
80— - 80 - 80 :
0 5 10 200 400 600 0 0.5 1
x10* x10°
Figure 5: NS model results for 0.01 Hz
Knudsen number Sound speed (m/s) Attenuation (Np/m)
160 T 160 T 160 .
150 . 150 . 150 .
140F . 140 . 140 .
Tg‘ 130F . 130 . 130 .
=5 Kn < 0.01
g 120F 1 1201 1 120 1
5
=
% 110f . 110 . 110 .
100 . 100f . 100 .
90 1 90f 1 90f 1
80— " 80 - 80 :
0 5 10 200 400 600 0 0.5 1
x10° x10"

Figure 6: Results of NS model for 0.1 Hz
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Knudsen number Sound speed (m/s) Attenuation (Np/m)
160 : 160 T : 160 .
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~
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-~
p—
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=
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Knudsen number Sound speed (m/s)
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Figure 7: Results of NS model for neutral thermosphere for 0.5 Hz

Figure 8: NS model results for 1 Hz
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Altitude (km)

Altitude (km)

Knudsen number Sound speed (m/s) Attenuation (Np/m)
160 160 : 160 : .
150 150 . 150
140 140f . 140
130 130 130
120 0.01<Kn<o0.1 4 120 i 120
110 - 110 - 110
100+ E 100 . 100 .
Kn < 0.01
90f ] 90 ] 90f ]
80 r r 80 r O r r
o 0.5 1 o 1000 2000 o 0.01 0.02 0.03
Figure 9: NS model results for 5 Hz
Knudsen number Sound speed (m/s) Attenuation (Np/m)
160 T 160 T T 160 T T
150 E 150 . 150 .
1401 . 140 . 1401 .
Kn > 0.1
1301 1 130 1 1301 .
120 : 120 . 120 .
0.01<Kn<o.1
110r . 110 . 110r .
100+ E 100 . 100F .
Kn < 0.01
90f ] 90 ] 90 ]
80 r r 80 r r O r r
o 0.5 1 o 1000 2000 3000 o 0.02 0.04 0.06

Figure 10: NS model results for 10 Hz
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2.3.4.3 Discussion of NS Results
According to theory developed by Stokes and Kirchhoff, the classical attenuation is given by

the relation (Landau and Lifshitz, 1959):
2 2.18

4 D) K]
2p0Cs Cp

A linear relationship is observed between «; and p, similarly between «.; and k. An
expected trend with frequency is observed in «;, with maximum attenuation values been on
the order of 1077(0.01 Hz),107° (0.1 Hz),and1073(0.5 and 1 Hz). For a particular altitude,
as f increases, A decreases. This decrease in A results in an increase in Kn at that particular
altitude. The increase in Kn at each altitude as f increase, reduces the height of the region of
the thermosphere within which NS approach is most appropriate. The following height
boundaries for which NS ‘treatment’ is most appropriate were noted and shown
(represented with dashed line) on Figures 5 to 10. The boundaries are at:

160 km (0.1 Hz),130 km (0.5 Hz),122 km (1 Hz),109 km (5 Hz),and 105 km (10 Hz).
Beyond these listed boundaries, the treatment of the thermosphere as a continuum inherent
within the NS approach is attributable to the overestimation of infrasound absorption in the
lower thermosphere. The appropriate treatment for such regions is non-continuum

mechanics inherent within the BU framework, which is described in the following section.

2.4 Burnett Equation Results for a Neutral Thermosphere
The equations for continuity of mass and state remain unchanged. The Burnett stress tensor
is inserted in conservation of momentum equation and Burnett heat flux into the

conservation of energy equation.
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2.4.1 Divergence of the Perturbed BU Stress Tensor and Heat Flux

50 =5, = —6pT + (2 ZT)va_’+ a(TP) 3, x5V =19
TP 3 TS\ p ) 5% e, "\
Applying the quotient differentiation rule
5 <V2p> _ pS(V?p) —V?pdp _ poV?p1+ piV?p1 — V2pops — VPpips 2.20
p p? po® +2popy + pq?
p1 < po = p? ~ 0 and linearizing (keeping terms of order-1 in perturbed quantities)
V2 v2 v2 VAT\ VT 2.21
) (_p) Ik p—12V2p0 ~ L P similarly § (—) ~—
p Po Po Po p Po
Assuming ambient pressure and temperature does not vary appreciably,
20 uVip, 3 Kk VT,
g =— 2——1) V- 1
% p1+u[< 3 < v1+e3p0 Po 562Tocv Po
V.5, = —Vp, + (2 27) Vi 4 VP 3k VT 2.22
=TT 3 e Po Po 5 2 Tocy po .
Next, the divergence of perturbed heat flux is evaluated.
5 Po K ( #) 2= 2.23
= —KVT — =2 — (36, — — 4€,— |V
q K 5 e €1 s €, v
o Po V29
ql = _KVT]_ - Ea(gel a - 462#) 6 —
5 <V213> _ p?8(V20) — V2U8(p?) _ (Po® + 2pop1 + p12)V2vy — (Vv + V20,)2pp,
p? (p?)? (Po® + 2pop1 + p1%)?
<V217> Viy,
p? po®
G = —KVT, — o~ (36— — 4 )Vzvl
41 = —KkVl 5¢, €1 < €21 o2
VoG, = —kV2T, — — (36, —— 4 )V3v1
41 = —K 1—5_%( 616— €20 o2 2,94

In the plane-wave approximation, Equations 2.22 and 2.24 are substituted into 2.7c and 2.8c

respectively. The following set of equations is obtained:
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4 u K3p, 3 k K3Ty
—i = —iKp, + u=| —K?v; —ie;— =
lwpovy iKpq ;13( v, — €3 —— leZSTOC,, e
) (=) 5 K K K3v,
—iwpoc, Ty +ipg = K- -v; +kK*“T; + 15—(361— - 462;1) =0
Cv Cv 0

p

p1 = PoPBrp1 + poapTy =0

2.4.2 Obtaining the Dispersion Equation

The following matrix determinant is obtained from equations 2.6¢, 2.7d, 2.8d and 2.9c:

—iw ipoK 0
0 . 4 €-K3
iwpo — 5 uK* —i(K+“ >
PoPo
0 c,—cC 36,k 4e,ux 0
[on (222 o (St e )
ap 5p5Cy  SPGCy
1 0 —poBr

Equating matrix determinant 2.25 to zero yields solutions for K.

2.4.2.1 Obtaining the Dispersion Relation

)

0

3ie, kK3

5poTocy

kK? — iwpgc,

Polp

2.6¢C

2.7d

2.8d

2.9¢c

2.25

Equation 2.25 is solved using MATLAB for K (w) at every 1 km between 85 and 160 km. A

complex solution is obtained at each altitude. The sound speed and attenuation are obtained

from the real and imaginary parts of K (w) as described in NS model. At every altitude six (6)

solutions are obtained for K (w). The physical solution is one with both real and imaginary

parts of K (w) positive. Eliminating evanescent modes (commensurate real and imaginary

parts), one is left with the acoustic mode (real part larger then imaginary part, as described
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in the previous section). The model is evaluated at 0.5 Hz. The resulting sound speed and
attenuation profile are shown in Figure 11. Alongside the sound speed and attenuation
profiles, the Kn profile is shown. On the Kn profile, the regions within which NS (Kkn < 0.01)
and BU (Kn > 0.01) frameworks are assumed to hold are indicated. In region where Kn <
0.01, the BU model results converge to NS model results as expected. In the region within
which Kn > 0.01, a deviation from NS results in sound speed and attenuation profiles is
observed. A significant reduction of about 40% in predicted attenuation is observed in the
BU profile compared to the NS model at 0.5 Hz. However about 9% increase in predicted

sound speed profile is observed in the BU profile compared to the NS model profile.

Knudsen number Sound speed (m/s) Attenuation (Np/m)
160 T T 160 T T T 160 T T
150 1 1501 1 1501
1 i L ] L
40 Kn > 0.01 140 140
s
130 130 130
B 3 3
Nt/
© Kn <o0.01
S 120 120 120
=t
=
5 110 1101 110
100 100r 100
90 90f —Burnett i 90l
"""" N-S
80 : - 80— - - - 80 : -
0.02 0.04 0.06 300 400 500 600 o} 0.5 1 1.5

x10°

Figure 11: Comparison of Results of BU model to NS model
for neutral thermosphere for f = 0.5 Hz

2.5 Rotational Relaxation

Thus far, classical losses have been accounted for in the NS and BU frameworks. This was
done by incorporating dissipative effects of viscosity and thermal conductivity. Next, the
dissipative effect of molecular relaxation in polyatomic gas components of air is considered.

Molecular attenuation are energy losses due to internal degrees of freedom (DOF) of a
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molecule, when molecules collide, there is exchange of momentum which results in loss or
gain of translational energy of the colliding molecules. However, there is a probability of
some collisions resulting in activation of internal DOF. Internal DOF represent rotation of
atoms about an axis of the molecule, vibration of atoms about their equilibrium position,
and electronic excitation. All the internal DOF are quantized. The amount of energy to
activate the rotational DOF is the smallest, that needed for vibrational DOF is larger, while
that needed to excite the electronic DOF is the highest. Once a DOF is activated via
collisions, the amount of time it takes for the DOF to deactivate, such that the molecule
returns to its equilibrium state is known as relaxation time. External/translational DOF
relax quasi-instantaneously (via very few collisions) whereas, internal DOF have longer
relaxation times (via more collisions). Relaxation processes makes the specific heat
capacities of the gas time (or frequency) dependent. This time dependence can be obtained
from the energy relaxation equation. Following the partitioning of energy into translational,
rotational and vibrational, the specific heat capacity of a gas can also be partitioned
similarly. The contribution of vibrational relaxation of N, is not considered in this work
since it was shown by Bass and Sutherland to contribute negligibly to the heat capacity at
lower-thermospheric conditions. At thermospheric altitudes, classical plus rotational

relaxation losses reaching maximum values within 80 to 160 km (Sutherland and Bass,

2004).
el = ¢ 4 crotr 2.26
2.2
chot(diatomic) = Ry = i 7
e’ =cd —chot 2.28
¢l = 0 4+ Ry(T— 1) 2.29
where,
1 2.30

1—iwt
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Relaxation times, 7 for, N, at thermospheric temperatures were extracted from literature,

(Riabov, 2000) see Figure 12 below for extracted profile.
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Altitude (km)
N
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0.4
N2 rotational relaxation time, t (s)

Figure 12: Interpolated (Riabov, 2000) rotational relaxation time for nitrogen gas
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2.5.1 Evaluation of Results for the NS and BU Models with Rotational
Relaxation

Figure 13 below shows profiles obtained for Kn, sound speed and attenuation for f = 0.5 Hz.

Kn Speed (m/s) Attenuation (Np/m)
160 T T 160—— T T T 160 T T
1501 1 1501 1 150F
140 1401 1 1401
—_ Kn > 0.01
E 130 130 130
: Kn < 0.01
= 120 120f 1 120f
£
opmi
5 110 110f 1 110
100 1001 1 100
90 gof| | NS | 9ot
—BU
80 r r 80 r r r r 80 r r
0.02 0.04 0.06 300 400 500 600 o} 1 2 3

!
w

X 10
Figure 13: NS-BU results with N, rotation relaxation
With the addition of losses due to rotational relaxation of N,, a significant increase is noted
the attenuation profiles for both the NS and BU profiles as expected. Maximum increase of
about 67% is observed at 160 km for NS and ~138% for BU. Also, as expected a decrease in

sound speed is observed both for the NS and BU profiles.
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Chapter 3: Sound Dispersion and Absorption in a Charged Thermosphere

3.1 Composition of the Thermosphere

The ionosphere extends from the mesopause (=~ 85 km) through the thermosphere, into the
exosphere (> 600 km). The lower thermosphere overlaps with the E and F; ionospheric
layers, where charged species coexist with neutrals forming a Partially Ionized Plasma (PIP).
The charged species (electrons and positive ions) are produced by two main mechanisms: (1)
interaction of solar UV radiation with neutrals and (2) impact of energetic cosmic ray

particles. Processes producing charged constituents are reviewed below (Rees, 1989).

3.1.1 Photoionization
This is the principal mechanism by which ions of major thermospheric species are produced.

Photoionization reactions and their respective ionization thresholds are as follows:

N, + hv (> 15.58¢eV) »> NS + e~ 3.1
0, +hv (> 12.08eV) - 05 + e~ 3.2
O+hv(>13.61eV) >0 +e” 3.3

3.1.2 Dissociative Ionization
This reaction produces atomic ions and atomic nitrogen and oxygen and requires more
energetic solar photons.

0, +hv(>1873eV) > 0" +0+e" 3.4

N, + hv (24.32eV) > Nt + N + e~ 3.5



3.2 Acoustic Wave Motion in the Charged Thermosphere

Any attempt to model the dispersion and attenuation of sound waves in the thermosphere
should account for the presence of charged species in the thermosphere. Conceptually, the
mechanism can be summarized as follows: an acoustic wave front incident from the neutral
mesosphere encounters “streams” of charged particles (electrons and ions) traveling along
paths defined by existing magnetic and electric fields. Consequently, there will be a
collisional exchange of energy between the neutral particles and the charge carriers. This
exchange affects the dynamics of the PIP: the charged “streams” are perturbed by the
incident acoustic wave motion and, in turn, the acoustic wavefront will lose some coherence.
The former effect imposes fluctuations in the electron and ion current densities, as well as
electric and magnetic fields. The latter effect embodies the net loss of energy, whose
“imprint” is carried, upon downward refraction at the thermospheric inversion, to the

ground detector.

A rigorous plasma dynamics model will include separate treatment of neutral-neutral,
charged-charged, and charged-neutral interactions. The dynamics of neutral species has
been studied in the previous chapter. The dynamics of the electrons and ions can each be
described by a set of equations similar to those of neutrals, with addition of the Lorentz
force, work done by electro-magnetic forces, Maxwell’s equations, and Ohm’s law. This
approach results in three set of equations for a multi-species plasma which is difficult to
solve under most circumstances (Schunk and Nagy, 2009). For this project, however, an
effective-fluid approximation is used, within the framework of single-fluid
magnetohydrodynamics (1F-MHD). The next sections contain the detailed description of the

MHD modeling framework leading to the plane-wave linear dispersion equation.
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3.2.1 Single-fluid MHD

The simplest way to approach this problem is to think of the PIP as a single conducting fluid
which is electrically neutral (Gartenhaus, 1964). To treat a gas mixture as a single
conducting fluid, it is necessary to add the contributions of the individual species and obtain
both total and average parameters for the gas mixture (Schunk and Nagy, 2009). These

quantities are mass density, charge density, drift velocity, and current density.

p= Z NgMy = NeMme + nym; + n,ym, 3.8
a
Pc = Znaea =MNees +n;e; 39
a

. . NeMeUe + Nym;V; + nyymy Uy 3.10

V= ) NgMyU, NnegMy =

p
a a

2 3.11

/= Znaeaﬁa = e(niﬁi - neﬁe)

a

Single-fluid mass continuity, and conservation of momentum and energy are derived simply
by summing individual equations over all species present in the plasma. To these dynamical
equations, we add the equation of state, Maxwell’s equations, and the generalized Ohm’s

law. 1F-MHD equations are listed below:

0ep+V-(pv) =0 3.12
pD 3=V -5+ pg+p.E+]xB 3.13
py p > - - =4 = - =g =2 S 3-14
y_lDt(ﬁ>=—a’:Vv—V-q+]-(E+v><B)—pCE-v
p = pRT 3.15
v-F=Pe 3.16
€o
V-B=0 3.17
VxE =—-9,B 3.18
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V X E = Mo(f+ Soatﬁ)

n

5 N 2 B; B\ nee? .. . - et L
at]+v-(v]+]v)+ev.<m_li_m_‘l>_T‘;e (E+veXB)_Tlni (E +7; xB)

e 6A7i e 6Me
" m; 8t m, St

Equation 3.20 contains v, and ; instead of the one fluid velocity. In the next section a

generalized Ohm’s law is derived for the single fluid.

3.2.2 Derivation of a Generalized Ohm's Law

Considering that m, <« m;, then the single fluid density is reduced to
p=nm+n,m,

Similarly, the single fluid velocity reduces to

- -
nym;v; + n,m,v,
P

-
V=

= xiﬁi + an-;n

N

UV — XpUp
Uy ———

Xi

where x;, x,, are concentrations/ density ratios of ions and neutrals to the total fluid.

x, 1
Xitxp=1=>1+—~—

Substituting 3.23 into 3.22

- -

V= XnVn Xn) -5 *n o

ﬁiz—z(1+— V——7
Xi

3-19

3.20

3.21

3.22

3-23

3.24

Assuming single ionization only, n, = n; and substituting into 3.11, the following expression

is found for 7,
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LT 3-25

n;e
Since m, < m;, then
p*  p* 3.26
_t & _€
ml me
Similarly
nie? nge? 3.27
ml me

Hence 3.20 reduces to

- 52 > e —>* Tleez - N ]-) — 6’ SMl e SME 3’28
at]+V-(v]+]v)—(m—>V-Pe— — |E+ (% —— | xB|=
e

. P “m; 8t m, 6t

The collision terms time are defined as follow (Schunk and Nagy, 2009):

e 6M, G5 = v 3.29
——— = eNYVei(V; — Vp) = Vy;
me 8t e’el L e e
e M, e @, — ) e @ — ) <m6> 7 3.30
— =—NMVie(VUp — V;) = —NeMgVei (Ve — V) = — | — | Vgi
mi 6t mi l Lvie e l mi e e’el e L mi el

Here v;, and v,; are momentum transfer collision frequencies for ion-electron and electron-

ion collisions. The frequencies are not symmetric but instead satisfy the relation 3.31

(Schunk and Nagy, 2009) which has been used to obtain 3.30.
NiMiVie = NeMeVe; 3-31
Since m, « my, then (" /m;) = 0. Hence, €/, (Sﬁi/& (3.30) i.e. first term on the right-
hand size of 3.28 can be safely neglected.

Multiplying equation 3.28 above by — "¢ /n o2 the following equation is obtained:
e

me - 52 =N 1 — - N - 1 - - mevei - 3,32
- 0J+V- (B +/9)|+—V-Br+E+#xB——]xB=—-L
neez [ t] + (U] ]17)] nee e Ui nie] neez ]
nee? 3.33
O =
MeVei
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where o, in the above expression is the parallel conductivity of a fully ionized plasma. The
time scale of variation of  is assumed large i.e. on the order of one period of the infrasound
wave, such that 3,/ — 0. Linearizing the above equation and keeping terms of order 1 in
fluctuations causes the divergence V - (ﬁf +7] 17) = 0. Hence, 3.32 becomes:

J 1 N 3-34
—=—(V-P,—]xB)+E+7¥;xB
O, MNg€

Substituting 3.24 for v; in 3.34, one obtains:

ézé(v.ﬁ;_fx§)+§+(1+%>ﬁx§—%ﬁnx§ 335
J x B term contains the Hall effect contribution:
[ x B eB - wé - 3.36
T = g D=5, 07D
where use has been made of 3.33,
eB 3-37

When the electron-ion collision frequency (v,;) is much greater than the electron cyclotron

frequency (w¢), the Hall effect is negligible by comparison to the conductivity contribution,

. Within the lower-thermospheric region of 85 to 160 km, v,;~10 — 102 s"land w¢ ~

Oe
107 s~1. Even when the collision frequency is not large, it is often possible to neglect both
the Hall current and pressure tensor terms (Schunk and Nagy, 2009). Under these

conditions, 3.35 reduces to:

- x L ox R 3.38
L=E+(1+—n>ﬁxB——nﬁan
O¢ Xi Xi

Equation 3.38 is Ohm’s law for a two-fluid system (consisting of neutrals and ions). Based

on the premise that the masses and temperatures of neutrals and ions are comparable
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(Figure 15), their velocities can also be assumed to be close. Hence, the two-fluid Ohm’s law
(3.38) can be further simplified to the generalized one fluid Ohm’s law

L=FE+9xB 3-39
It is worth noting here that the latest assumption %, = v is a bit forced, even within the
simplifying context of 1IF-MHD (as opposed to the full-blown plasma dynamics treatment).
The two velocities of neutrals, v,, and ions, v; are equivalent to neutral winds and ion drifts,
respectively, which may differ noticeably on diurnal and/or seasonal time scales. A two-fluid
MHD is likely to be more accurate: the neutral-to-ion concentration ratio is then related to
the degree of ionization (assuming atoms are singly ionized). Nevertheless, the theoretical

framework developed here to predict infrasound dispersion and absorption in a PIP

environment is meant to set the stage for future refinement, guided by new measurements.
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Figure 14: Temperature profiles for electrons, ions and neutrals
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3.2.2.1 Conductivity for a PIP
o, was defined earlier as the conductivity of a FIP. In this section, o, for a PIP is derived.
Based on Cowling’s three fluid theory, the parallel conductivity for a PIP permeated by
magnetic field has been developed (Wang, 1993) as follows:

gPIP = gFIPp=1 3.40
where, p is a function of plasma parameters and it is defined as follows (Wang, 1993):

"y, 341

; 2
ml/ven + me/vin

p=1+

Multiply and divide 3.41 by "™/,

Ven/vei 3.42

p=1+
1+ zme/mi Ven/vin

Applying the relation (Wang, 1993):

E ven me 3'43
mi Vin [Ty

Since, m, « m;, then /me /ml. — 0. Such that 3.42 then becomes:

p=1+""/, 3-44
Next, the magnitude of the ratio V"”/vei is examined within the lower thermosphere. Over
the range: 85 — 160 km, v,,, ranges from 10° — 103 s, while v,; ranges from 10 — 10% s 1.
Hence, the ratio: Ve"/vei varies from 10* — 10. However, conductivity values used in

evaluating the model developed for a charged thermosphere were extracted from
atmospheric conductivity profile documented in literature, therefore the factor p is not

considered.
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3.3 Simplified MHD Equations

At the outset, it is assumed that fluctuations in the electric and magnetic fields are solely the
result of the acoustic perturbation. Hence, the variation of E is over the acoustic wave
periods, which are relatively long for infrasound. Hence the displacement current in

Ampere’s law (3.19) can be neglected. Since the plasma is neutral p.E = 0, similarly p.E -

¥ and V- E = 0. The set of equations characterizing the PIP becomes:

Op+ V- (pv) =0 3.122

pDB=V-5+pg+]x B 3.13a

0 (L) = 505 -v-G+](F +5x5) 3.142
y—1 "\p¥

p = pRT 3.15a

V-E=0 3.16a

V-B=0 3.17a

VxE=-0,B 3.182

VxB = #of 3.19a

J=0.[E+ (¥ xB)] 3.20a

The atmosphere is considered to be windless (7, = 0). Also, for simplicity of the argument,
only a geomagnetic ambient field is assumed to be present; no ambient electric field, hence
no ambient current density (E,, J, = 0). Assuming no variation in ambient density with time,
9:po = 0. Applying hydrostatic equilibrium V,p, = —pog . The thermosphere can be divided
into sub-layers, each with an average temperature. Hence, within each layer V,T, = 0.
Linearizing equations 3.12a to 3.20a:

0epr + V1 - Vopo +poV-7; =0 3.12b

, 4 , L, = 3.13b
Po0:v; = —Vpy + §HV(V "U1) +p1g+J1 X By
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}%1 [0:p1 + V1 * Vopo + ¥Po (V- U1)] = kV2Ty 314b
Po = poRTo, 5= V@ and p; = p1RTy, 5= B 3.15b
Po P1
V-E, =0 3.16b
V-By=0andV-B, =0 3.17b
VxE, =—0,B, 3.18b
Vx By + Y xB; =y 3.19b
Ji = 0.(E, + ¥, x By) 3.20b
3.3.1 Hydrostatic Equilibrium
Expressions are sought for terms: v; - Vp, in 3.12b and v, - Vp, in 3.14b.
Vobo = —Pod 3.45
Atmospheric pressure varies exponentially with altitude as follows:
Po(2) = po(0)exp™ /Ho 3.46
where H, is scale height defined as:
U1 - Vopo = —V1zz—z 3-47
U1 - Vopo In 3.12b is expressed as follows, applying the equation of state 3.15b
V1 - Vopo 3.48

U1 - Vopo =

The variation of g with height i.e. g

RT,

= g(z) is assumed insignificant, at least within each

isothermal layer. Assuming plane wave propagation:

—iwpq +

171 *Vopo

T 3.12¢
RTO + lpoK - Ul = 0
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[wpoV Rpy — S uK(K - i+ xB 3.13¢
—iwpovy = —iKps — §.UK(K *T1) +p1g +J1 X By
. Po . - '
—iwpy—viz -+ iypo(K- 91) = —k(y — DKTy 3-14¢
0
Po P1 1
Po = poRTy, C_? =y— and p; = p1RTy, C:? == 3.15¢C
Po P1
lR) " El = 0 3.16C
iK-B,=0 3.17¢
B R 5 L KX E1 3.18¢
KXEl :(UB1:B1:
w
iK x By ~ pofy 3.19¢
jl = Ue(El + 1}1 X Eo) 3.20¢

The objective of the next sections is to derive characteristic equation, which depends on

vectors U, Kand B,.

3.3.2 Evaluating J, X B, Term in the Momentum Equation
In this section, an expression is sought for J; x B, as a function of %, Kand B,. First E; and B,
are expressed as functions of %, Kand B,.

Substituting 3.18c¢ for B, in 3.19c¢ and substituting 3.20c¢ for J;in 3.19¢. 3.19¢ then becomes:

iKx (KxE L 3-49
% ~ Ug0e(Ey + Uy X By)
Expanding the LHS of 3.49 via a vector calculus identity and then applying 3.16c,
iKx (KxE;) —iK2E, 3.50

i — o = -
- SI(R-E)R- 7 -

w w

Replacing the LHS of 3.49 with 3.50 and collecting like terms, the following expression is

found:
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E> N _ﬂoo'e(ﬁl X EO) _ i(l)‘uoo-e(ﬁl X EO) 3'51
1~ . = .

iK? K? —iwuyo,
(.u()o-e + T) ( Ho 6)

A similar expression is now sought for §1, substituting 3.51 into 3.18c¢

K x E; ~ iﬂo%ﬁ x (g % §0)]
w - (Kz - iwﬂoae)

B, =
Applying a vector calculus identity to K x (#; x By):

R x (3,  By) = (R~ Bo)os — (R 515,
B, becomes

B, = Ag(ae, )[(K- By)v, — (K- %,)B,] 3.52
Ag(0,, ) is a complex coefficient which characterizes electric conductivity effects

o0 _ I 3.53a
2§ - 2
(K? — iwpgoe) ( K* _ iw)
UoOe

AB (Ue' (1)) =

From 3.19¢ (applying vector calculus identity), the following expression for J; x B, is found

o By = AKX fol) B0 LBy x RxB) = o [(Bo BOR- (B BB O
Substituting 3.52 for §1 in 3.54a
(By - B.)K = 4g[(K- B,)(B, - 9,) — (K- %,)BE] 3-552
(Bo - K)B, = Ag(B, - K)[(K- By )9, — (K- #,)B,] 3.56a
Substituting B, = B, b,
(By - B1)K = AgB3[(K-bo)(bo - 1) — (K- ,)]K 3.55b
(By - K)B, = AgB}(bo - K)[(K - o) 9, — (K- By )by] 3.56b
Substituting 3.55b and 3.56b into 3.54a, the following expression is obtained:
A 3-54b

. - ST
J1 X By = l-B#OO {[(K- bo)(bo - 1) — (K- 91)]K = (bo - K)[(K - bo )ty — (K- #1)bo]}
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AgB2 (e~ n e o
f#oo {[(K bo)(bo~ #1) = (K- B1)|K = (K b) %1 + (B - K) (K- vl)bO}

Inserting v,, the following expression is obtained.

J1 X By =

- — ~ — A ~ N — N — — A~ 2_) ~ — — N ~
]1 X BO =~ _iAB,DOV[% {[(K " bo)(bo " Ul) - (K " Ul)]K - (K : bo) Ul + (bo : K)(K " Ul)bo}

3.3.3 Deriving Expression for p; in Term of ¥, Kand B,

An expression for T, as a function of p, (Landau and Lifshitz, 1959) is:

ﬁpT0>

T, = (2=

1 < PoCy P1
Substituting 3.58 for T;in 3.14c and applying 3.15¢

. Do . - BpTo
lwpy = —vle_O + lPOCg(K . 171) +Kk(y — DK? <p:;c> P1
P

Collecting like terms and applying hydrostatic equilibrium,

. PoTo 2%
[zw — k(y — DK? (”— P1 = —Pogvi, + ipoct (K- B;)
PoCp

_ —PogViz t iPocg(R' ¥, ) _ Po igvyz + CS(R “U,)

" et - o (BR)] @ 1 [ (BT

PoCp w PoCp

_Poigviz + c3(K-y)
w A, (k, w)

P1

A, (k, w) is a complex coefficient which quantifies thermal effects:

A,(k,w) =1+ [K(y ~ DK? <BPTO>]
S, w) =

) PoCp
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3.3.4 Obtaining the Characteristic Equation

Substituting § = —g2 and 3.15¢ into 3.13c, the following equation is obtained:

7 o I .6

iwpeVy — (lK + g2 >p1 MK(K'171) +J1XBy=0 i

Next, derived expressions for fl X EO (3.57) and p; (3.60) are substituted into 3.62
K- 4 3.63

lwpoyVq — <lK + gz) Polgviz + CO( vl) yK(K v,)
cé Ap
- SN N1 s s N2
- iABpovj {[(K " bo)(bo " Ul) - (K " Ul)]K - (K * bo) 171
Collecting terms in #;, K, by and 2

pog igvy, + c3 (K- vl) 3.64

ipo [w+ABvA(K by) ]vl ipgAgv(by - K)(K- ;)b — o,

] 2 ﬁ v 4 —
—ip {lgvlz +w;;)( Vl) 4o U (K . 7-_7)1)
p

_ Apv3[(R-5o)(Bo - 1) — (R - ag]}ﬁ

3.3.5 Significance of Coefficients A and 4,

In this section, the physical significance of coefficients Az (., w) and A, (k, ) is investigated.
For a highly conductive plasma, i.e. o, — oo, then 4z — — 1/ w- Similarly as k — oo,
imaginary part of 4, (k, w) — oo, which implies a lag between pressure and temperature
fluctuations. For a ‘cold’ plasma (i.e. a low degree of ionization), as 6, — 0, then Az — 0

and B, — 0 implying such a plasma would only sustain electrostatic waves such as plasma
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oscillations or ion acoustic waves, depending on w. As k — 0, A, — 1. This implies there are
no thermal losses, therefore p;and T, are in phase.

To evaluate the validity of the NS characteristic equation developed for a PIP, we evaluate
equation 3.64 for the idealized case of a fully ionized plasma of infinite conductivity (g, —

o) neglecting the influence of gravity i.e. g = 0 and visco-thermal losses i.e. u, k = 0. Under

these conditions, 4z = —1/w and 4, = 1:
ipo 0~ v (K- Bo)’| B + 2 v3 (B K)(K - 51)Bo 3:65
i fBER) L )5 - ()R
Rearranging, multiplying 3.65 by — “/; 00
|[~w? + v3 (K- Bo) | B2 — w3 (Bo - R)(K - 1) 3.66

+{(c§ + vH(K- 1) — vi (K- bo)(bo - #1) K
Equation 3.66 is a “textbook example” of the dispersion relation [see, for instance, Schunk
and Nagy (2009)] for characteristic waves that can propagate in a single component, highly

conducting plasma.

3.3.6 Solving the Characteristic Equation in a PIP

Equation 3.64 is the dispersion relation for characteristic waves that can propagate in a PIP.
The waves may be classified as electrostatic (E; # 0, B, = 0) or electromagnetic (E; # 0, B, #
0) while their polarizations can be longitudinal (K | #;) or transverse(K L #,).

Three modes exist to 3.64 depending on relative direction/orientation of vectors #;, K

and b,.
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3.3.6.1 Case I: Ordinary/Pure Acoustic Wave (K || %; and K | by)

In this mode, the acoustic wave propagates along the lines of the magnetic field as shown in

Figure 15 below.

Z
By
N K
N vy
>y

b

Figure 15: Pure acoustic mode

K=K2, by=2and, = v,,2 3.67
I_()' EO = K,I_() 1_7)1 = Kle'BO '1_7)1 = le
Substituting 3.67 into 3.64
_ _ igvy, + cEKv 3.68a
ipo|w + AgviK?|vy,2 — ipoAgviK?v,,2 — pof Nz T 0Nz,
cs wA,
igvi, + cKv 4 .
—ipy 90z 01z s Kvy, + Agvi[Kv,, — Kvy,] 1 K2
wA, i3pg
which further reduces to
3.68b

icc 4 2
(s Bk +i(w-——L—) =0
wA,  3po weyhy

3.68b can be cast in form of an effective frequency and phase speed of sound as follows:
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[2—92]

4wu

3P0

3.68¢c

For a lossless (i, k = 0) medium and neglecting gravity i.e. g = 0, equation 3.68c reduces to
dispersion relation, K? = w?/c? for an ‘ordinary’ acoustic wave (Pierce, 1981) which is found

in any acoustic textbook. Substituting for A, , 3.68b can be written explicitly as follows:

(i4uctCHK* + (4duwcd + 3pywciC, + i3pocd)K? + 3ipy(g? — w?cd) =0 3.68d
where
k(y — 1)B,T - K? .61b
C)(:M’ Ap(}c,w) = 1+i[CK—] 3
PoCp W

Solving 3.68d analytically for K is tedious, if not impossible. Hence, a numerical solution is
sought for K in MATLAB. In evaluating this model, K was calculated by solving the
dispersion relation 3.68d at an altitude of 100 km, the following wavenumbers were
obtained for f = 0.5 Hz (Kn~0.0002).
K, = 0.01110806 + i0.00000952,= ¢ ~ 283 ms~ ! & « ~ 0.083 dB(km)~! 3.69
=0.01223192 + i14.27466025,= c ~ 257 ms~ ! & o« ~ 123,990 dB(km)~?! 3.70
The other two solution are mirror images of the 3.69 and 3.70, with their real and imaginary

parts being negative.
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3.3.6.2 Case II: Alfvén Wave (K L %; and K || by)

In this mode, a transverse wave propagates along the lines of the magnetic field. The wave

‘plucks’ the magnetic field lines.

=

K=Kz,

N>

S
Il

N>

BN

Figure 16: Alfven mode

dv, =vX v, =0

I_()'E():K,I_()'ﬁl:O,Bo'ﬁl:O

Inserting 3.71 into 3.64, the following equation is obtained

lpo[(l) + ABUXKZ]UIJ,C\ = 0

The resulting dispersion relation is

3.72b can be cast in terms of frequency and an ‘effective’ Alfvén wave speed as follows:

0)2

w+ AgviK? =0

—wAgv?

w
2y

3-71

3.72a

3.72b

3.72¢

For an idealized ( o, — o) medium, equation 3.72c reduces to dispersion relation, K? =

w? /v?2 for an Alfvén wave (Schunk and Nagy, 2009). Substituting for A5 , 3.72c can be

written explicitly as follows:
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(w? + C2v)K? — (w?C2v3 + iw3C,) =0 3.72d
where

iCe _ i 3.53b
2 - 2
(K? —iwC,) (Ié_ _ ia))

e

Ce = U0, AB (e, w) =

3.72d is solved for K at 100 km for f = 0.5 Hz, the following wavenumber is obtained:
K = (1.40684163 + i1.40684163) x 107°, 3-73
= v, ~ 2,233,981 ms ! & =~ 0.012db(km)~!
This solution represents an evanescent mode (non-propagating). The Alfvén wave is an
electromagnetic wave which is not the focus of this work. Next, the characteristic equation

3.64 is evaluated for the magnetosonic wave.
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3.3.6.3 Case III: Magnetosonic Wave (ﬁ | 5, and K L by)
In this mode, the acoustic wave propagates perpendicularly to the magnetic field lines,

causing compression and rarefaction of the magnetic field lines.
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Figure 17: Magnetosonic mode

K=K%, by=2and %, = v,%2 v;, =0 3.74

Inserting 3.74 into 3.64

ippwv, X — p(f;:l 2—1ipg wc_lgp + % — Agvi| K?v, % 375
From 3.75, two dispersion relations are obtained. The first is:
_PogK _ 3.76a
wA,
substituting 3.61a into 3.75a, the following representation of 3.75a is obtained
[k(y — 1B,To]|K? + iwpocy, = 0 3.76b

For a lossless medium(x = 0), K = 0. However, for a thermal (k # 0) medium, the following

wavenumber is obtained at an altitude of 100 km for f = 0.5 Hz:

45



K = 0.35193443 — i0.35193443,= c ~ 9ms~* & x ~ 3057 db(km)~* 3.77
This represents a non-propagating ‘thermal-like’ mode considering that its occurrence solely
depends on k # 0. Hence ¢ = 9 m/s is not a sound speed but a thermal wave speed.

The second magnetosonic dispersion relation obtained from 3.75 is

—wc—i+%—ﬂgvj]l(z+w=0 3782
3.78a can be cast in terms of frequency and an ‘effective’ magnetosonic wave speed as
follows:

K = ct 4a)22 . 27
i + 3, wAp vj]

For a lossless (i, k = 0) and ideal ( 0, — o) medium, equation 3.78b reduces to dispersion
relation, K? = w?/(cZ + v32) for a magnetosonic wave (Schunk and Nagy, 2009).
3.78a can also be expressed as follows:
—i4uC, K® — [i3py(W2C,C, + c2) + 4uw(1 + C,C,) + 3wpoC] K* 3.78¢
+ [i3w?py(1 + C,C,) + i4uw?C, — 3wpyC.(cd + v3)]K? + 3w3pyC, =0
3.78c is solved for K at 100 km, and the following wavenumbers are obtained:
K, = 0.01110806 + i0.00000952,= ¢ ~ 283 ms™! & « ~ 0.083 dB(km)~* 379
K, = 0.01223192 +i14.27466025,= c ~ 257 ms~' & o ~ 123,990 dB(km)~! 3.80
K; = 0.00000079 + i0.00000079, = ¢ ~ 3,978,300 ms~1 & « ~ 0.007 dB(km)~*  3.81
The first two solutions are same as those of the pure acoustic mode, while the third is an

evanescent ‘electromagnetic-like’ wave.
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3-3.6.4 CaselIV: (R) 1 1_7)1, R) 1 BO and BO 1 1_7)1)

For this case, K- by = 0,K- %, = 0,b, - ¥, = 0 and v;, = 0. Under these conditions, 3.64

reduces to trivial solution, w = 0.

3.4 Acoustics Energy Loss Mechanism
In this section, the acoustic absorption in the presence of ambient and fluctuating magnetic
fields is sought explicitly as intensity losses. The goal here is to estimate the additional
absorption occurring when work is done by the wave to cause magnetic field perturbations.
This approach is, at this stage, speculative: it represents a preliminary basis for extending
the “usual” treatment of intensity dissipation--based on thermo-viscous losses--to include
electro-magnetic effects. Considering a medium with small viscosity and thermal
conductivity, the direct method is to obtain the attenuation coefficient of acoustic waves via
the Energy Dissipation Corollary (EDC), based on the energy balance equation expressed in
conservative form (Pierce, 1981):

atw+V-f=—D 3.82
The terms are defined as follows:
d.w is the time rate of change of acoustic energy, w.

V - I is the net rate of outflow of acoustic energy through surface area of the fluid volume.

I = p¥ is the acoustic intensity measured in Wm™2.

D is the acoustic energy dissipated per unit volume and time.

47



3.4.1 The Magneto-fluid Stress Tensor

In order to account for the effect of electric and magnetic forces, the Maxwell stress tensor is
added to the fluid stress tensor (previously defined). Since the plasma is neutral, only the
magnetic contribution to Maxwell stress tensor is considered.

B? 5 +BiBj
210 7 o

mag __

— visc ’
oijj =0y t+o0 = —pdi; + 0 —

ij

collecting like terms, the following representation is obtained:

, B2 B;B; 3.83
visc | smag _ _(p +—)5.- +ud;; +—2
2o Y Y Ho

Expanding the 1st term of 3.83

B2 (B, + B,) < B? ) < B,- Bl> 3.4
t—=po+p+——=po+=— |+ [p1 +
P 2p PoT 1 219 P 219 P1 Ho

i.e. ambient and perturbed net (i.e. magneto-fluid) pressures, respectively (keeping terms of

order 1 in perturbed quantities).

3.4.2 The Momentum Balance Equation
Po 0Dy =V -T+pg =V- (575 +5M9) + py g+ p1g 3.85
The RHS of 3.85 can be expanded by substituting 3.83 and 3.84 as follows:
B 3.86

g - Bg <> E)O' 1\ «— 1 — —> N N
V-G+pd=-Volpo+=—|T-V|p + I+uV-®+—(V-BB)+pyd+pid
249 Ho Ho

Applying hydrostatic equilibrium and using vector calculus identities on the magnetic terms,

the RHS of Equation 3.86 can be transformed as shown below. For the first magnetic term,
2
Vo (BO 2 .Uo) = 0 because the geomagnetic field is assumed uniform. The second magnetic

term in 3.86 becomes:
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V( EO " El) = (EO " V)El + (§1 " V)EO + EO X (V X El) + §1 X (V X Eo) 3'87
= (EO * V)El + (El * V)EO + §0 X (V X §1)
where V x By, = u,J, = 0, since it is assumed that E, = 0. The third magnetic term on the

RHS of 3.86 involves the divergence of BB dyad. The dyad’s ij component can be expanded
in terms of first-order field fluctuations, as:

1 — = 1 A
—(V-BB) = —z €;0;(BoiBo; + BoiB1j + B1iByo;)
Ho Ho T
where terms have been kept to order 1. Since the ambient geomagnetic field is considered
uniform.
Z éla](BolBOJ) =0
ij
Hence,
1, .. 1,
— (V ' BLB]) = —Z eiaj(BOiBlj + BliBOj)
Ho Ho

ij

1 A
= ’L{_ ei(BOiajBlj + BOJBJBH)
(e
U

1 1. - - -
E él(BolajBlj + BOJOJBH) = ‘LL_O [BO(V " Bl) + (BO " V)Bl]
ij

1 L 1. R R R
- (V-B;B;) = - [Bo(V-By)+ (By-V)B] 3.88

Conservation of momentum equation (3.85) becomes:

- 1 = e g = - - «—
po 0V = —Vp; — M—O[(B0 “V)B; + (By " V)By 4+ By x (VX By)| + uv - @
3.80a
1 =g g - - N
o [Bo(V - B1) + (Bo - V)Bi] + p1d
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Hence, 3.89a becomes:

A 1. . - . 3.89b
po atvl = _Vp]_ _M_O[BO X (V X Bl)] + ,uV * CI) + +p1g
Po8i¥hy = —Vpy — By X J; + uV - & + +p g 3-89c¢
where Ampere’s law for the magnetic fluctuation was used, in the form:
V x By = poly
3.4.3 The Energy Balance Equation
By-Bo)(V- ¥ 3-90
poTOatsl = V " (KVTl) + ( 0 0)( 1)
Ho
To derive the equation for the conservation of acoustic energy, the following ‘recipe’ is
followed (Pierce, 1981):
By-B 3-91
¥, - Momentum + g Continuity + (—) Entropy
Po Ty
First, the LHS of 3.91 is evaluated as follows
5 5 P1 §0 ) §1 Ty 3-92
V1 P 0¢Vy + (% + LoPs )atpl + T_0P0T06t51
Applying product rule to the first term of 3.92 i.e.
at(ﬁl - 1_7)1) = 1_7)1 - atﬁl + at'l_}l - 1_7)1 = 1_7)1 - atﬁl = 1/2 atvlz 3'93
Similarly, applying the product rule to second term of 3.92 i.e.
§ ' § P1 §0 — P1 §0 — 3‘94
—— 0¢p1 = O <__ : B1> - (atBl)
HoPo Po Ko Po Ko

Substituting 3.93 and 3.94 into 3.92 and substituting p, /c3 for p;, the LHS of 3.92 becomes:
1 1 p? T By - B - 3-95
9, (Epo vlz) + at< - Msf) + 0 (ﬁ—o : Bl> - %H—O- (8:B1)
0 M0

2pgcs  2¢p Po Ho
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Next, the RHS of 3.92 is:

- - < - =g 7 - - E ' E - T
0y Vpy + iy - (V- 8) = By - (By xJ1) + oy - G — (m += 1)V-v1 + 7 (KV2Ty)
° 3.96
Tl — -
+ By By)(V-%,)
HoTo ( 0 0) !
. o . . 4 , 3.97
Uvy - (V . dD) = uv; z eiaj(cbij) =g UV V(V-v;)
ij
Applying product rule to the RHS of 3.97, the following equation is obtained.
, . 4 . . L N2 3.98
pi - ) 60y by = (V- 5,7 5] = (V- 5)7)
ij
Applying product rule to sixth term of 3.96, we obtain the following equation.
K K
=TV (VT1) = [V - Ty (VT}) = (VT1)?] 399

To To

Applying vector calculus identities to fifth and seventh terms of 3.96, we obtain the following

equations.
B,-B L1 e L L 3.100
< 0 1>V-v1 = L (B B)ir] -5, V(B - BL)
Ho Ho
(E;o ' §0)(V ‘Uy) = (§0 X §0) (VX 7p) + (§0 ' V)(§0 )
(By+ Bo)(V+9y) = (By - V) (B, - 71) 3.101

Substituting 3.98, 3.99 and 3.101 into 3.96, the following representation of the RHS of 3.92
is obtained:

- T 4 - - - - =¢ 7 - -
=V-ipvy — T—;(KVTO] + §M{V' [V, (V- v)] — (V- 171)2} — V- (Bo X]1) +p1v1 9
3.102

1 —_ —_ - - —_ —_ K
——{V-[(Bo - By)¥1| — ¥, - V(By - By)} — = (VT,)?
Ko 0

I

+
KoTo

(Bo " V)(Bo 1)
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Grouping terms with divergence in 3.102, we obtain:

, I 4 . 1., =, 3.103a
=V [p1v1 — 7 (kVTy) — s uv (V- vp) + — [(Bo 'B1)V1]
Ty 3 Ho
The other terms (without divergence) in 3.102 are:
4 . L = - L. L K 1. - o .103b
——u(V- 1) =9 (Bo X]1) +p1Vy G —— (VT2 +—1 'V(Bo 'B1) 3-103
3 To Ho
T, _
+——(By-V)(By ¥
LBy 1)y )
Comparing the LHS (3.95) and RHS (3.103a and b) with 3.82i.e. 9w + V - I=-D
1 2 T,s2 B,-B 3.104a
W=—<p01712+ P12+P0 0 1>+& 0" D1
2 Po €4 Cp Po Mo
=4 - T 4 - - 1 =g =g -
[=pB — = KVTy) —=ut (V- B,) + — [(Bo - By)v4] 3.104b
Ty 3 Ho
D = S (V- 3% + 51 - (Bo xJ) — pri - § + e (V)2 — — 5, - V(B - By)
3 1 1 0XJ1 1V1 Ty Ut o L 0 b1 3.104¢

T1 — — 5 p1§0 —
By-V)(By - -———-(0,B
#oTo( 0 )( 0 vl) Po Ko ( ‘ 1)

Now that the energy dissipation for corollary for an acoustic wave in a PIP has been derived,

the next step is to determine the attenuation coefficient. This is done in the next section.

3.4.4 Determination of Plane Wave Attenuation Coefficient

The classical attenuation coefficient («.;) is found using the relation (Pierce, 1981)

D12 3.105a

Dy = |D| = 2 < I, Wherely, =
PoCo

Implicit in the expression for I,,, is the assumption that: magnetic pressure is ‘insignificant’

compared to the acoustic pressure. Since magnetic effects have been added into our
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framework, 3.105a can be adapted to finding an expression for magneto-classical

attenuation coefficient, «,,*? as follows:

o9 1Dgy 3.105b

cl 2 Iav

Each term of D (3.104c) is evaluated in the subsequent sections.

3.4.5 Evaluation of the Dissipative (D) Terms
For plane waves, the particle velocity (7,) is obtained as:

B, = P15 3.106
PoCo

T, is defined in terms of p; in equation 3.58. Its gradient is:

BT BT\ B T,K\> 3.107
VT, = <p"’_c° Vp, = p”c" iKp, = (VT})? = — ;’—0 (p)?

0¢p 0¢p Ocp

3.4.5.1 Evaluation of the Term 4/3 w(V-v,)?

Inserting 3.106 and, V= iK where, K = Kk the following representation is obtained:

4 R 4 . 2(Kp\? 3.108
VB2 = — (k- ) (22
Fu 5P = —u(e-0)’ (C1)
3.4.5.2 Evaluation of the term v, - (B, x J;)
From equation 3.57,
— - ~ — o~ ~ N - — —  ~ N2, ~ N SN
By X J; ~ iAgpyv3 {[(K +Bo)(Bo - B,) — (K- 5)[K = (K- bo) 9y + (B - K) (K- vl)bo} 3.109
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hence,
;- (Bo X J1) = iAgpov {[(ﬁ bo)(bo - 1) — (K- 9,)](#; - K) — (K- 30)2(1'7’1 - Uy) 3-110
+ (bo - K) (K- 5, ) (¥ - BO)}
Inserting 3.106 and K = KKk, the following equation is obtained and further simplified.
By - (Bo x J1) = iApov {|(K- o) (Bo - 1) (71 K) = (K- 51) | - (K-Bo) (B - 7p) 3118
+ (B K) (K- 5,) (31 - b))

2 3.111b

W = . KDIN? [ i o nre npn N e N2 e a2 3.111C
By - (Bo % J1) = iAgpov} (m) [Z(k-bo)(bo-v)(k-v)—(k-v) — (k- by) ]
3.4.5.3 Evaluation of the Term p;7, g
From the linearized mass continuity equation
0cp1 = —poV Uy
. . ~ b1
—iwpy = —ipgKk - ——7
! ° PoCo
Kp; ~ 112
= ﬂk D 3

wCy

substituting 3.112 into the 3rd term of 104c, the following expression is obtained and further

simplified:
S Kp; ~ D1 9P0<KP1)2 ~
v =——kV—0V-g2=—"—|—) (k-D)(®-2
prvyg == k0o -0 g oK \poc (k-0)(@-2)
5 o 9gpPoCo (Kp1 2 N rn A 3113
PV1g =~ 5 <_Poco) (k-9)(®-2)
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3.4.5.4 Evaluation of the Term ¥ /To (VT,)?

Applying 3.107 to the fourth term of 3.104c, the following is obtained:

55#)(02 .

PoCp

5an=——<

Inserting the following expression for g5 (Pierce, 1981)

g2 = (y — D, 3.115
P Tocs
K Kk (v — Dy (ToK\° (y — Dk (Kps\?
— (V)% = ”( 0 > (p)? = _—<_1) 3.116
Ty To Tocs PoCp Cp PoCo

3.4.5.5 Evaluation of the Term 1/”0 v, -V(B, - B,)

Applying 3.521i.e. B; = Ag (0., w)[(K- By)v; — (K- ¥;)B,] to the fifth term of 3.104c:

1, - o Ag | a e = o 3.117
—U V(BO - Bl) = —Bv1 - V[(BO - Ul)(K " Bo) - BOZ(K " Ul)]
Ho Ho
Substituting for ¥, By, V and K
Ho Ho PoCo Poco POCO
- = iAgB,* K 118
b w(E 5 = L2 [y ) B 9) - (ko)) (L) ’

. T — — —
3.4.5.6 Evaluation of the term " 1 woTo (Bo-V)(By - 7,)

Substituting for Ty, B,, V and %, in the sixth term of 3.104c¢:

1 (BT, P s~ D1
V)(BO vl)— <ppc;)p1> (Bobo'lKk) (Bob0'$1]>

LKB 2B, ck R
OCOC?(zO (Bo - ) (Bo - )
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(r—Dc 1 ,(y—l)c
2 _ p - 7P
ho = T,cl = Po Co T,
I = = - iBy’cy 1 ’(Y Dey (Kp1)2
—(B,"VI B, - = —_ by k)(b
lloTo( 0 )( ° vl) HocpK co To ( 0 )( o ) PoCo
T = vm o Bo’co f(y 1)cp (Kp1>2 3119
-V)(By - = by k)(b —
toTo )( ° vl) HoCpw ( ° )( o ) PoCo

3.4.5.7 Evaluation of the Term (p,/popo)B, - (9,B1)

Substituting for p;, By, B; and 9, = —iw in seventh term of 3.104c:

P1 iwAg py - [( ) ( ~ D1 A)]
B 0:B,) = — k Boby - —— Kk - Byb By“ | Kk -——
Hopo (0B = HoPo € 020 hoco (e Bobo) = Bo PoCo
P = o iwAgB2 p?
By (0:B{) = — b k-b By (k-
toPe ° (0:51) 1oCo (k- 2)[(Bo - ) (k- bo) — Bo*(k V)]poco
iApBy* 217k 3.120
OB (2,51 = (o 9) (R Bo) (k- 9) — (k- 9)°] (L )’
HoPo PoCo

Adding all the evaluated terms of D together, one obtains the following expression:

4 — Dk (Kp1\° co (Kp1\
D=—§u(k-ﬁ)2—(y ) ( pl) 4 9P 0( P1

k-9)(®-2)
Cp PoCo w? P000>( )

D

+ iA‘B‘DOvX [Z(E ) BO)(BO )

)(k+9) = (k- 9)" ~

@‘

— (k- by) ](ﬂ)z 3.121

iBy%cy |( 1)cp

HoCpw

(5o B)(By-0) (X22)

PoCo

Further simplification of above equation yields the following equation:
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4 - Dk Co
i )2_()/ ) +gp020(k-13)(13-2)

D=<- y(k-ﬁ -

p

+ iAppyv2 [2(,; +Bo)(By - 0)(k - D) — (k - ﬁ)z — (k- Bo)z]

iBy2c, f(y—l)cp . (Kp1)2
— bo - KY(B, - D)\ [ —=
HoCpw To ( ° )( 0 v) PoCo

Following Pierce’s (1981) ‘recipe’, Dy, is time average, D found as follows:

3.122

Dav = D_x + iD_y = oczrllagzocx (D_x) +1i ocy (D_y)

The real part of «,? represents absorption while the imaginary part represents dispersion.

From equation 3.105b,

mag __ 1% 3.105¢C
c 2 I,
Hence, the attenuation coefficient can be expressed as follows:
1 w2 |4 ,. 2 G-k gpoco,~
mag _ — _ Y _ D ~ .5
Xy o= 2 p0ca? |3 (k v) + o Py (k v)(v 2)
- e e ~ . 3.123
— iAppov} [2(k - bo) (o 9)(k - 0) — (k- 0)" — (k- bo)’|

iBy’c -1, , -
+ 0 *0 (y ) D (bo .
HoCpw To

&9
—
~

S

S
D
—

3.4.5.8 The Attenuation Coefficient for Acoustic Waves

The following attenuation coefficient is obtained from 3.123 when acoustic waves propagate
along the direction of the magnetic fieldi.e. k-9 = 1,k- by =1,hy- 9 =1and ¥-2 = 1.

. 12
mag _ 1 w? 4_:“ (y_l)K_ngCO +lBOZC0 (y_ l)cp 3125

2
Cp W UoCpw To

c T EPOCOS 3

57



In the absence of thermo-viscous losses (1 = k = 0) and neglecting gravity (g = 0), <, is

purely imaginary, meaning that it only contributes to wave dispersion. The wave number,
expressed as:

mag 3.126a

- ®
K(w):C—+lo<d
0

becomes, in this case:
3.126b

Kw)=|——-2 i=
Co 2PoCiioCy T, 20003 | 3 Cp w?

- w 1 wBy’ |(y-1g oL@ [ (y—l)x_gpoco]

co 2chc, To 2p0co®| 3 Cp w?

w lovi |y—De| .1 w? 4_#+(V—1)K_9P0C0]

Evaluating the above wave number at 100 km for f = 0.5 Hz yields the following value:

K =0.01100913 — i0.00005199,= ¢ ~ 286 ms~ ! & « ~ —0.452 dB(km)~* 3.127
The wave number 3.127 is then compared to those obtained in the pure acoustic mode via
the MHD approach i.e.

K, = 0.01110739 + i0.00000952,= ¢ =~ 283 ms~! & « = 0.083 dB(km)™!
K, =0.01223192 + i14.27466025,= c ~ 257 ms~ ' & o« ~ 123,990 dB(km)~!

The wave number obtained via EDC approach lends credence to the validity of the re[K]
obtained via MHD. The attenuation coefficient obtained via EDC represents energy gain and

is nearly 5 times larger than its MHD counterpart.

3.4.5.9 The Attenuation Coefficient for Magnetosonic Waves
When the acoustic wave propagates perpendicularly to the magnetic field lines

(k-9=1, k-by=0,by- 9 =0and ?-2 = 0). The following attenuation coefficient is

obtained:
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1 w? (40 (y—-1k s 3.128
mag __ . 2
X = 2 PoCo? {? + T, + iAppovy
w 1w?dzv? 1 w? [4 — 1Dk 3.129
= K(w)=|——->s—=2|+i= 3_u+(y )
o 2 ¢ 2p0C0° | 3 Cp
Substituting the following expression into 3.129,
_ [
Ap(0,, w) = KN
——iw
)
and after some complex number manipulations, the following expression is found:
ocma9=1 w? 4u N (y — Dk poviK?cC, ; wpoV3C, 3.130
cl 2poco3| 3 Cp CK*+ w?C? K4+w263
w 1 w3v3C, 1 w? 4;1 y— Dk poviK?C, 3.131
= K(w)=|—+= > —+ >
2003(K4+w2C ) ZpOCO Cp  K* + w?C2

Evaluating the above wave number at 100 km for f = 0.5 Hz yields the following numbers:
K, =0.01110808 + i0.00000952, 3.132a
~ 283 ms ! & o~ 0.083dB(km)~?!
K, = 0.00000142 + i0.00000142, 3.132b
= ¢~ 2,259,160ms 1 & x = 0.012 dB(km)~!
The first solution agrees with K; obtained in the MHD approach shown below
K, = 0.01110806 + i0.00000952,= ¢ ~ 283 ms~! & «x ~ 0.083 dB(km)~!
K, = 0.01223192 + i14.27466025,= c ~ 257 ms~' & o« ~ 123,990 dB(km)~!

K5 = 0.00000079 + i0.00000079,= ¢ ~ 3,978,300 ms ! & « ~ 0.007 dB(km)~!
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Chapter 4: Conclusions and Recommendations

4.1 Continuum vs. Non-continuum Mechanics

The non-continuum (BU) mechanics approach yielded lower infrasound absorption
compared to the continuum (NS) mechanics. This reduction can be attributed to the
interdependence of the stress tensor and the heat flux in the non-continuum mechanics.

It is expected that, the predicted amplitudes of thermospheric returns produced by the non-
continuum approach would show better agreement with measured signals. The decrease in
attenuation of acoustic waves produced by the non-continuum approach becomes more
pronounced with increasing infrasound frequency. It also increases with altitude, up to
about 40% decrease at 160 km. The Burnett treatment results in dispersion, increased sound

speed up to about 9% was noted for f = 0.5 Hz (see Figure 11).

4.2  Electric and Magnetic Effects on Infrasound Dispersion and Attenuation
The two wavenumbers obtained for the pure acoustic mode were also produced by the
magnetosonic mode in addition to a third solution of the magnetosonic wave which is likely
non-propagating. In the pure acoustic mode, the acoustic wave does no work on the
magnetic field i.e. no magnetic field fluctuations are produced. The wave propagates along
the magnetic field lines. Hence, the first solution of both the pure acoustic and magnetosonic
modes i.e. the wave number with attenuation on the order of 1072 can be regarded as a
purely acoustic wave. While, the second solution with attenuation on the order of 10°can be
regarded as purely magnetosonic wave. The relatively high attenuation of this magnetosonic
wave can be attributed to the work done by the wave on the magnetic field. The
magnetosonic wave propagates perpendicularly to the magnetic field lines causing periodic

bunching of the magnetic field lines, as shown in Figure 18 below:



3l

=l

Figure 18: Representation of a magnetosonic wave

4.2.1 Pure Acoustic Wave

In this study, it was observed that the geomagnetic field causes dispersion of acoustic waves
(see dependence of Re[K (w)] on By in equation 3.98b). How be it ‘insignificant’ (at

100 km for f = 0.5 Hz: 281 ms~! without electromagnetic effects compared to 283 ms™?
with such effects). Also, the dispersion due to magnetic effects increases with field strength

as shown in wave number 3.98b. Dispersion of the magnetosonic wave is also noted as

expected (see dependence of Re[K (w)] on v, or B, in equation 3.104).

4.3 Recommendations for Future Work
In order to refine and expand the scope of the work done in this study, the following should
be considered:
a) For a neutral thermosphere:
1) Significant molecular absorption mechanisms due to other air constituents such
as 0,, Ar and €0, should be considered.
2) Evaluation of absorption models for a more realistic air mixture i.e. not just N, — 0,

mixture.
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3) Thermospheric winds, i.e. ¥, # 0 should be accounted for in the absorption models
since their contributions to the local ambient sound speed can be significant,
affecting ray paths. Conversely, thermospheric arrivals can be inverted to infer the
winds in the lower thermosphere.

4) Consideration of other cooling and heating mechanisms (e.g. radiative cooling, tidal
and gravity-wave heating) within the thermosphere.

b) For a charged thermosphere:

1) Application of the MHD approach using the Burnett approximation of the BTE via

the associated coupled equations for the stress tensor and heat flux.

2) Extension of the MHD approach to a two-fluid framework, in which neutrals, on one

side, and charged species (electrons and ions) on the other side are treated separately. For

example, the electro-dynamical coupling of the two categories of particles will be expressed

by the full version of the ‘two-fluid’ Ohm’s law (similar to equation 3.38).

3) Refinement of absorption models developed by considering the variation with

altitude of the acceleration due to gravity (important for very low frequency waves), g = g(z)

and ambient temperature, Ty = T(2).

4) Contribution of molecular relaxation processes to the dispersion and absorption of

multi-component partially ionized plasma environment.

5) Implementation of up-to-date values for the ambient concentrations and

thermophysical parameters of electrons, ions and neutral, based on current observations

and/or general circulation models.
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ABSTRACT
A framework for predicting thermospheric attenuation and dispersion of infrasound
between 85 and 160 km is presented. The work is part of a pilot study whose goal is to
complement the currently established models of thermospheric propagation, the standard
being the Sutherland-Bass (SB) model J. Acoust. Soc. Am. 115 (3), 1012-1032 (2004). The SB
model overestimates the attenuation noticeably when compared to attenuation of
thermospheric returns measured by receivers. Based on the Navier-Stokes (NS) equation
and its associated momentum and heat fluxes, the SB model treats the higher atmosphere as
a continuum. However, for a given wavelength, the Knudsen number (Kn) increases rapidly
in the thermosphere due to the high mean free path gradient. For Kn > 0.01, the continuum
Navier-Stokes equations are no longer accurate. The present work shows how the predicted
wavenumber changes when non-continuum approximations [the Burnett (BU) equations]
are used. The ambient parameters and thermophysical properties are extracted from NIST,
at the partial pressures of the main constituents (N, and 0,). The effects of rotational
relaxation, gravity, neutral-charged and charged-charged particle interactions are addressed.
As expected, the BU results obtained converge to NS results in the region where NS is valid
i.e. for Kn < 0.01. A significant reduction in attenuation was observed with non-continuum
approach. Also, the effects of electric and magnetic fields on the dispersion and attenuation
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