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Impact of species diffusion on the attenuation of acoustic waves
in multi-component planetary atmospheres

Benedict Pi~neyro,1,a),b) Roberto Sabatini,2,c) and Jonathan B. Snively1,d)
1Physical Sciences Department and Center for Space and Atmospheric Research, Embry-Riddle Aeronautical University, USA
2Ecole Centrale de Lyon, CNRS, Universite Claude Bernard Lyon 1, INSA Lyon, LMFA, UMR5509, 69130, Ecully, France

ABSTRACT:
Acoustic waves in planetary atmospheres are attenuated by dissipative processes such as viscous stresses and heat

conduction, particularly in the rarefied upper layers where multiple species exist in diffusive equilibrium. While the

roles of viscosity and thermal conduction in wave attenuation are well understood, species diffusion—the relative

motion of molecular species different from the bulk gas driven by gradients in concentration, pressure, and

temperature—has received less attention. This study investigates species diffusion as an additional attenuation

mechanism in dilute, multi-component gas mixtures, using generalized macroscopic transport equations derived from

kinetic theory that reduce to the classical Navier–Stokes equations in the single-species limit. Using a multiple-scales

approach, we derive a dispersion relation for linear acoustic and gravity waves, from which an expression for attenua-

tion in multi-species atmospheres is obtained. We apply this framework to the upper atmospheres of Earth, Venus,

Mars, Titan, Uranus, and Neptune. Results show that species diffusion—primarily via barodiffusion (diffusion driven

by pressure gradients)—can significantly enhance acoustic attenuation on Earth, Venus, and Mars, reaching up to

16%, 45%, and 17%, respectively. On Earth, the effect is most pronounced above 150 km, where light and heavy spe-

cies such as molecular nitrogen and atomic oxygen coexist in appreciable concentrations. In contrast, species diffu-

sion plays a minor role—contributing less than � 5%—on Titan, Uranus, and Neptune, with bulk and shear viscosity

effects dominating wave attenuation in these atmospheres. These findings expand existing models of planetary wave

propagation and have implications for planetary diagnostics, remote sensing, and space missions.
VC 2026 Acoustical Society of America. https://doi.org/10.1121/10.0042249
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NOMENCLATURE

Ckl, k; l 2 S Multi-component flux diffusion coefficients

c Speed of sound

cp Constant-pressure specific heat

cpk Constant-pressure specific heat of the kth
species

cv Constant-volume specific heat

cvk Constant-volume specific heat of the kth
species

e Internal energy per unit mass or specific

internal energy

ek Internal energy per unit mass or specific

internal energy of the kth species

et Total energy per unit mass or specific total

energy

F k Diffusion flux vector of the kth species

g Gravitational acceleration vector

hk Enthalpy per unit mass or specific enthalpy

of the kth species

h Enthalpy per unit mass or specific enthalpy

kB Boltzmann constant

M Molar mass

m Mass

NA Avogadro constant

Ndof Number of Degrees of Freedom

ns Number of species in the mixture

p Pressure

Q Heat flux vector

R Universal gas constant

S ¼ 1;…; ns Set of species indices

T Temperature

T Viscous stress tensor

v Hydrodynamic or mass average velocity

vector

Xk Mole fraction of species k
Yk Mass fraction of species k
c Specific heat ratio

k Thermal conductivity

lb Bulk viscosity

l Shear viscosity

Vk Diffusion velocity vector of the kth species

nk, k 2 S Rescaled thermal diffusion ratios

q Density of the mixture

qk Density of the kth species
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I. INTRODUCTION

The study of acoustic, particularly infrasonic, and

acoustic-gravity wave propagation in planetary atmospheres

has gained considerable attention over recent decades owing

to its wide-ranging relevance in geophysics and remote sens-

ing (Bradley, 2007; Brown and Hall, 1978; Le Pichon et al.,
2009). Critical applications include: (1) detection, localiza-

tion, and characterization of both geophysical and anthropo-

genic sources of infrasonic signals (Bowman et al., 2022;
Garcia et al., 2022; Inchin et al., 2020; Le Pichon et al., 2009;
Matoza et al., 2022; Nozuka et al., 2024; Sabatini et al.,
2016b; Sabatini et al., 2019; Watson et al., 2022; Zettergren
and Snively, 2015); (2) acoustic reconstruction of atmospheric

properties, such as sound speed and wind profiles along prop-

agation paths (Averbuch et al., 2020; Blixt et al., 2019;

Chunchuzov et al., 2015; Lalande et al., 2012; Park et al.,
2022; Vera Rodriguez et al., 2020; Vorobeva et al., 2023); (3)
investigations into wave propagation, dissipation, and energy

dynamics in Earth’s upper atmosphere (Fritts and Alexander,

2003; Heale et al., 2018; Walterscheid and Hickey, 2001;

Hickey et al., 2011; Vadas, 2013); and (4) exploring wave-

induced phenomena in planetary atmospheres, including seis-

moacoustic coupling and radiative damping (Averbuch et al.,
2023; Chide et al., 2024; Eckermann et al., 2011; Froment

et al., 2024; Gerier et al., 2024; Hickey et al., 2000; Martire

et al., 2020; Petculescu, 2016). These applications require

comprehensive theoretical and computational frameworks,

alongside measurements of source-induced disturbances, to

understand the evolution of acoustic and gravity waves as

they traverse atmospheric layers.

Transport phenomena strongly influence acoustic and

gravity wave propagation by driving the microscopic redis-

tribution of mass, momentum, and kinetic energy. These

include mass transport due to diffusion, momentum trans-

port induced by viscous stresses, and kinetic energy trans-

port via heat conduction. Such mechanisms cause wave

attenuation and dispersion (Bass et al., 1984; Bauer, 1972;
Fedorenko et al., 2021; Godin, 2014; Pitteway and Hines,

1963; Richmond, 1978; Sutherland and Bass, 2004), effects

that become more pronounced in rarefied regions like

Earth’s thermosphere (Heale et al., 2014; Sabatini et al.,
2016a). Additionally, in molecular gases with internal

degrees of freedom, relaxation phenomena constitute

another relevant mechanism contributing to wave attenua-

tion and dispersion (Bass et al., 1984; Bauer, 1972; Hines,
1977a,b; Pierce, 1978; Sutherland and Bass, 2004).

Research on acoustic wave attenuation has a long his-

tory, with notable developments dating back to the mid-19th

century. The classical theory of acoustic wave absorption was

initiated by Stokes (2009), who derived an expression for

attenuation due to viscosity in a monoatomic gas. Kirchhoff

(1868) later extended this theory to incorporate thermal con-

ductivity effects, establishing the foundation for the modern

understanding of sound attenuation caused by thermoviscous

phenomena–commonly referred to as classical absorption of

acoustic waves (Bass et al., 1984; Garrett, 2020). Subsequent

progress, particularly in the context of Earth’s atmosphere,

expanded the classical absorption model to include vibra-

tional relaxation effects (Bass et al., 1984; Bauer, 1972;

Markham et al., 1951; Pierce, 1978; Sutherland and Bass,

2004). These advances have formed the basis for many acous-

tic wave attenuation models applied in planetary acoustics

studies (Garcia et al., 2017; Bass and Chambers, 2001;

Gillier et al., 2024; Petculescu and Lueptow, 2007;

Petculescu, 2016; Trahan and Petculescu, 2020).

Most studies on acoustic and gravity wave attenuation

have modeled Earth’s atmosphere as a single-component

gas, an approximation reasonably accurate below approxi-

mately 100 km altitude. There, air predominantly consists of

a binary mixture of molecular nitrogen (N2) and molecular

oxygen (O2). Since N2 and O2 have similar molecular prop-

erties, the atmosphere’s multi-component nature has a negli-

gible impact on wave attenuation at these altitudes. Using

an expression originally derived by Kohler (1941), studies

by Bauer (1972), Bass et al. (1984), and Sutherland and

Bass (2004) showed that the spatial attenuation rate of

acoustic waves due to N2–O2 diffusion is less than 1% of

the attenuation caused by classical absorption mechanisms.

However, above 100 km, Earth’s atmosphere transitions into

a ternary mixture of N2, O2, and atomic oxygen (O)

(Walterscheid and Hickey, 2001, 2012). In this rarefied

region, species diffusion can become a significant factor

influencing wave propagation. To date, only provisional

investigations into gravity-wave attenuation in this regime

have been conducted. For instance, Hickey et al. (2015)
examined how species decoupling caused by infrequent col-

lisions–leading to individual species having their own tem-

peratures and velocities–and mutual diffusion influence

wave dynamics and dissipation at high altitudes.

Linear theory has provided the basis for deriving disper-

sion relations and analyzing acoustic and gravity wave prop-

agation through planetary atmospheres (Fedorenko et al.,
2021; Godin, 2014; Hines, 1960; Pitteway and Hines, 1963;

Vadas and Fritts, 2005; Vadas and Nicolls, 2012). Early

studies primarily examined wave propagation in idealized,

dissipationless, isothermal, single-component atmospheres.

In such cases, the linearized hydrodynamics equations can

be reformulated, using a density scaling (Bergmann, 1946;

Hines, 1960), into a system with constant coefficients. This

reformulation allows harmonic plane wave solutions from

which dispersion relations can be derived. However, in real-

istic dissipative, windy, and non-isothermal atmospheres—

where density, pressure, temperature, viscosity, and thermal

conductivity vary with altitude—analytical approaches

become significantly more challenging. Even with density

scaling, the governing hydrodynamic equations cannot be

reduced to a system with constant coefficients, rendering

plane wave solutions generally inapplicable. Under these

conditions, dispersion relations can only be obtained

through a local approximation assuming atmospheric prop-

erties change gradually over spatial scales comparable to the

wavelengths of interest. At such scales, the atmosphere can

be locally approximated as homogeneous, allowing local
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plane wave solutions. Local dispersion relations for acoustic

and gravity waves, incorporating viscous stresses and ther-

mal conduction effects, have been derived and analyzed pre-

viously (Godin, 2014; Vadas and Fritts, 2005; Vadas and

Nicolls, 2012), but have yet to be extended to multi-

component and mutually diffusive gas mixtures.

This work investigates the effects of transport phenom-

ena, particularly species diffusion, on the linear propagation

of acoustic and gravity waves in multi-component planetary

atmospheres. The atmosphere is modeled as a non-reactive,

dilute mixture of atomic and polyatomic ideal gases, with

dynamics governed by a set of generalized macroscopic

transport equations derived from kinetic theory (Chapman

and Cowling, 1939; Ern and Giovangigli, 1994). These

include species mass conservation, total mass conservation,

momentum, and total energy equations, collectively referred

to as the multi-component Navier–Stokes equations. In the

limiting case of a single-component gas, the system reduces

to the classical Navier–Stokes equations (Landau and

Lifshitz, 1987). Special attention is given to the acoustic

limit, where a generalized expression is derived for the spa-

tial attenuation rate of low-frequency acoustic waves incor-

porating viscous stresses, thermal conductivity, and species

diffusion. The formulation introduces a closed-form expres-

sion for species diffusion in multi-component gas mixtures,

extending classical thermoviscous theory to account for

interspecies transport. The resulting relation is used to ana-

lyze acoustic wave attenuation in Earth’s thermosphere and

the upper atmospheres of Venus, Mars, Titan, Uranus, and

Neptune.

To contextualize species diffusion’s contribution, vibra-

tional relaxation—a dominant attenuation mechanism in the

lower atmosphere—is included separately using an empiri-

cal model (Garcia et al., 2017; Bass and Chambers, 2001;

Gillier et al., 2024; Petculescu and Lueptow, 2007; Sabatini

et al., 2016a; Sutherland and Bass, 2004; Trahan and

Petculescu, 2020). Since attenuation mechanisms are addi-

tive (Bass et al., 1984; Bauer, 1972; Evans and Sutherland,

1971), vibrational relaxation can be incorporated without

altering the transport framework. The analysis reveals that

vibrational relaxation governs wave attenuation below

approximately 120 km, while species diffusion becomes

increasingly significant above 150 km, where classical ther-

moviscous mechanisms typically dominate. Recognizing

this separation allows for a more accurate assessment of spe-

cies diffusion’s role across different atmospheric layers.

The paper is organized as follows: Sec. II introduces the

governing equations for multi-component ideal gas mix-

tures, following Ern and Giovangigli (1994). Section III

derives a generalized dispersion relation for acoustic and

gravity waves incorporating species diffusion, with empha-

sis on the acoustic attenuation coefficient. Section IV

presents and discusses results for wave attenuation in

Earth’s thermosphere and in the atmospheres of Mars and

Venus, providing a comparative overview for Titan, Uranus,

and Neptune. Detailed results for these outer planetary

atmospheres are given in Appendix B. Concluding remarks

are presented in Section V.

II. GOVERNING EQUATIONS

A planetary atmosphere is treated as a non-reactive

dilute mixture of ns atomic and polyatomic ideal gases. Its

dynamics are assumed to be described by a set of general-

ized macroscopic transport equations derived from the

kinetic theory of gases (Arnault and Guisset, 2022;

Chapman and Cowling, 1939; Ern and Giovangigli, 1994),

namely, the species mass density equation, the momentum

equation, and the total energy equation. These balance equa-

tions, as reported by Ern and Giovangigli (1994), are

@ðqYkÞ
@t

þ div qYkvð Þ ¼ �div F kð Þ; k 2 S; (1a)

@ðqvÞ
@t

þ div qv� vþ pIð Þ � qg ¼ �div Tð Þ; (1b)

@ðqetÞ
@t

þ div ðqetþ pÞvð Þ�qg �v¼�div QþTvð Þ; (1c)

where S ¼ 1;…; nsf g is the set of species indices, q is the

total mass density, Yk ¼ qk=q is the mass fraction of the kth
species, i.e., the ratio between the mass density of the kth
species qk and the total mass density q;v is the hydrodynamic

or mass average velocity vector, F k is the diffusion flux vec-

tor of the kth species, p is the thermodynamic pressure, I is

the identity tensor,T is the viscous stress tensor, g is the grav-

itational acceleration vector, et ¼ ðe þ kvk2=2Þ is the specific
total energy with e the specific internal energy and kvk2=2
the specific kinetic energy, and Q is the heat flux vector.

The variables F k;T, and Q are referred to as transport

fluxes because they represent the molecular transport of

mass, linear momentum, and kinetic energy through the gas,

respectively.

Equations (1a)–(1c) form the multi-component Navier–

Stokes equations, which describe the evolution of mass,

momentum, and energy in a mixture of gases, governing the

macroscopic dynamics of a dilute multi-component gas mix-

ture. This system generalizes the classical Navier–Stokes

equations by incorporating species mass conservation equa-

tions that account for diffusive transport of individual gas

constituents.

By definition, the mass fractions satisfy the following

relation:X
k2S

Yk ¼ 1: (1d)

As a result, summing Eq. (1a) for all species and enforcing

the mass constraintX
k2S

F k ¼ 0 (1e)

gives the equation of total mass conservation
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@q
@t

þ div qvð Þ ¼ 0: (1f)

Furthermore, while Eq. (1c) is suitable for computational

purposes, it is more convenient, when determining a disper-

sion relation, to reformulate it as an equivalent equation for

the specific enthalpy h ¼ eþ p=q,

@ðqhÞ
@t

þ div qhvð Þ � @p

@t
� v � gradðpÞ

¼ �div Qð Þ �T : gradðvÞ: (1g)

To close the system in Eq. (1), an equation of state is

required. The multi-component gas verifies the ideal gas law,

p ¼ q
R

M
T ¼ qrT; (1h)

where R ¼ 8:3143 J � mol�1� K�1 is the universal gas con-

stant, T is the absolute temperature, r ¼ R=M is the specific

gas constant, and M is the mean molar mass of the mixture,

defined as

q
M

¼
X
k2S

qk
Mk

; (1i)

where Mk is the molar mass of the kth species. The specific

internal energy is expressed as

qe ¼
X
k2S

qkek; (1j)

where ek is the specific internal energy of the kth species.

Each term ek is a function of temperature only and satisfies

the differential,

dek ¼ cvkðTÞdT; (1k)

where cvk is the constant-volume specific heat of the kth spe-

cies. The specific enthalpy of the mixture is expressed simi-

larly as

qh ¼
X
k2S

qkhk; (1l)

where hk ¼ ek þ RT=Mk is the specific enthalpy of the kth
species. Each term hk is a function of temperature only and

satisfies the differential,

dhk ¼ cpkðTÞdT; (1m)

where cpk is the constant-pressure specific heat of the kth

species. The constant-volume and constant-pressure specific

heats of each species cvk and cpk, and of the mixture, cv and

cp, are defined as follows:

cvk ¼ Ndof;k þ 2

2

� �
R

Mk
; cpk ¼ cvk þ R

Mk
;

cv ¼
X
k2S

Ykcvk; cp ¼
X
k2S

Ykcpk; (1n)

where Ndof;k is the number of degrees of freedom of the k th
species. Furthermore, the speed of sound of the mixture c is
defined as

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@p

@q

� �
s;Y1;…;Yns

s
; (2)

where s is the specific entropy, and can be shown to be equal

to

c ¼
ffiffiffiffiffi
cp
q

r
¼

ffiffiffiffiffiffiffi
crT

p
; (3)

where c ¼ cp=cv is the ratio of specific heats of the mixture.

The transport fluxes F k, T, and Q are given by the

expressions

F k ¼ �
X
‘2S

Ck‘ grad X‘ð Þ þ X‘ � Y‘ð Þ grad pð Þ
p

�

þX‘n‘
grad Tð Þ

T

�
; (4a)

T ¼ � lb �
2

3
l

� �
divðvÞI� l gradðvÞ þ gradðvÞð ÞT

h i
;

(4b)

Q ¼ �kgradðTÞ þ
X
k2S

hkF k þ
X
k2S

RTnk
Mk

F k; (4c)

where X‘ ¼ ðM=M‘ÞY‘ is the mole fraction of the ‘th spe-

cies, Ck‘, k; ‘ 2 S, are the multi-component flux diffusion

coefficients (referred to here as species flux coefficients), n‘,
‘ 2 S, are the rescaled thermal diffusion ratios, lb is the

bulk or volume viscosity, l is the shear viscosity, I is the

identity tensor, and k is the thermal conductivity. The super-

script T is the transposition operator.

The shear viscosity l and the thermal conductivity k are

always positive, while the volume viscosity lb is zero for

monoatomic gases and positive for polyatomic gases. On

the contrary, the multi-component flux diffusion coefficients

Ck‘, k; ‘ 2 S, and the rescaled thermal diffusion ratios n‘,
‘ 2 S can be either positive or negative. Due to the mass

constraint [Eq. (1e)], they are required to satisfy the

conditions

CY ¼ 0; h1T ;NXi ¼
X
k2S

nkXk ¼ 0; (5)

where C is the matrix of the multi-component flux diffusion

coefficients, Y ¼ ½Y1;…; Yns �T is the vector of mass frac-

tions, 1 ¼ ½1;…; 1�T is a vector of ns ones, N ¼ diagðn1;
…; nnsÞ is a diagonal matrix whose elements are the rescaled

1724 J. Acoust. Soc. Am. 159 (2), February 2026 Pi~neyro et al.

https://doi.org/10.1121/10.0042249

 26 February 2026 16:58:59

https://doi.org/10.1121/10.0042249


thermal diffusion ratios, and X ¼ ½X1;…;Xns �T is the vector

of mole fractions. In Eq. (5), the operator h�; �i indicates the
scalar product.

The coefficients Ck‘, k; ‘ 2 S, n‘, ‘ 2 S, lb, l, and k,
also called transport coefficients, depend on the state varia-

bles p, T, and Yk, k 2 S, as well as the molecular properties

of the gas constituents. These coefficients are obtained by

solving linear systems derived from the kinetic theory of

gases. For conciseness, these systems are provided in

Appendix D.

In a gas mixture, the average velocity of the molecules

of a particular species k 2 S may differ from the hydrody-

namic velocity v of the mixture. This deviation, known as

the diffusion velocity Vk, is related to the diffusion flux F k

by the following expression:

Vk ¼ F k

qYk
: (6)

Equations (4a) and (6) indicate that the diffusion velocity Vk

includes contributions proportional to the concentration gra-

dients gradðXkÞ, the pressure gradient gradðpÞ, and the tem-

perature gradient gradðTÞ. The first term corresponds to the

well-known Fick’s law of ordinary diffusion, also known as

Fickian diffusion, which describes the tendency of non-

uniform gas mixtures to reduce concentration inhomogenei-

ties. The second term corresponds to barodiffusion, where

species migrate in response to a pressure gradient. The third

term represents thermal diffusion, also called the Soret

effect, which causes molecular species to diffuse in response

to temperature gradients.

Additionally, Eq. (4c) highlights the impact of multi-

component effects on heat flux. The first term in Eq. (4c)

corresponds to Fourier’s law of heat conduction, governing

heat transfer due to temperature gradients. The second term

accounts for energy transport driven by species diffusion.

The final term represents the reciprocal of the Soret effect,

describing heat transfer induced by diffusion fluxes.

III. DISPERSION RELATION

A. Assumptions and background atmosphere

This study examines the linear behavior of acoustic and

gravity waves propagating through a steady atmosphere with

a horizontal background wind. Let Ox1x2x3 be a Cartesian

coordinate system with the origin at ground level, unit vectors

e1; e2; e3, and the vertical axis x3 oriented upward. Any flow

variable q is decomposed into a known background value,

labeled with the subscript “0”, q0, and a wave-induced pertur-
bation, denoted by the subscript “1,” q1. Thus, q ¼ q0 þq1,
Yk ¼ Yk;0 þ Yk;1, k 2 S, v ¼ v0 þ v1, p ¼ p0 þ p1, T ¼ T0
þ T1, etc. The horizontal background velocity v0 ¼ v0;1e1
þ v0;2e2, temperature T0, and mass fractions Yk;0, k 2 S, are
assumed to change gradually in space, with a representative

spatial scale L much larger than the representative wave-

length L. Consequently, all spatial derivatives of v0, T0, and
Yk;0, k 2 S, are on the order of L�1. Neglecting terms of order

OðL�1Þ, the vertical momentum equation yields, in the

absence of waves, the hydrostatic balance equation,

@p0ðxÞ
@x3

¼ �q0ðxÞgðxÞ ¼ � p0ðxÞ
h0ðxÞ ; (7)

where

h0ðxÞ ¼ c20ðxÞ
c0ðxÞgðxÞ

: (8)

The solution to Eq. (7) is

p0 xð Þ ¼ p0 x1; x2; 0ð Þ exp �
ðx3
0

dz

h0ðxÞ
� �

; (9)

which gives the background density q0ðxÞ as

q0ðxÞ ¼ q0ðx1; x2; 0Þ
p0ðxÞh0ðx1; x2; 0Þ
h0ðxÞp0ðx1; x2; 0Þ : (10)

Therefore, the vertical profiles of background pressure and

density remain locally identical to those in an atmosphere at

rest. The function h0 has the dimensions of length and is

referred to as the scale height. No specific assumption is

made about its magnitude, which may be much smaller than

L. As a result, the spatial derivatives @p0=@x3 and @q0=@x3
are both on the order of h�1 and may not be negligible on the

wavelength scale L. In contrast, variations in h0 and c0 share
the same representative spatial scale L as the background

temperature T0, meaning that @h0=@x3 and @c20=@x3 are on

the order of L�1 and can be neglected at the scale of the

wavelength L.
Finally, the transport coefficients Ck‘, k; ‘ 2 S, n‘,

‘ 2 S, lb, l, and k are considered small, implying that the

effects of the associated transport fluxes are small on the

wavelength scale L. Their wave-induced perturbations are

ignored. Furthermore, since these coefficients depend on

temperature T and mass fractions Yk, k 2 S, their spatial gra-

dients are on the order of OðL�1Þ.

B. Linearization

To examine the linear behavior of acoustic and gravity

waves under the proposed atmospheric conditions, the

wave-perturbation variables, q1, are assumed to be infinitesi-

mal. Additionally, to derive a system of equations with

slowly varying coefficients suitable for asymptotic analysis,

these variables are scaled by a factor of q61=2
0 as follows

(Bergmann, 1946; Gossard and Hooke, 1975; Hines, 1960):

~q ¼ q�1=2
0 q1; ~p ¼ q�1=2

0 p1; ~v ¼ q1=20 v1; (11)

~T ¼ q1=20 T1; ~Yk ¼ q1=20 Yk;1: (12)

As a result, under the assumptions of Sec. III A, and neglect-

ing terms on the order of L�1, Eq. (1a) becomes
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Dt;0ð ~YkÞ ¼ �q�1=2
0 div ~F k;1

� �
¼ q�1=2

0 div
X
‘2S

Ck‘;0 grad q�1=2
0

~X‘

� �
� ~X‘;1 � ~Y ‘;1

	 
 e3

q1=20 h0

" # !

þ q�1=2
0 div

X
‘2S

Ck‘;0 X‘;0

grad q1=20 ~p
� �
p0

þ q1=20 ~pe3
p0h0

0
@

1
Aþ X‘;0n‘;0

grad q�1=2
0

~T
� �
T0

2
4

3
5

0
B@

1
CA; (13)

where Dt;0 is the operator Dt;0ð � Þ ¼ @ð � Þ=@tþ v0

� gradð � Þ. Given the assumed small magnitude of the trans-

port fluxes, Eq. (13) indicates that the perturbations of the

mass fractions, ~Yk, k 2 S, remain small. Consequently,

terms proportional to ~Y ‘ and ~X‘ can be neglected in the

perturbation of the diffusion flux ~F k;1. This implies that

the perturbation of a mass fraction ~Yk depends primarily

on the perturbations of pressure ~p and temperature ~T , and
is approximately independent of the perturbations ~Y ‘,

‘ 6¼ k, involving other mass fractions. As a result, barodif-

fusion and thermodiffusion are the dominant diffusion

mechanisms influencing wave propagation, while ordinary

diffusion can be neglected. Eq. (1a) can then be rewritten

as

Dt;0ð ~YkÞ ¼ ðC0X0Þk
p0

~D~p þ ðC0N0X0Þk
q0T0

~D ~T ; k 2 S;

(14a)

where the operator D is defined by the relation

~D ¼ Dþ 1

h0

@

@x3
þ 1

4h20
;

with D the Laplacian operator, and ð � Þk is the kth compo-

nent of vector ð � Þ.
The linearized equations of mass conservation, momen-

tum, and enthalpy, and the equation of state are rewritten in

terms of the scaled variables as follows:

Dt;0 ~qð Þ þ div ~vð Þ � ~v3
2h0

¼ 0; (14b)

Dt;0 ~vð Þ þ grad ~pð Þ � ~p

2h0
� ~qg

� �
e3 ¼ �q�1=2

0 divðT1Þ;
(14c)

Dt;0 cp;0 ~T � ~p
	 
þ g~v3 ¼ �q�1=2

0 div Q�
X
k2S

hkF k

� �
1

� hCTp;0;C0X0i
q0h0

@ ~T

@x3
þ

~T

2h0

" #
;

(14d)

~p ¼ r0T0~q þ r0 ~T þ T0hRT ; ~Yi; (14e)

with

� q�1=2
0 div T1ð Þ

¼ l0
q0

~D~v þ lb þ l0=3
q0

� grad divð~vÞð Þ þ gradð~v3Þ
2h0

þ divð~vÞe3
2h0

þ ~v3e3
4h20

" #
;

(14f)

� q�1=2
0 div Q�

X
k2S

hkF k

� �
1

¼ k0
q0

~D ~T þ T0hðN0RÞT ;C0X0i
p0

~D~p

þ hðN0RÞT ;C0N0X0i
q0

~D ~T

� hðN0RÞT ;C0X0i
q0h0

@ ~T

@x3
þ

~T

2h0

" #
; (14g)

where Cp ¼ ½cp;1;…; cp;ns �T is the vector of species-specific

heats at constant pressure, ~Y ¼ ½ ~Y1;…; ~Yns �T is the vector of

scaled mass-fraction perturbations, and R ¼ ½R=M1;…;
R=Mns �T is the vector of specific gas constants.

C. Asymptotic analysis

Given that the characteristic wavelength of interest, L,
is much smaller than the scale L over which the properties

of the background medium vary, insights into the solution of

System (14) can be effectively obtained using the method of

multiple scales (Anile et al., 1993). Over distances on the

order of a wavelength L, the coefficients from the system in

Eq. (14) can be treated as approximately constant, which

allows for solutions that locally behave as plane waves. A

local plane wave is an expression of the type,

~Uðx; tÞ ¼ ~̂U ðx; tÞeihðx;tÞ; ~U ¼ ~q; ~v; ~p; ~T ; ~Y 1;…; ~Yns

� �T
;

(15)

where ~U is the vector of the wave variables, ~̂U is a complex

amplitude vector, and h is a phase function. If the coeffi-

cients in the system in Eq. (14) were constant, as in the case

of an isothermal atmosphere, ~̂U would be a constant ampli-

tude vector, and the phase function would reduce to

hðx; tÞ ¼ ðk � x� xtÞ, with k a constant wavenumber vector

and x a constant angular frequency. For the local plane

wave [Eq. (15)], a local (non-constant) angular frequency
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and a local (non-constant) wavenumber vector are defined

as follows:

xðx; tÞ ¼ � @hðx; tÞ
@t

; kðx; tÞ ¼ grad hðx; tÞð Þ: (16)

In the method of multiple scales, solutions are sought that

depend on the two characteristic scales of the problem: the

amplitude ~̂U , the wavenumber k, and the angular frequency

x are supposed to vary on the scale L over which the prop-

erties of the background medium change; the phase is

assumed to change by 2p on the scale of the characteristic

wavelength L. Let � ¼ L=L. Then, 0 < � � 1 is a dimen-

sionless parameter characteristic of the solution. To proceed

further, the slow variables f ¼ �x and s ¼ �t, and the fast

variable phase hðx; tÞ ¼ Hðf; sÞ=� ¼ Hð�x; �tÞ=� are defined.
Expanding h as � ! 0, gives

hðx; tÞ ¼ 1

�
Hð0Þ þ kðx; tÞ � x� xðx; tÞtð Þ�þOð�2Þ
� �

;

so that h represents the phase function of a planar wavefront

apart from an inessential factor. The local plane wave in

Eq. (15) is rewritten as a formal series of the form

~Uðf; s; hÞ ¼ eih
X1
l¼0

�l ~̂U
ðlÞ

f; sð Þ: (17)

Solutions to the system in Eq. (14) are then sought in the

form of Eq. (17), with the spatial and temporal derivatives

replaced by the following operators:

@

@t
¼ @fi

@t

@

@fi
þ @s

@t

@

@s
þ @h

@t

@

@h
¼ �

@

@s
� x

@

@h
;

@

@xj
¼ @fi

@xj

@

@fi
þ @s
@xj

@

@s
þ @h
@xj

@

@h
¼ �

@

@fj
þ kj

@

@h
:

(18)

More specifically, Eq. (17) is required to satisfy the system

in Eq. (14) formally as an identity in �. The zeroth-order in

�0 yields a ð5þ nsÞ � ð5þ nsÞ algebraic system of the form

AT f; sð Þ ~̂U
ð0Þ

f; sð Þ ¼ 0; (19)

with

AT ¼ Aþ l0Al þ lb;0Alb þ k0Ak þAb þAn; (20)

where A is the matrix that would be obtained in the absence

of transport phenomena, andAl,Alb ,Ak,Ab, andAn repre-

sent the matrices associated with shear viscosity, bulk viscos-

ity, thermal conductivity, barodiffusion, and thermal diffusion,

respectively. The system in Eq. (19) has a non-trivial solution

for ~̂U ð0Þ only if the determinant ofAT vanishes,

det ATð Þ ¼ 0: (21)

As all the transport fluxes are assumed to have a small con-

tribution over distances on the order of a wavelength L,
Eq. (21) is conveniently rewritten as

det ATð Þ ¼ det Aþ e ðl0Al þ lb;0Alb

�	
þk0Ak þAb þAnÞ=e�Þ; (22)

where e is a small parameter representative of the magnitude

of the transport phenomena, and the term within brackets

has the same order of magnitude as A. The determinant can

then be reformulated via a Taylor expansion based on the

derivative of a determinant (Horn and Johnson, 1990),

det ATð Þ ¼ det Að Þ þ tr adj Að Þ l0Al þ lb;0Alb;0

��
þk0Ak þAb þAn�Þ þ O e2ð Þ: (23)

In this form, the determinant of AT appears as the sum of

the term that would be obtained in the absence of transport

phenomena, plus contributions proportional to the transport

coefficients. Neglecting terms Oðe2Þ and equating Eq. (23)

to zero finally provides the dispersion relation.

D. Dispersion relation for acoustic and gravity waves
in a planetary atmosphere

After some cumbersome algebra, the following disper-

sion relation is obtained for acoustic and gravity waves:

x2
d

c20
� x2

a

c20
þ ıxd

q0c
2
0

D ¼ 1� x2
g

x2
d

" #
k2h þ k23: (24a)

In Eq. (24a), xd ¼ x� k � v0 denotes the intrinsic or

Doppler-shifted angular frequency, having the meaning of

wave angular frequency in a reference frame moving with

the local velocity of the background flow, xa ¼ c0g=ð2c0Þ
¼ c0=ð2h0) is the acoustic cutoff angular frequency, xg

¼ ðc0 � 1Þ1=2g=c0 is the Brunt-V€ais€al€a angular frequency,

and kh ¼ k1e1 þ k2e2 represents the horizontal wavenumber

vector. The term D incorporates the effects of the transport

phenomena and is given by the expression

D ¼ 4l0
3

B1 þ lb;0B2 þ ðc0 � 1Þk0
cp;0

þ t0 þ /T;0

" #
B3

þ b0 þ /p;0

� �
B4 þ /h0;0B5; (24b)

where

B1 ¼ 1� 3x2
gk

2
hc

2
0

4x4
d

" #
B2; (24c)

B2 ¼ k2h þ k3 � ı

2h0

� �2

; (24d)

B3 ¼ 1� g2k2h
x4

d

" #
B2; (24e)

B4 ¼ 1þ g

x2
d

ık3 � 1

2h0

� �" #
B2; (24f)
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B5 ¼ 1

h0
1� g2k2h

x4
d

" #
ık3 þ 1

2h0

� �
; (24g)

and

b0 ¼
c0
r0
hRT ;C0X0i ¼ c0M0

X
k2S

X
‘2S

Ck‘;0X‘;0

Mk
; (24h)

/p;0 ¼
c0 � 1

r0
hðN0RÞT ;C0X0i

¼ ðc0 � 1ÞM0

X
k2S

X
‘2S

nk;0Ck‘;0X‘;0

Mk
; (24i)

t0 ¼ c0 � 1

r0
hRT ;C0N0X 0i

¼ ðc0 � 1ÞM0

X
k2S

X
‘2S

Ck‘;0n‘;0X‘;0

Mk
; (24j)

/T;0 ¼
ðc0 � 1Þ2

c0r0
hðN0RÞT ;C0N0X0i

¼ ðc0 � 1Þ2M0

c0

X
k2S

X
‘2S

nk;0Ck‘;0n‘;0X‘;0

Mk
; (24k)

/h0;0 ¼
ðc0 � 1Þ2

c0r0
hðN0RÞT þ CTp;0;C0X0i

¼ R

cv;0cp;0

X
k2S

X
‘2S

Ck‘;0X‘;0 cpk;0 þ Rnk;0
Mk

� �
: (24l)

For vanishing transport coefficients, D ¼ 0, and Eq. (24)

simplifies to the well-known dispersion relation reported by

Hines (1960). In the case of a single-species gas, Y1 ¼ 1,

C11;0 ¼ n1;0 ¼ 0, b0 ¼ t0 ¼ /p;0 ¼ /T;0 ¼ /h0;0 ¼ 0, and

the dispersion relation derived by Godin (2014) is recov-

ered. The coefficients b0, t0, /p;0, /T;0, and /h0;0 represent

specific effects: b0 accounts for barodiffusion; t0 arises as a
result of thermal diffusion; /p;0 is associated with heat trans-

fer due to barodiffusion; /T;0 captures heat transfer induced

by thermal diffusion; finally, /h0;0 is an additional contribu-

tion arising from heat transfer due to species diffusion,

which vanishes in the limit of large scale heights, h0 ! 1.

As reported by Ern and Giovangigli (1994), the matrix

with components Ck‘=Yk is symmetric positive semidefinite.

As a result, the coefficients b0 and /T;0, which are associ-

ated with barodiffusion and heat transfer due to thermal dif-

fusion, are always nonnegative. In contrast, the coefficients

t0 and /p;0, which stem from thermal diffusion and heat

transfer induced by barodiffusion, can be negative, thereby

diminishing the overall effect of species diffusion.

Furthermore, the symmetry of Ck‘=Yk implies that the effect

of thermal diffusion is identical to that of heat transfer due

to barodiffusion, i.e., t0 ¼ /p;0.

In the absence of transport phenomena, propagating

waves have real-valued angular frequencies xd and wave-

number vectors k. However, the transport phenomena,

introduced through the term D in the dispersion relation in

Eq. (24), induce both wave attenuation and dispersion.

These effects are captured by the real and imaginary parts of

the coefficients Bi, i ¼ 1;…; 5, respectively.
The background flow velocity v0 appears in the disper-

sion relation in Eq. (24) only through the intrinsic frequency

xd. Its influence on wave propagation, particularly the

anisotropy it induces in the attenuation of infrasonic waves,

has been discussed by Godin (2014). In the following analy-

sis, a windless atmosphere, where v0 ¼ 0, is considered.

E. Acoustic limit

In the acoustic limit, that is, for x 	 xa and x 	 xg,

the effects of gravity and stratification become less perti-

nent, and the dispersion relation in Eq. (24) reduces to the

expression

x2

c20
þ ıx
q0c

2
0

4l0
3

þlb;0þ
ðc0�1Þk0

cp;0

 

þb0þ2/p;0þ/T;0

!
k2 ¼ k2; (25)

which, considering the assumed smallness of the transport

coefficients, yields

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2h þ k23

q
’ x

c0
þ ıx2

2q0c
3
0

4l0
3

þ lb þ
ðc0 � 1Þk0

cp;0

 

þ b0 þ 2/p;0 þ /T;0

!
: (26)

The imaginary part of the right-hand side of Eq. (26) repre-

sents a spatial attenuation rate, labeled as a, also referred to

as the absorption coefficient. It can be written as

a ¼ al0 þ alb;0 þ ak0|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
aclassical

þadiffusion; (27a)

with

al0 ¼
x2

2q0c
3
0

4l0
3

; (27b)

alb;0 ¼
x2

2q0c
3
0

lb; (27c)

ak0 ¼
x2

2q0c
3
0

ðc0 � 1Þk0
cp;0

; (27d)

adiffusion ¼ x2

2q0c
3
0

b0 þ 2/p;0 þ /T;0

� �
: (27e)

The sum of the first three terms, originating from viscous

stresses and thermal conduction (Kirchhoff, 1868), repre-

sents the classical Stokes–Kirchhoff absorption coefficient
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aclassical. On the other hand, the term adiffusion is an absorption
coefficient associated with species diffusion in a multi-

component gas. For a binary mixture, Eq. (27e) simplifies to

the expression reported by Kohler (1941). Specifically, the

coefficients b0, t0, /p;0, and /T;0 take the following forms:

bbin0 ¼ c0q0Dbin
12;0Y1;0ð1� Y1;0Þ M2 �M1½ �2

M1M2

; (28a)

/bin
p;0 ¼ tbin0 ¼ ðc0 � 1Þq0Dbin

12;0

n1;0Y1;0 M2 �M1½ �
M1

;

(28b)

/bin
T;0 ¼ �ðc0 � 1Þ2

c0
q0Dbin

12;0n1;0n2;0; (28c)

where the superscript bin indicates the quantity applies to a

binary mixture, the subscripts “1” and “2” represent the spe-

cies pair (1,2), and Dbin
12;0 represents the binary diffusion coef-

ficient of the species pair “1” and “2” (see Appendix D). As

will be demonstrated, the barodiffusion term b0 represents

the dominant contribution to attenuation due to species diffu-

sion in all atmospheres considered. Eq. (28a) indicates that,

for fixed mass fractions, bbin0 is larger when the species have

significantly different molar masses, whereas it remains small

when their molar masses are similar. This trend holds not

only for binary mixtures, but for general mixtures of ns gases.

IV. ATTENUATION OFACOUSTIC WAVES IN
PLANETARYATMOSPHERES

This section focuses on analyzing acoustic wave attenu-

ation in planetary atmospheres. Specifically, the attenuation

coefficient a [see Eq. (27)] is computed as a function of fre-

quency f ¼ x=ð2pÞ and altitude x3 for the atmospheres of

Earth, Venus, and Mars. Three outer solar system bodies—

Titan, Uranus, and Neptune—were also considered, and

their results are shown in detail in Appendix B. The frequen-

cies considered here focus on f � 10 Hz, specifically lower-

frequency infrasound, as these waves can propagate to high

altitudes in planetary atmospheres.

The required atmospheric input parameters include the ver-

tical profiles of mole fractions, Xk;0ðx3Þ, for each species k 2 S,
the temperature vertical profile, T0ðx3Þ, and the ground pressure
p0ðx3 ¼ 0Þ. The atmospheric molar mass, M0ðx3Þ, is deter-

mined via the expression M0ðx3Þ ¼Pk2S Xk;0ðx3ÞMk. From

this, the mass fractions, Ykðx3Þ, are computed via the formula

Yk;0ðx3Þ ¼ MkXk;0ðx3Þ= M0ðx3Þ. The specific gas constant

follows as r0ðx3Þ ¼ R= M0ðx3Þ. The specific heats are

evaluated using Eq. (1n), allowing for the computation

of the specific heat ratio c0ðx3Þ ¼ cpðx3Þ=cvðx3Þ. The speed

of sound profile, c0ðx3Þ, is then given by c0ðx3Þ
¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c0ðx3Þr0ðx3ÞT0ðx3Þ
p

.

The gravitational acceleration at altitude x3, gðx3Þ, is
provided by Newton’s law

gðx3Þ ¼ GMplanet

R planet þ x3
	 
2 ; (29)

where G ¼ 6:67430� 10�11 N � m2 � kg�2 is the gravita-

tional constant, and Mplanet and Rplanet represent the planet’s

mass and reference radius, respectively.

The vertical pressure profile, p0ðx3Þ, is obtained numeri-

cally by integrating Eq. (9) from the surface, x3 ¼ 0, to the

maximum altitude of interest. The density profile, q0ðx3Þ, is
then derived from the equation of state Eq. (1h).

Finally, given the mole fraction vertical profiles

Xk;0ðx3Þ and the temperature profile T0ðx3Þ, the transport

coefficients – l0ðx3Þ, lb;0ðx3Þ, k0ðx3Þ, Ck‘;0ðx3Þ, k; ‘ 2 S, and
nk;0, k 2 S – are computed by solving the transport linear

systems described in Appendix D.

The atmospheric input profiles–Xk;0ðx3Þ or Yk;0ðx3Þ for

each species k 2 S, as well as T0ðx3Þ and the surface pressure

p0ðx3 ¼ 0Þ–are taken from the NRLMSISE-00 model (Picone

et al., 2002) for Earth, and from the NASA-GRAM suite (Justh

and Hoffman, 2020; Justus et al., 1996) for Venus, Mars, Titan,

Uranus, and Neptune. Table I summarizes the atmospheric

parameters for Earth, Venus, and Mars used in this study.

While the following figures display full atmospheric

profiles (from the surface up to 350 km), our analysis

focuses on the upper atmosphere–particularly altitudes

above 120 km–where classical attenuation mechanisms and

species diffusion become more pronounced, and vibrational

relaxation effects generally decrease. Vibrational relaxation

is well known to impact the lower atmosphere (Gillier et al.,
2024; Sutherland and Bass, 2004; Trahan and Petculescu,

2020), and Fig. 14, along with the corresponding discussion,

addresses this additional relaxation. For this analysis, how-

ever, we focus on species diffusion relative to classical dis-

sipative mechanisms, which dominate at higher altitudes.

A. Results

1. Earth

Figure 1 shows representative vertical profiles of

Earth’s atmosphere from the surface to 350 km altitude at

90
 N, 0
 W in December. This profile was selected to

TABLE I. Planetary parameters used for Earth, Venus, and Mars atmospheric models.

Planet

Mass Radius Atmospheric

Latitude Longitude

Ground pressure

Mplanet[kg] Rplanet[km] model p0ðx3 ¼ 0Þ[Pa]

Earth 5.972�1024 6378 MSIS-00 90
N 0
W 9.812�104

Venus V1 4.867�1024 6051 GRAM 22
N 48
W 92.06�105

Venus V2 4.867�1024 6051 GRAM 22
N 48
W 92.09�105

Mars 6.39�1023 3389.5 GRAM 45
N 48
W 619.4
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reflect the full range of possible atmospheric compositions

in the upper thermosphere, including the presence of helium

(He) above 300 km. While the lower thermosphere typically

consists primarily of N2, O2, and atomic oxygen (O), the

inclusion of He provides a case where lighter species are

appreciable, allowing us to examine the upper limit of spe-

cies diffusion effects on acoustic attenuation.

Figure 1(A) displays the mass fractions Yk;0 of major

atmospheric constituents. Below �100 km, the atmosphere

behaves as a binary mixture of N2 and O2. Between 100 and

250 km, increasing O transitions the composition into a ter-

nary mixture. Above 300 km, He becomes significant, fur-

ther modifying the composition.

Figure 1(B) shows the corresponding vertical profiles of

temperature T0, pressure p0, and density q0. The temperature

is around 210K below �100 km altitude, then increases

sharply in the thermosphere, reaching values near 560K

above 150 km altitude. Due to gravitational stratification,

both p0 and q0 decrease exponentially, spanning more than

ten orders of magnitude over the altitude range 0–350 km.

Figure 1(C) presents the vertical evolution of the

frequency-based Knudsen number, Kn ¼ ‘fpf=c0, which

quantifies the ratio between the molecular mean free path ‘fp
(microscopic scale) and the acoustic wavelength c0=f (mac-

roscopic scale). The spatial attenuation rate given by Eq.

(27) is derived under the continuum assumption, which

requires macroscopic length scales to be much larger than

microscopic ones. We adopt Kn ’ 0:1 as a practical upper

bound for validity. The panel also reports the acoustic cutoff

frequency, below which acoustic propagation is not sup-

ported. As altitude increases, the growing mean free path

reduces the range of frequencies for which the continuum

model remains valid. At approximately x3 ¼ 300 km, valid

results are limited to the range �10�3 Hz to 0:1 Hz.
Figure 1(D) presents the vertical profiles of dynamic

viscosity, bulk viscosity, and thermal conductivity. The

FIG. 1. Representative vertical profiles for Earth’s atmosphere.
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dynamic viscosity and thermal conductivity generally fol-

low the temperature profile. In contrast, the bulk viscosity—

nonzero only in polyatomic gases—aligns with temperature

only up to �150 km, after which it decreases rapidly due to

the increasing abundance of O.

Figure 1(E) presents selected elements Ck‘;0 of the

multi-component diffusion matrix, while Fig. 1(F) shows

the rescaled thermodiffusion ratios nk;0. The elements C12;0

and C33;0 represent interactions between N2 and O2, and

self-diffusion of O, respectively. These coefficients are sym-

metric and reflect the underlying mass conservation con-

straints of the system. The thermodiffusion ratios exhibit

similar trends and structural features.

Figure 2(A) illustrates the spatial attenuation rate a (in

dB � km�1) as a function of frequency f and altitude x3.
Attenuation increases proportionally to the square of the fre-

quency, f 2, and inversely to the atmospheric density, 1=q0.
Since q0 decays exponentially with altitude, a likewise

increases exponentially. For instance, at f ¼ 10�2 Hz, a is

approximately 4:05� 10�5 dB � km�1 at 100 km and rises

to roughly 0:587 dB � km�1 at 300 km.

Figure 2(B) quantifies the percentage contributions of

individual transport mechanisms to the attenuation coeffi-

cient a. Viscous shear stresses dominate across the entire

altitude range, accounting for 50%–60% of total attenuation.

Thermal conduction contributes 20%–40%, followed by

bulk viscosity (up to �20%), and species diffusion (up to

�16%).

Figure 2(C) further resolves the role of individual spe-

cies diffusion processes. Barodiffusion (b0) is the primary

contributor. In contrast, thermodiffusion (t0) and heat trans-

fer due to barodiffusion (/p;0) are negative, partially offset-

ting the overall impact of species diffusion. Finally, heat

transfer due to thermodiffusion (/T;0) is negligible through-

out the considered altitude range.

2. Venus

Figure 3 presents vertical profiles of two representative

Venusian atmospheric states, labeled V1 and V2, spanning

altitudes from the surface to 350 km at 22
; N latitude, 48
;
W. V1 [Figs. 3(A)–3(C)] corresponds to conditions during a

period of elevated solar insolation, such as near Venus’s

superior conjunction, when enhanced solar input drives

increased upper-atmospheric photochemistry. V2 [Figs.

3(D)–3(F)] represents a state with reduced solar activity,

characterized by lower thermospheric temperatures and

diminished oxygen abundance.

Below 100 km, both profiles exhibit similar properties:

the atmosphere is dense [q0ðx3 ¼ 0Þ � 65 kg � m�3], pri-

marily composed of 95%–98% CO2 and 2%–3% N2, with a

surface temperature of approximately 735 K. However,

above 150 km, significant differences emerge. V1 is domi-

nated by O (�95%), with minor fractions of N2, CO, and

He. In contrast, V2 reaches a maximum oxygen concentra-

tion of 86% near 180 km, but O is gradually replaced by He

and H at higher altitudes. Furthermore, V2 remains denser

and cooler than V1 above 100 km.

The transport coefficients for both V1 and V2 profiles

are shown in Fig. 7 in Appendix A. Despite substantial dif-

ferences in composition, particularly in the upper atmo-

sphere, the viscosity and bulk viscosity profiles are nearly

identical between the two cases, and thermal conductivity

differs by up to 15%, with V2 exhibiting higher values at

greater altitudes. In contrast, the species flux coefficients

and thermodiffusion ratios show stronger sensitivity to com-

position. For instance, the thermodiffusion ratio of helium

remains negative and asymptotically approaches zero in V1,

while in V2 it becomes positive with increasing altitude. A

similar divergence appears in the species flux coefficient

C46;0 (He-O interaction), which increases with altitude in V1

FIG. 2. Attenuation of acoustic waves in Earth’s atmosphere.
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but decreases around 250 km in V2 due to differing helium

and oxygen abundances. These compositional sensitivities

directly affect the attenuation due to species diffusion, as

the relevant transport coefficients appear proportionally in

the formulation. A more detailed analysis of these differ-

ences is provided in Appendix A.

These differences have a direct impact on acoustic wave

propagation in the upper atmosphere, as shown in Figs. 3(C)

and 3(F). In V2, the acoustic cutoff frequency decreases to

f � 10�4 Hz above 250 km, permitting the transmission of

lower-frequency infrasonic waves. In contrast, in V1, the cut-

off frequency remains above 10�3 Hz up to 300 km, thereby

limiting the range of propagating frequencies even moreso

than V2. Additionally, V2 supports a broader altitude range

where the frequency-based Knudsen number remains below

the continuum threshold (Kn < 0:1), broadening the applica-

ble range of the attenuation model relative to V1.

The influence of species diffusion on total acoustic

attenuation is illustrated in Figs. 4(A)–4(C) for V1 and Figs.

4(D)–4(F) for V2. Below 100 km, attenuation remains low

for frequencies up to 10 Hz, with a � 1:7� 10�9 dB � km�1

in V1 and 1:5� 10�9 dB � km�1 in V2 at x3 ¼ 50 km and

f ¼ 0:1 Hz. In this region, species diffusion contributes neg-

ligibly (<0:4% of a). At higher altitudes, around x3 ¼ 150

km, diffusion-induced attenuation reaches a local maximum,

accounting for approximately 13% of total attenuation in V1

and 15% in V2.

Above 150 km, attenuation due to species diffusion

increases markedly in V2, reaching 27:75% of total attenua-

tion at x3 ¼ 200 km. In contrast, the contribution from spe-

cies diffusion in V1 at the same altitude decreases to 4.16%.

At x3 ¼ 200 km and f ¼ 0:01 Hz, the total attenuation a is

1:27 dB � km�1 in V1 and 5:84 dB � km�1 in V2. This dis-

crepancy is primarily driven by the enhanced contribution of

FIG. 3. Representative vertical profiles for two Venusian atmospheric models.
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species diffusion in V2; when diffusion is excluded from the

calculation, attenuation levels in the two atmospheres

become nearly identical.

Attenuation arising from shear viscosity and thermal con-

ductivity remains similar in V1 [Fig. 4(A)] and V2 [Fig. 4(D)],

as the temperature and density profiles of the two atmospheres

are broadly comparable. Bulk viscosity closely follows the

CO2 concentration in both cases, since CO2 is the only poly-

atomic species present in significant amounts. In V1, the con-

tributions of thermal conduction (ak0 ) and shear stresses (al0 )
to the total attenuation range from 20%–40% and 38%–62%,

respectively. In V2, ak0 remains within a similar range, while

al0 exhibits greater variability (28%–62%).

Figures 4(C) and 4(F) show the diffusion coefficients

used to compute species diffusion for V1 and V2, respec-

tively. In both cases, the dominant contribution arises from

barodiffusion (b0), with smaller corrections from the

thermodiffusion coefficients t0 and /T;0. The barodiffusion

coefficient reaches similar peak values in both profiles,

maxðb0Þ � 37� 10�6 kg � m � s�1. However, this maximum

occurs at 325 km in V1—outside the region where the

Knudsen number remains valid—while in V2, a comparable

value is reached near 200 km.

3. Mars

Figure 5 presents representative vertical profiles of the

Martian atmosphere from the surface up to 350 km altitude,

corresponding to conditions at 45
 N, 48
 W during the

month of August.

As on Venus, the lower Martian atmosphere is primarily

composed of CO2, with trace amounts of molecular nitrogen

(N2) and argon (Ar)—see Fig. 5(A). Unlike Venus, however,

Mars’ atmosphere is significantly less dense, especially in

FIG. 4. Attenuation of acoustic waves in two Venusian atmospheres.
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the lower atmosphere. As shown in Fig. 5(B), the surface

density is q0ðx3 ¼ 0 kmÞ ¼ 0:161 kg � m�3 and the surface

pressure is p0ðx3 ¼ 0Þ ¼ 585Pa. CO2 remains the dominant

constituent up to x3 ¼ 160 km, where a compositional transi-

tion occurs. Above this altitude, the atmosphere is increas-

ingly dominated by O, with carbon monoxide (CO), N2, and

residual CO2 as minor species, along with traces of Ar. The

upper atmosphere is characterized by low temperatures

[T0ðx3 > 150 kmÞ � 140 K] and extremely low density

and pressure [q0ðx3 > 150 kmÞ < 10�10 kg � m�3, p0ðx3
> 150 kmÞ < 10�6 Pa].

Figure 5(C) shows the frequency-dependent Knudsen

number (Kn) as a function of altitude and frequency. As on

other planets, the range of frequencies over which the con-

tinuum approximation remains valid narrows with increas-

ing altitude. At approximately x3 ¼ 200 km, the continuum

regime is restricted to a frequency band of roughly

1:1� 10�3 Hz to 15� 10�3 Hz.

Mars’ low temperatures and weak vertical temperature

gradient are reflected in the relatively constant profiles of

the transport coefficients, shown in Figs. 5(D)–5(F). Below

x3 ¼ 150 km, the temperature varies modestly, but the com-

position remains dominated by CO2, with trace amounts of

N2, and the atmosphere behaves effectively as a single-

component gas. Above 150 km, this pattern reverses: the

temperature becomes more uniform while the composition

transitions to a quaternary mixture as CO2 concentrations

decline. This compositional shift introduces variability in

the transport coefficients. Viscosity and thermal conductiv-

ity increase with altitude above 150 km, while below this

threshold, they follow the temperature profile. The multi-

component flux coefficients also begin to vary above 150

km, reflecting increased species separation. Likewise, ther-

modiffusion ratios, which are negligible below 150 km,

begin to diverge at higher altitudes. Despite having transport

coefficients comparable to those of Earth and Venus, Mars

FIG. 5. Representative vertical profiles for a Martian atmosphere.
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exhibits the highest overall acoustic attenuation due to its

compositional and thermal structure.

Figure 6 illustrates the attenuation properties of Mars.

Figure 6(A) shows the total acoustic attenuation coefficient

a as a function of altitude and frequency. For the frequency

and altitude ranges considered, attenuation on Mars exceeds

that on Earth. For example, at f ¼ 0:01 Hz and x3 ¼ 200

km, attenuation on Mars reaches 3:04 dB � km�1, which is

approximately 80 times greater than that on Earth at the

same altitude and frequency.

As on Earth and Venus, viscous shear stresses are the

dominant mechanism of acoustic attenuation on Mars.

Below 80 km, they account for 74–76% of the total attenua-

tion, gradually decreasing to 58% at x3 ¼ 200 km. Thermal

conduction contributes approximately 16% below 160 km,

increasing to 30% at higher altitudes. Species diffusion is

negligible below 80 km but becomes increasingly significant

above this altitude, reaching a maximum contribution of

17% at x3 ¼ 155 km. Finally, bulk viscosity contributes

approximately 10% of the total attenuation near the surface

and decreases steadily with altitude, falling to 3% at

x3 ¼ 200 km.

While species diffusion significantly affects acoustic

attenuation on Earth, Venus, and Mars, we find it to be neg-

ligible on Uranus, Neptune, and Titan. These atmospheric

and attenuation profiles are included in Appendix B (see

Figs. 8–13) for completeness.

B. Discussion

Our results demonstrate that species diffusion can sub-

stantially increase acoustic attenuation in the upper atmos-

pheres of Earth, Venus, and Mars, especially at altitudes

above 150 km. In contrast, its influence is considerably

weaker in the upper atmospheres of Titan, Uranus, and

Neptune. Among the different species diffusion mechanisms

considered, barodiffusion—driven by pressure gradients—

emerges as the primary contributor to this enhanced attenua-

tion. Thermodiffusion, driven by temperature gradients,

consistently opposes the effect of barodiffusion and acts as a

corrective mechanism, typically reducing the net attenua-

tion. Despite its opposing sign, the behavior of thermodiffu-

sion closely mirrors that of barodiffusion: it peaks in the

same regions and follows a similar spatial structure.

However, its magnitude remains comparatively small, con-

tributing less than 20% of the barodiffusion-driven attenua-

tion in most cases.

By comparison, ordinary diffusion, which arises from

concentration gradients, plays a negligible role in acoustic

attenuation and does not appear in Eq. (27). Although ordi-

nary diffusion contributes to species transport in the upper

atmosphere, its influence on sound attenuation is minimal.

This behavior stems from the nature of acoustic waves,

which induce only small perturbations in species mass frac-

tions (Y0
k), yielding vanishingly small concentration gra-

dients (rY0
k) and, consequently, a negligible ordinary

diffusion flux.

The impact of barodiffusion is most pronounced in gas

mixtures with large molar mass contrasts. This behavior can

be qualitatively explained by examining the limiting form of

the generalized barodiffusion coefficient for a binary mix-

ture, bbin0 [Eq. (28a)]. In this simplified case, bbin0 scales with

both the binary diffusion coefficient and a mass contrast

term, ðM2 �M1Þ2=M1M2, which becomes large when heavy

and light gases are present in comparable proportions. The

full multi-component formulation given by Eq. (24h) cap-

tures simultaneous interactions among all species; it can be

understood conceptually as a weighted combination of

binary interactions, where the effective transport coefficients

adjust according to the mixture’s composition and

complexity.

FIG. 6. Attenuation of acoustic waves in a Martian atmosphere.
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Earth’s atmosphere serves as a clear example. Below

100 km, it is primarily composed of N2 and O2, which have

comparable molar masses. As a result, species diffusion-

induced attenuation is negligible, consistent with earlier find-

ings (Sutherland and Bass, 2004). However, above �150 km,

O becomes increasingly abundant, leading to a noticeable

increase in the attenuation coefficient. Using Eq. (28a), atten-

uation due to species diffusion can be compared between

these two regions: the lower atmosphere—approximated as a

binary mixture of N2 and O2—and the upper atmosphere,

where a binary mixture of N2 and O serves as a representative

model. Although the diffusion coefficient for N2-O is only

moderately larger than that of N2–O2 (Dbin
N2�O � 1:5Dbin

N2�O2
),

the corresponding mass contrast term is nearly 20 times

greater. As a result, species diffusion accounts for approxi-

mately 5%–6% of total acoustic attenuation between 150 and

250 km, increasing to �16% above 250 km as helium

becomes more abundant.

This pattern highlights a broader principle: attenuation

due to species diffusion is greatest when both heavy and

light molecular species coexist in significant relative con-

centrations. This effect accounts for the pronounced differ-

ence between the two Venusian atmospheric profiles shown

in Fig. 4. Although the temperature, pressure, and density

profiles differ by less than 20% between the two cases, spe-

cies diffusion contributes 45% of total acoustic attenuation

in Atmosphere V2—more than double the 17% contribution

observed in Atmosphere V1. The enhanced attenuation in

V2 arises from higher abundances of light species such as

O, H, and He in its upper layers.

Mars exhibits a similar pattern of altitude-dependent

species diffusion effects. Below 80 km, the atmosphere is

dominated by carbon dioxide (CO2) with only trace amounts

of N2, resulting in negligible attenuation from species diffu-

sion. At higher altitudes, however, increasing concentrations

of CO, O, and N2 enhance barodiffusion, which peaks at

17% of the total attenuation a at x3 ¼ 155 km. At this alti-

tude, the atmospheric composition forms a quaternary mix-

ture of CO2, O, CO, and N2. The largest contribution to the

barodiffusion coefficient arises from the CO2–O pair.

However, neglecting interactions among the full set of spe-

cies leads to significant underestimation. For example, a

simplified binary model that includes only CO2 and O

underpredicts diffusion-related attenuation by nearly 50%.

We applied the same modeling framework to Titan,

Uranus, and Neptune to assess acoustic attenuation in their

upper atmospheres (see Appendix B). In all three cases, spe-

cies diffusion contributes only marginally to total attenua-

tion, with viscous processes—particularly bulk viscosity on

Uranus and Neptune—dominating across the altitude ranges

considered. Detailed thermophysical profiles, attenuation

breakdowns, and transport coefficients for these bodies are

presented in Appendix B (Figs. 8–13). For Titan, species

diffusion accounts for approximately 5% of attenuation in

the upper atmosphere, while Uranus and Neptune show sim-

ilar contributions near the polar radius (x3 ¼ 0 km).

The relatively minor role of species diffusion in these

outer solar system atmospheres stems from lower tempera-

tures, weaker vertical composition gradients, and the domi-

nance of single-species regimes at higher altitudes. On

Titan, the 5%a contribution occurs near x3 ¼ 1850 km

within a narrow region where the Knudsen number

Kn < 0:1 and frequencies approach the acoustic cutoff. This

altitude coincides with nearly equal concentrations of N2

and methane (CH4); above this level, CH4 dominates, and

species diffusion effects decline. Given the variability in

vertical composition across these atmospheres, more

detailed characterization of species abundances and stratifi-

cation is necessary to fully evaluate the role of diffusion in

acoustic attenuation.

To fully contextualize the role of species diffusion, we

compare classical attenuation, aclassical, with absorption due

to vibrational relaxation effects, avibrational (see Fig. 14). For

Earth, Venus, and Mars, vibrational relaxation influences

attenuation in the lower atmosphere, where polyatomic mol-

ecules such as CO2 and N2 exhibit active vibrational modes

at prevailing temperatures. However, classical attenuation

mechanisms dominate above approximately 120 km in all

cases studied. This altitude range also corresponds to where

species diffusion contributes most strongly, demonstrating

its importance in rarefied upper atmospheric conditions. In

contrast, for Titan, Uranus, and Neptune, vibrational relaxa-

tion effects are negligible across the altitudes considered.

More broadly, these results demonstrate that species

diffusion—particularly barodiffusion—can play a signifi-

cant role in acoustic attenuation, especially in rarefied upper

atmospheric regions where vertical gradients in molecular

composition are steep and light species are present in appre-

ciable concentrations. Since atmospheric composition and

structure vary with factors such as solar activity, seasonal

cycles, and local temperature, the influence of species diffu-

sion is expected to exhibit spatial and temporal variability.

These findings highlight the importance of incorporating

species diffusion into models of acoustic wave propagation,

with direct implications for remote sensing, upper atmo-

spheric modeling, and the design of future planetary explo-

ration missions.

V. CONCLUDING REMARKS

This study examines the effect of species diffusion on

the propagation of acoustic and acoustic-gravity waves

within mixtures of ideal gases, starting from the multi-

component Navier–Stokes equations. The results were

applied specifically to quantify attenuation of acoustic

waves in the atmospheres of Earth, Venus, Mars, Titan,

Uranus, and Neptune. By deriving a dispersion relation

based on macroscopic transport equations from kinetic the-

ory, the present analysis provides a theoretical basis to iso-

late the roles of specific diffusive processes in wave

attenuation in multi-component planetary atmospheres.

Among the different species diffusion mechanisms, barodif-

fusion is identified as the primary contributor, while
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ordinary diffusion and thermal diffusion have relatively

minor effects. The influence of species diffusion is most pro-

nounced in regions where gases with different molecular

masses are prevalent, especially in the upper layers of plane-

tary atmospheres. For example, species diffusion accounts

for approximately 16% of total absorption in the upper

layers of Earth’s atmosphere, 17% in Mars’ atmosphere, and

up to 45% in Venus’ atmosphere. In contrast, species diffu-

sion has a more limited impact on Titan, Uranus, and

Neptune, where shear and bulk viscosity effects dominate.

These findings refine our understanding of wave propagation

in rarefied planetary atmospheres and can inform the use

and development of acoustic sensing applications, both on

Earth and for future exploration of planetary atmospheres.

Technical examples of the calculation of diffusion coeffi-

cients and the resulting attenuation coefficients are provided

in the Supporting Information as an open-source archive.

Future research will address the influence of species dif-

fusion on gravity wave propagation and consider additional

processes, such as vibrational relaxation for acoustic propa-

gation in multi-component atmospheres. Furthermore,

investigating wave propagation in rarefied gas mixtures,

where continuum models are no longer applicable, can pro-

vide a basis for coupling of motion across regimes as waves

propagate towards the exobase.

ACKNOWLEDGMENTS

Research at Embry-Riddle Aeronautical University was

supported under DARPA Cooperative Agreements

HR00112120003 and HR00112320043. This work is

approved for public release; distribution is unlimited. The

content of the information does not necessarily reflect the

position or the policy of the government, and no official

endorsement should be inferred. Research by R.S. was

conducted as part of the LABEX CeLyA (ANR-10-LABX-

0060) of Universit�e de Lyon, within the program

Investissements d’Avenir (ANR-16-IDEX-0005) managed

by the French National Research Agency (ANR). For Open

Access, a CC-BY public copyright license has been applied

by the authors to the present document and will be applied

to all subsequent versions up to the Author Accepted

Manuscript arising from this submission.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

All digital materials underlying this study, including

datasets and analysis scripts, are available in the ERAU

Scholarly Commons institutional open-access repository.

The materials are archived as a versioned release and are

accessible via the following DOI: https://doi.org/10.17632/

ygrr6nf635.1.

APPENDIX A: VENUSIAN TRANSPORT
COEFFICIENTS

This section presents the Venusian transport coefficients

omitted from the main text. They are included here for

completeness.

Figure 7 presents transport coefficients for two

Venusian atmospheric profiles: V1 [Figs. 7(A)–7(C)] and

V2 [Figs. 7(D)–7(F)]. While the compositional profiles dif-

fer significantly, the thermoviscous coefficients are nearly

identical, except for thermal conductivity. In particular, V2

exhibits thermal conductivities up to 15% higher than V1,

especially at higher altitudes.

Species flux coefficients and thermodiffusion ratios

show stronger altitude-dependent differences due to compo-

sitional variations. For instance, the thermodiffusion ratio of

helium in V1 [Fig. 7(C)] remains negative above 150 km

and asymptotically approaches zero, whereas in V2

[Fig. 7(F)] it becomes positive with altitude. This behavior

reflects the need for thermodiffusion ratios to satisfy the

mass constraint defined in Eq. (1e).

The species flux coefficient C46;0, representing diffusion

between helium and oxygen in the six-species Venusian

mixture, follows a similar trend. In both V1 [Fig. 7(B)] and

V2 [Fig. 7(E)], C46;0 is comparable below 150 km.

However, above this altitude, differing He and O abundan-

ces lead to a marked decrease in C46;0 for V2 around

250 km, while in V1 it continues to rise. These variations

directly affect the attenuation expression for species diffu-

sion, as the relevant coefficients appear proportionally.

APPENDIX B: OUTER SOLAR SYSTEM BODIES:
TITAN, URANUS, AND NEPTUNE

Beyond the terrestrial planets are the atmospheres of

Titan, Uranus, and Neptune, which contain higher concen-

trations of methane (CH4) and molecular hydrogen (H2).

Although the attenuation due to species diffusion is rela-

tively small in these atmospheres, their composition signifi-

cantly influences the role of bulk viscosity, which has

previously been a minor contributor to acoustic wave attenu-

ation. In the following, we provide a discussion on the outer

solar system bodies. For Uranus and Neptune, an altitude of

x3 ¼ 0 km refers to the planetary radius, where pressure is

equal to 105 Pa.

Table II shows the parameters used for the outer plane-

tary bodies, as obtained from NASA-GRAM suite Justh and

Hoffman (2020).

1. Titan

Titan’s atmosphere is primarily a binary mixture of N2

and CH4, with trace amounts of argon (Ar). It is character-

ized by photochemical haze, convective storms, and orogra-

phy capable of generating atmospheric waves (H€orst, 2017).
Figure 8 presents the vertical atmospheric structure of

Titan. Figure 8(A) shows that near the surface, Titan’s atmo-

sphere consists of 95% N2, 3.15% Ar, and 1.85% CH4. This

J. Acoust. Soc. Am. 159 (2), February 2026 Pi~neyro et al. 1737

https://doi.org/10.1121/10.0042249

 26 February 2026 16:58:59

https://doi.org/10.1121/10.0042249


composition remains relatively stable up to 1000 km, at

which point CH4 concentrations increase and N2 gradually

decreases.

Titan’s ambient temperature profile in Fig. 8(B) exhibits

fluctuations before transitioning to an isothermal state above

x3 > 800 km, where T0 ¼ 177 K. The large scale height at

the surface, h0ðx3 ¼ 0Þ ¼ 35 km, leads to a more gradual

exponential decay in density and pressure compared to ter-

restrial planets. As a result, the region where the Knudsen

number remains below 0.1 Fig. 8(C) extends to higher alti-

tudes, since Kn / 1=q0. Titan also exhibits a notably low

acoustic cutoff frequency, with xaðx3 ¼ 0Þ=2p ¼ 7:63
� 10�4 Hz—approximately one-fourth that of Earth at the

same altitude. The maximum cutoff frequency, fa ¼ 8:5
� 10�4 Hz [outside the range shown in Fig. 8(C)], is the

lowest among all planets considered, allowing for the propa-

gation of lower-frequency infrasound than is possible in

denser, warmer atmospheres.

TABLE II. Planetary parameters used in the appendix analysis for Titan, Uranus, and Neptune.

Planet

Mass Radius Atmospheric

Latitude Longitude

Ground pressure

Mplanet[kg] Rplanet[km] model p0ðx3 ¼ 0Þ[Pa]

Titan 1.345�1023 2575.5 GRAM 22
N 48
W 1.481�105

Uranus 8.681�1025 25 362 GRAM 82
N 48
W 105

Neptune 1.024�1026 24 622 GRAM 22
N 48
W 105

FIG. 7. Transport coefficients for two modeled Venusian atmospheres.
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The thermoviscous coefficients on Titan [Fig. 8(D)] are

of similar magnitude to those of Mars, except for bulk vis-

cosity, which is higher due to the increased concentration of

CH4. The remaining transport coefficients Figs. 8(E)–8(F)

remain approximately constant with altitude and are similar

in magnitude to those of Mars.

Figure 9 presents the attenuation characteristics of

acoustic waves in Titan’s atmosphere. Figure 9(A) depicts

the attenuation of acoustic waves with varying frequency

and altitude on Titan. Acoustic waves experience the least

attenuation near Titan’s surface compared to the other

atmospheres considered in this study. This is due to the

combination of low temperatures and relatively high density

[T0ðx3 ¼ 0Þ ¼ 80K and q0ðx3 ¼ 0Þ ¼ 5:72 kg � m�3]. In

general, Titan’s atmosphere is not strongly dissipative,

meaning acoustic waves can propagate vertically for long

distances without experiencing significant attenuation. At an

altitude of 1000 km and a frequency of f ¼ 0:01 Hz, the

attenuation on Titan is a ¼ 0:03 dB � km�1, which is com-

parable to the attenuation of acoustic waves on Earth at an

altitude of x3 ¼ 200 km.

For x3 < 1000 km, shear viscosity is the dominant

mechanism of dissipation, as illustrated in Fig. 9(B).

Together, shear viscosity and bulk viscosity account for

60%–70% of the total attenuation coefficient, a, with ther-

mal conductivity contributing next, while species diffusion

has a negligible effect. The influence of bulk viscosity fol-

lows the compositional profiles [Fig. 8(A)], as CH4 exhibits

a higher bulk viscosity than N2. At x3 ¼ 1875 km, the domi-

nant species transitions from N2 to CH4. The contribution

from species diffusion can be predicted using Eq. (28) with

equal concentrations of each species X1;0 ¼ X2;0 ¼ 0:5, rep-
resenting the maximum contribution from species diffusion,

approximately adiffusion � 5%a. The contributions from

FIG. 8. Estimation of atmospheric conditions on Titan.
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other transport phenomena are 45%–62% for shear viscosity

(al0 ), 19%–25% for thermal conductivity (ak0 ), and 10%–

34% for bulk viscosity (alb ).
Although species diffusion contributes �5% of a in the

upper atmosphere, the propagation of acoustic waves is

restricted in this region by the Knudsen number, so that fre-

quencies in a narrow bandwidth (1:5� 10�4 Hz < f < 5

� 10�4 Hz) are valid in this region. The impact of species

diffusion could be appreciable under different atmospheric

conditions, i.e., a denser or hotter upper atmosphere, which

would effectively broaden the region where Kn � 0:1.

2. Uranus

Uranus’s atmosphere has been analyzed up to an alti-

tude of 2000 km, where it is composed of approximately

99% hydrogen (H2). Above 1000 km, the atmosphere

approaches a nearly pure H2 state, rendering species diffu-

sion negligible. As the composition and structure above this

altitude resemble a single-component gas, the discussion of

acoustic propagation is confined to x3 � 1000 km.

Figure 10 presents the atmospheric profiles of Uranus.

Figure 10(A) shows the mass fractions Yk;0, where the atmo-

sphere is a binary mixture consisting of 75%–99% H2 and

0–24% He, with trace amounts of CH4 near the polar radius

(not shown) that are negligible. The temperature profile in

Fig. 10(B) is approximately linear, increasing at a rate of

0.384K � km�1. Pressure and density decrease gradually

with altitude due to Uranus’s large scale height [h0ðx3 ¼ 0Þ
¼ 31:82 km], which is nearly four times that of Earth.

Notably, Uranus’s atmosphere exhibits the widest range in

which the Knudsen number remains below the continuum

threshold (Kn � 0:1), as shown in Fig. 10(C).

The thermoviscous coefficients, shown in Fig. 10(D),

follow the temperature profile and are strongly influenced

by the H2-rich composition. Bulk viscosity dominates over

shear viscosity, with the bulk-to-shear viscosity ratio

increasing from lb;0=l0 ¼ 9:88 at x3 ¼ 66 km to a peak of

lb;0=l0 ¼ 38:9 at x3 ¼ 1000 km. This contrasts clearly with

Earth’s atmosphere, where lb;0=l0 is generally less than 0.6.

The mass flux coefficients, shown in Fig. 10(E), and the

rescaled thermodiffusion ratios exhibit behavior comparable

to the mass diffusivity coefficients observed on Mars.

Figure 11 shows the attenuation characteristics of

acoustic waves in Uranus’s atmosphere. Figure 11(A) shows

the attenuation of acoustic waves with altitude and fre-

quency for Uranus’s atmosphere. Uranus’s atmosphere is

even less dissipative than that of Titan, reaching a value of

a ¼ 6:36� 10�4 dB � km�1 at f ¼ 0:01 Hz, at 1000 km,

almost 50 times less than that of Titan at the same altitude

and frequency. The contribution of each transport phenome-

non to attenuation is shown in Fig. 11(B), where the mecha-

nism responsible for attenuation of acoustic waves on

Uranus is primarily bulk viscosity, which accounts for over

85% of the total dissipation (alb;0 > 85%a), while thermal

conductivity, shear viscosity, and species diffusion contrib-

ute 1%–5%a, 3%–10%a, and 0%–1.9%a, respectively.
The barodiffusion coefficient b0, shown in Fig. 11(C),

increases linearly with temperature below x3 ¼ 500 km.

Above this altitude, it decreases as the atmosphere transi-

tions to a single-species H2 fluid. Since Uranus’s atmo-

sphere is a binary mixture, attenuation due to species

diffusion can be analyzed using Eq. (28). For example, at

x3 ¼ 0, q0Dbin
H2�He ¼ 6:34� 10�6 kg � m�1 � s�1, and with

YH2
¼ 0:617, the diffusion contribution to attenuation is

adiffusion ¼ 1:48%a, as shown in Fig. 11(B). Between 0 and

500 km, the concentrations of H2 and He remain relatively

constant, and the barodiffusion coefficient bbin0 increases

monotonically with temperature. Above 500 km, as the

atmosphere transitions to a single-component H2 gas, bbin0

decreases. Although the barodiffusion coefficient peaks at

FIG. 9. Attenuation of acoustic waves on Titan.
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x3 ¼ 500 km, the thermoviscous coefficients also increase

proportionally. At these altitudes, species diffusion contrib-

utes only 0.75%a, becoming negligible at higher altitudes as

the atmosphere becomes dominated by H2. Moreover, due

to the relatively small molecular mass difference between

H2 and He (MH2
�MHe ¼ 2 g � mol�1), species diffusion

will generally contribute minimally to overall attenuation.

3. Neptune

Neptune’s atmosphere shares similarities with that of

Uranus in terms of its neutral compositional structure

[Fig. 12(A)], as well as its temperature and density profiles

[Fig. 12(B)]. Differences arise in Neptune’s lower atmosphere,

which contains a higher concentration of CH4, peaking at �5%

around x3 ¼ 50 km [Fig. 12(A)]. Above 500km, where the

CH4 concentration drops to nearly zero, the atmospheres of

Uranus and Neptune become almost identical—except for the

fact that Uranus’s atmosphere is approximately 60 times denser

than Neptune’s. Due to the less dense atmosphere, acoustic

propagation is more restricted at higher altitudes compared to

Uranus [cf. Fig. 12(C)].

The transport coefficients [cf. Figs. 12(D)–12(F)] are of

similar magnitude to those in Uranus’s atmosphere. The

ratio lb;0=l0 ¼ 35:65 at x3 ¼ 1000 km, which is comparable

to that of Uranus. This ratio continues to increase with tem-

perature, reaching a maximum value of lb;0=l ¼ 46 at

x3 ¼ 2000 km. The rescaled thermodiffusion ratio profile

for CH4 reaches the highest value for any gas in this study,

n3;0ðx3 > 1000 kmÞ � 0:6. However, this ratio does not sig-

nificantly impact the total attenuation of the wave since the

concentration of CH4 is approximately nil at those altitudes.

Figure 13 shows the attenuation properties of acoustic

waves in Neptune’s atmosphere. Figure 13(A) shows the

attenuation coefficient for Neptune’s atmosphere. Since

Neptune’s atmosphere is less dense, it is more dissipative than

FIG. 10. Estimation of vertical profiles for Uranus’s atmosphere.
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FIG. 11. Attenuation of acoustic waves in Uranus’s atmosphere.

FIG. 12. Estimations of vertical profiles for Neptune’s atmosphere.
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Uranus’s. At 1000 km, for f ¼ 0:01 Hz, a ¼ 0:04 dB � km�1,

which is comparable to attenuation on Titan at the same

altitude and frequency. Figure 13(B) shows the individual

contributions of each transport phenomenon. Similar to

Uranus’s atmosphere, bulk viscosity dominates as the pri-

mary mechanism of absorption, reaching a maximum of

96% in the upper atmosphere. The contributions of other

transport phenomena are minor or negligible, with species

diffusion contributing 0%–10.5%, thermal conductivity at

5%, and shear viscosity at 10.5%. Species diffusion contrib-

utes the most in the lower atmosphere, where the attenuation

of acoustic waves is low, i.e., a � 10�11 dB � km�1. Similar

to other atmospheres in this study, barodiffusion is the main

contributor to species diffusion, as shown in Fig. 13(C).

Here, the barodiffusion coefficient is larger than that of

Uranus due to the presence of CH4. However, the species

diffusion coefficients are, in general, overshadowed by the

significant magnitude of the bulk viscosity coefficient,

which increases with the presence of CH4 and H2. In gen-

eral, for both Uranus’s and Neptune’s atmospheres, the total

attenuation can be approximated by the viscous contribu-

tion, i.e., a � alb;0 þ al0 .
Across Titan, Uranus, and Neptune, species diffusion

was consistently found to contribute less than 6%a—often

less—under the atmospheric conditions modeled. In all

cases, viscous dissipation is dominant, with bulk viscosity

playing the primary role on Uranus and Neptune, driven by

the presence of CH4 and H2. While species diffusion had a

relatively minor effect, it is sensitive to vertical gradients in

composition. A more complete understanding of the compo-

sitional structure, particularly at higher altitudes, would

allow for improved assessment of its role in acoustic attenu-

ation on these outer solar system bodies.

APPENDIX C: ON THE RELATIVE IMPORTANCE
OF CLASSICAL ABSORPTION AND VIBRATIONAL
RELAXATION

Vibrational relaxation is widely recognized to play a

major role in acoustic wave attenuation in planetary atmos-

pheres (Garcia et al., 2017; Bass et al., 1984; Bauer, 1972;
Bass and Chambers, 2001; Gillier et al., 2024; Petculescu
and Lueptow, 2007; Sabatini et al., 2016a; Sutherland and

Bass, 2004; Trahan and Petculescu, 2020). While a rigorous

derivation of its contribution is beyond the scope of this

paper, estimating its impact is essential for assessing the sig-

nificance of the present results.

To estimate this contribution, we apply the methodol-

ogy outlined in Gillier et al. (2024) to compute the vibra-

tional relaxation attenuation coefficient, avibrational, and

compare it with the Stokes-Kirchhoff attenuation, aclassical,
where

aclassical ¼ al0 þ alb;0 þ ak0 ; (C1)

with each term defined in Eqs. (27b)–(27d).

Figure 14 shows the total attenuation coefficient,

defined as atotal ¼ aþ avibrational, plotted versus altitude (x3)
and frequency (f) for Earth, Mars, and the two Venusian

atmospheres (V1 and V2). The dashed black line in each fig-

ure identifies the altitude where absorption due to vibra-

tional relaxation is equal to the classical attenuation

coefficient, i.e., avibrational ¼ aclassical.
The results reveal that vibrational relaxation dominates

acoustic attenuation in the lower atmosphere—where spe-

cies diffusion is minimal—across Earth, Mars, and Venus,

with a significant contribution below approximately 120 km.

FIG. 13. Attenuation of acoustic waves in Neptune’s atmosphere.
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Conversely, at higher altitudes, attenuation is primarily con-

trolled by viscous stresses, thermal conduction, and species

diffusion.

We also analyzed the vibrational relaxation contribution

in Titan, Uranus, and Neptune (profiles not included). In

these atmospheres, vibrational relaxation remains subdomi-

nant over the entire altitude range considered; that is,

avibrational never exceeds the classical attenuation coefficient.

This behavior is attributed to the relatively low atmospheric

temperatures, which are insufficient to significantly excite

the vibrational modes of the dominant molecular species.

In the upper atmospheres of Venus, Mars, and Earth,

vibrational relaxation becomes less important, even in the

continued presence of polyatomic species such as CO2 and

N2. This reduction in contribution arises from a combination

of factors. First, upper atmospheres are generally cooler,

and although vibrational relaxation is sensitive to

temperature, the vibrational temperatures of the relevant

molecular modes are on the order of several thousand kel-

vin, rendering them effectively inactive under typical condi-

tions. Second, the atmosphere becomes increasingly rarefied

with altitude, which reduces the collision frequency and

increases the relaxation time, further limiting energy

exchange. Finally, compositional changes at high alti-

tudes—especially the decline in polyatomic species with

accessible vibrational modes—reduce the availability of

molecules capable of participating in vibrational relaxation.

Together, these effects suppress vibrational energy

exchange, making vibrational relaxation negligible relative

to classical mechanisms.

APPENDIX D: TRANSPORT COEFFICIENTS

The computation of the transport fluxes F k, T, and Q
requires determining the transport coefficients l, lb, k, Ck‘,

k; ‘ 2 S, and nk, k 2 S. These coefficients are obtained by

solving linear systems derived from the kinetic theory of

gases. In the work reported in this article, the approach

described in Ern and Giovangigli (1994) is used. The

Knudsen number is used to characterize the flow regime and

determine when the transport coefficients are applicable. It

is defined as follows:

Kn ¼ ‘fp
L ¼ kBTffiffiffi

2
p

pd2p

� �
f

c
;

where the mean free path ‘fp is defined by the terms in

brackets with d � �10�10 m as the effective particle-hard-

shell diameter of the mixture. For clarity, the necessary

parameters are first defined in the following paragraph.

1. Parameters for pure species and binary mixtures

The calculation of the transport coefficients relies on

molecular parameters linked to the interaction potential uk‘

FIG. 14. The total attenuation coefficient atotal as a function of altitude

x3 and frequency f for (A) Earth, (B) Mars, (C) Venus Atmosphere V1, and

(D) Venus Atmosphere V2.

Zint
k Collision numbers

wk‘ Lennard-Jones Potential

rk‘ Collision diameter of k � ‘ pair

�k Potential Well Depth of the kth species

d Particle hard-shell diameter of the mixture

c Specific heat capacity per molecule

mk molecular mass of the kth species

Xði;jÞ
k‘ ;Xði;jÞ?

k‘
Collision integrals, Reduced Collision integrals

�Ak‘; �Bk‘; �Ck‘ Ratios of the reduced collision integrals

l Shear viscosity

lb Bulk viscosity

Ck‘ Multi-component flux coefficient

Dk‘ Multi-component diffusion coefficient

k Thermal conductivity

nk Rescaled Thermodiffusion coefficient

Dbin
k‘ , Dbin

kint;‘
Binary diffusion coefficient,

Diffusion coefficient for internal energy
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between molecule pairs ðk; ‘Þ, k; ‘ 2 S. In this work, the

Lennard–Jones interaction potentials are employed,

uk‘ðrÞ ¼ 4�k‘
rk‘
r

� �12

� rk‘
r

� �6
( )

: (D1)

In Eq. (D1), rk‘ denotes the collision diameter, �k‘ is the

potential well depth, and r represents the distance between

the molecules. The molecular parameters for species pairs

�k‘ and rk‘ are expressed in terms of the pure species param-

eters �k and rk as

�k‘
kB

¼
ffiffiffiffiffiffiffiffiffiffi
�k
kB

�‘
kB

r
; rk‘ ¼ rk þ r‘

2
; (D2)

where kB is the Boltzmann constant.

Some transport coefficients depend on the collision

numbers Zint
k , k 2 Spol, which are associated with the relaxa-

tion of internal degrees of freedom. When the energy can be

split into independent rotational and vibrational modes,

these numbers can be estimated from

cintk

Zint
k

¼ crotk

Zrot
k

þ cvibk

Zvib
k

;

where Zrot
k , Zvib

k are the rotational and vibrational collision

numbers, respectively. The specific heat per molecule of

internal energy, cintk , is expressed as

cintk ¼ cpk � ctrp ; (D3)

where ctrp ¼ 5kB=2 represents the translational specific heat

at constant pressure per molecule and

cpk ¼ cpkmk; mk ¼ Mk

NA
; (D4)

where mk is the molecular mass of species k, NA is

Avogadro’s number, and cpk denotes the specific heat at con-
stant pressure per molecule of the kth species. Equation (D3)

can also be written in terms of cvk ¼ cvkmk as cintk ¼ cvk � ctrv
with ctrv ¼ 3kB=2. The specific heats of the kth species cpk and
cvk are determined using the following expressions:

cpk ¼ Ndof þ 2

2

� �
R

Mk
; cvk ¼ cpk � R

Mk
: (D5)

Vibrational relaxation is often addressed using an ad-hoc

approach, and only rotational relaxation is included in Zint
k ,

Zint
k ¼ Zrot

k . A common approximation for the rotational

relaxation numbers is the model by Parker (1959) (see also

Brau and Jonkman, 1970),

Zrot
k ðTÞ ¼ Zrot

k ðT ¼ 298KÞFkðT ¼ 298KÞ
FkðTÞ ;

where

FkðTÞ ¼ 1þ p3=2

2

�k=kB
T

� �1=2

þ p2

4
þ 2

� �
�k=kB
T

:

The collision diameters rk, potential well depths �k=kB, and
collision numbers Zrot

k ðT ¼ 298KÞ for the various species

considered in this work are presented in Table III, along

with their respective molar masses.

The transport coefficients also depend on the so-called

reduced collision integrals, Xði;jÞ?
k‘ , which are functions of the

reduced temperature T? ¼ T=ð�k‘=kBÞ. These integrals are

obtained by interpolating the data provided in Appendix B

from Kim and Monroe (2014). The rescaled collision inte-

grals Xði;jÞ?
k‘ are related to the collision integrals Xði;jÞ

k‘ via the

expression

Xði;jÞ
k‘ ¼Xði;jÞ?

k‘

kBTp
2mk‘

� �1=2 ðjþ1Þ!
2

1�1þð�1Þi
2ðiþ1Þ

 !
r2k‘

" #
;

where

mk‘ ¼ m‘k ¼ mkm‘

mk þm‘
(D6)

is the reduced mass of the species pair ðk; ‘Þ, k; ‘ 2 S.
Additionally, three ratios of the reduced collision integrals,

Ak‘, Bk‘, and Ck‘, arise in the transport coefficients and are

defined as follows:

Ak‘ ¼Xð2;2Þ?
k‘

Xð1;1Þ?
k‘

; Bk‘ ¼ 5Xð1;2Þ?
k‘ �4Xð1;3Þ?

k‘

Xð1;1Þ?
k‘

; Ck‘ ¼Xð1;2Þ?
k‘

Xð1;1Þ?
k‘

:

(D7)

The shear viscosity for a pure species, lk, and for a binary

species, lk‘, are provided by the expressions

lk ¼
5

16

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pmkkBT

p

pr2kX
ð2;2Þ

kk

; lk‘ ¼
5

16

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmk‘kBT

p

pr2k‘X
ð2;2Þ

k‘

: (D8)

TABLE III. Molecular parameters obtained from Ern and Giovangigli

(1994), Weaver and Alexeenko (2015) (for He and Ar), Capitelli et al.
(2000) (for N).

Species Mk ½g � mol�1� �k=kB [K] rk ½Å� Zrot
k ðT ¼ 298KÞ

CH4 16.04 141.4 3.746 13.0

CO 28.01 98.1 3.650 1.8

CO2 44.01 244.0 3.763 2.1

H 1.008 145.0 2.050 —

H2 2.016 38.0 2.920 280.0

N2 28.013 97.5 3.621 4.0

N 14.007 119.2 2.980 —

O 16 80.0 2.750 —

O2 32 107.4 3.458 3.8

He 4.003 10.2 2.524 —

Ar 39.948 143.8 3.323 —
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The bulk viscosity is nil for a monoatomic species. For a

pure polyatomic species k, it is provided by the following

expression:

lbk ¼
kBp
4

cintk

cvk

� �2
Zint
k

cintk

lk:

Finally, the binary diffusion coefficient Dbin
k‘ of the species

pair ðk; ‘Þ is finally given by the following formula:

Dbin
k‘ ¼ Dbin

‘k ¼ 3

16

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pk3BT

3=mk‘

p
ppr2k‘X

ð1;1Þ

k‘

:

2. Shear viscosity l

The shear viscosity l of a multi-component mixture is

calculated via the following weighted sum:

l ¼
X
k2S

Xk; a
ðlÞ
k : (D9)

The vector aðlÞ is the solution of the invertible transport lin-

ear system

HaðlÞ ¼ bðlÞ; (D10)

where the components of the matrix H and the vector bðlÞ

are defined as

Hkk ¼
X
‘2 S

‘ 6¼ k

2X‘

lk‘

5

3Ak‘

mkm‘

ðmk þm‘Þ2
þ m2

‘

ðmk þm‘Þ2
" #

þXk

lk
;

Hk‘ ¼ 2X‘

lk‘

mkm‘

ðmk þm‘Þ2
1� 5

3Ak‘

� �
; k 6¼ ‘;

bðlÞk ¼ 1; k 2 S: (D11)

3. Bulk viscosity lb

The bulk viscosity of a multi-component mixture is

determined using the expression

lb ¼
X
k2Spol

cvk
cv

� �2 Xð2;2Þ
kk XkP

‘2S X
ð2;2Þ
k‘ X‘

lbk;

where the weighted sum is taken over the polyatomic spe-

cies ðSpol � SÞ.

4. Thermal conductivity k

The thermal conductivity of a multi-component mixture

is given by

k ¼ p

T

X
k2S

aðkÞk bðkÞk : (D12)

The vector aðkÞ is the solution of the linear system

K̂aðkÞ ¼ b̂
ðkÞ
, where the components of the matrix K̂ and the

vector bðkÞ are defined as

K̂kk ¼ Xk

Dbin
kk

2Akk þ 16Akk

15pkB

cintk

Zrot
k

þ cintk

kB

D bin
kk

Dbin
kint;k

" #
(D13)

þ
X
‘ 2 S
‘ 6¼ k

X‘

Dbin
k‘

mkm‘

ðmk þm‘Þ2
Nk‘; k 2 S; (D14)

K̂k‘ ¼ � X‘

Dbin
k‘

mkm‘

ðmk þm‘Þ2
Wk‘; (D15)

~b
ðkÞ
k ¼ ctrp þ cintk

kB
; (D16)

bðkÞk ¼ Xk
~b
ðkÞ
k ; (D17)

with

Nk‘ ¼ 15

2

mk

m‘
þ 25

4
� 3Bk‘

� �
m‘

mk
þ 4Ak‘

þ 4

15

ð3mk � 2m‘Þ2
m2

‘

Ak‘

pkB

cintk

Zint
k

þ 20

3

Ak‘

pkB

cint‘

Zint
‘

þ ðmk þm‘Þ2
mkm‘

cintk

kB
;

Wk‘ ¼ 55

4
� 3Bk‘ � 4Ak‘ þ 4

3

Ak‘

pkB

3mk � 2m‘

m‘

cintk

Zint
k

þ 4

3

Ak‘

pkB

3m‘ � 2mk

mk

cint‘

Zint
‘

; (D18)

where Dbin
k;int;‘ ¼ Dbin

k‘ can be used for nonpolar gases

(Monchick et al., 1965).

5. Multi-component flux coefficient Ck‘ and rescaled
thermal diffusion ratios nk

The multi-component flux diffusion coefficients Ck‘,

with k; ‘ 2 S, are the elements of the matrix

C ¼ 1

a
Y1T þ C

� ��1

� a Y1T
	 


; (D19)

where a is any positive real number, Y ¼ ½Y1; Y2;…; Yns �T is

the vector of mass fractions, 1 ¼ ½1;…; 1�T is a vector con-

taining ns ones, and C is the singular matrix whose elements

are provided by the following expressions:

Ckk ¼
X
‘ 2 S

‘ 6¼ k

M

Mk

X‘

qDbin
k‘

; k 2 S;

Ck‘ ¼ � M

M‘

Xk

qDbin
k‘

; k; ‘ 2 S; k 6¼ ‘:

(D20)

The rescaled thermal diffusion ratios nk, k 2 S are deter-

mined by the formula

nk ¼
X
‘2S

~Lk‘a
ðkÞ
‘ ; k 2 S; (D21)
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where

~Lkk ¼ �
X
‘ 2 S

‘ 6¼ k

X‘

2Dbin
k‘

m‘

mk þm‘
ð6Ck‘ � 5Þ; k 2 S;

~Lk‘ ¼ X‘

2Dbin
k‘

mk

mk þm‘
ð6Ck‘ � 5Þ; k; ‘ 2 S; k 6¼ ‘:

(D22)

It can be demonstrated that the multi-component diffusion

flux coefficients and the rescaled thermal diffusion ratios are

constructed to satisfy the mass conservation constraint,X
k2S

F k ¼ 0: (D23)

In particular, the matrix C verifies the following relations:

CY ¼ 0; CCC ¼ C; CCC ¼ C:

Moreover, the matrix with components Ck‘=Yk is symmetric

positive semidefinite. Finally, the rescaled thermal diffusion

ratios verify the constraint,X
k2S

Xknk ¼ 0: (D24)
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