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Acoustic environment of the Martian surface

Jean-Pierre Williams

Department of Earth and Space Sciences, University of California, Los Angeles

Abstract. Prompted by the Mars Microphone aboard the 1998 Mars Polar Lander, a
theoretical study of the acoustical environment of the Martian surface has been made to
ascertain how the propagation of sound is attenuated under such conditions and to predict
what sounds may be detectable by a microphone. Viscous and thermal relaxation (termed
classical absorption), molecular relaxation, and geometric attenuation are considered.
Classical absorption is stronger under Martian conditions resulting in sounds in the audible
frequencies (20 Hz to 20 kHz) being more strongly attenuated than in the terrestrial
environment. The higher frequencies (>3000 Hz) will be severely attenuated as the
absorption is frequency dependent. At very low infrasound frequencies (i.e., < 10 Hz),
attenuation will be mostly due to geometric spreading of the propagating wave front and
will therefore be more similar to the terrestrial surface environment. Probable sound
sources in the landed environment include wind-blown dust and sand from large dust
storms, dust devils, and possible associated electrostatic discharge. The sounds most likely
to be detected will be sounds generated by the lander itself and aeroacoustic noises
generated by winds blowing against the lander and its instruments.

1. Introduction

The 1998 Mars Polar Lander (MPL), which was to land in
the south polar region of Mars (76°S, 195°W) on Decemiber 3,
1999, had-on board a microphone that would have offered the
unique opportunity to sample the acoustic environment on the
surface of Mars. The Mars Microphone, which was funded
by The Planetary Society as part of the LIDAR experiment,
was to provide a 2.5 s sound.sample in the 20 kHz sampling
mode or a 10.6 s sound sample in the 5 kHz sampling mode
every week (G. T. Delory et al., unpublished manuscript,
2000). A theoretical study has been undertaken to
characterize the acoustic environment at the surface of Mars
to estimate what-a microphone in such an environment might
be expected to detect and qualify the conditions for future
acoustic instrumentation.

The dtmospheric environment at the landing site is similar
to the Earth’s stratosphere in terms of temperature and
pressure. The atmospheric pressure will be ~6-8 mbars, and
the temperatures are expected to be around 200-240 K. A
microphone in this environment is expected to detect sounds
within close proximity, although the sounds will be attenuated
relative to the terrestrial surface environment.

In characterizing the atmospheric acoustics of Mars, the
atmosphere can be treated as a continuous compressible
media in which oscillatory motion occurs. Deformations are
transmitted as pressure fluctuations in all directions from the
point where- they arise. These pressure waves and their
propagation through thé atmosphere have been modeled to
better understand the sound speed, intensity, attenuation, and
detectability by an acoustic sensor.
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2. Speed of Sound on Mars

The speed of sound in the Martian atmosphere can be
derived by assuming the atmosphere to be an elastic
continuum in which there is no rigidity. Such a medium will
transmit only longitudinal waves. The compressions and
rarefactions of the propagating waves occur fast enough that
they can be treated adiabatically. The relation PV'= constant
is.employed, where  is the ratio of the specific heat of the gas
at constant pressure to the specific heat of the gas at constant
volume, and therefore depends on the properties of the gas.
For-a CO, atmosphere at 220 K, vy = 1.338. With the use of
the ideal gas law, the sound speed, ¢, can be expressed as

RT (1)

where R* is the universal gas constant (8.314 j mol™ K™') and
M is the mean molecular weight of the air. Thus the speed of
sound depends only on the temperature and composition of
the gas.

The region of the MPL landing site is blanketed by
seasonal frost cover during the southern winter and early
spring, which- sublimates away with the onset of summer.
The Lander was to arrive in late spring at Ls = 256, where Ls
is the areocentric longitude of the Sun. The frost cover should
have sublimated from the landing site several weeks before
arrival.  Small patches of frost may still have remained in
low-lying topography where it remained shielded from
receiving prolonged direct sunlight. Given that the 6 mbar
frost point of CO2 is ~147 K, early in the mission, local
surface temperatures may have been very cold, but Viking
Infrared Thermal Mapper (IRTM) data from the 20-pm
channel indicates average surface temperatures between 205
to 240 K at this season (M. Richardson, personal
communication, 1999). This range of temperatures gives a
sound speed ranging from 227 to 246 m/s. For comparison
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the sound speed on Earth is 343 m/s at room temperature
(7=293 K) and 1 bar of pressure.

3. Wave Energy and Intensity
3.1. Particle Displacement and Velocity

The propagation of sound through the atmosphere occurs
by means of wave motion and therefore can be described by
the wave equation, which for a plane wave of a particular
wavenumber, k, and angular frequency, w, traveling in the
positive x direction has the following solution:

plx,1) = poexpli(he - wr)] ()
where p, is the amplitude. ;
With the excess pressure p, of the sound wave, there is a
displacement of the medium from equilibrium. Assuming
that the particle displacement is small, the strain tensor for
hydrostatic compression can be expressed as (see Mase
[1970] for details)
_ou__p 3)

" 6)6, K ’

where K is the bulk modulus (or the modulus of hydrostatic
compression) and K = p,c’. Substituting (2) into (3) and
integrating gives the particle displacement

and the particle velocity
u= Lsin(kx - a)t), 4)
2nfp.c
v= au = —-—picos(kx —a)t). ®)
dt o X

3.2. Sound Intensity

The energy transported by the acoustic waves through the
continuum is in two forms: kinetic energy from the particle
motion and potential energy from the compressed elastic
medium. When the particle moves through the equilibrium
position, the kinetic energy is at a maximum, and the potential
energy is zero. Since the total energy is conserved and in an
adiabatic fluid, it may be measured as the maximum kinetic
energy. The kinetic energy is

1 p¥.
B = pp? = Ehcosz(kx—cot), (6)

2 p02

o

where V, is volume and the total energy density is

2
U= l.f__ )
2 p,c’

The intensity of a sound wave is the time average rate of
flow of energy through unit area of the medium perpendicular
to the direction of propagation. Put another way, it is the
energy density flux, which is the product of the energy
density and the sound speed.

2

. 1 p;
1 =l}c = e——
2 p.c @)

The intensity level of sounds is often measured in decibels
(dB), which is based on a logarithmic scale. One reason for
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doing this is because of the wide range of pressures and
intensities encountered in the acoustic environment. Audible
intensities range from 10" to 10 W m™ [Kinsler et al., 1982].
Another reason for doing this is that humans judge the relative
loudness of two sounds by the ratio of their intensities, i.e.,
logarithmically. ~ Using a fixed reference level of sound
intensity 1, (102 W m™), the sound level in decibels becomes

1
ﬂ =1010g10 —]— (9)

o

4. Attenuation of Sound Waves

4.1. Classical and molecular absorption

As the sound wave propagates through the atmosphere, it
will experience a loss in internal energy. This dissipation of
acoustic energy results in the decline ini the intensity as a
function of distance from the source. This can be attributed to_
viscosity of the CO, gas and thermal conduction, collectively
termed classical absorption, and molecular relaxation.

Viscosity, thermal conduction, and molecular relaxation
dissipate the acoustic energy as heat. This diminishes the
amplitude over time in a way that is analogous to a damped
wave in a string [see Marion and Thorton, 1995]. In this
situation, (2) becomes

P=D. exp(— ax)exp[i(kx - a)t)], (10)
where « is the absorption coefficient and acts to dampen the
wave as it propagates. [Each loss mechanism has an
associated absorption coefficient, which contributes to
damping the acoustic wave (Figures 1 and 2).

The viscosity of the atmosphere arises from friction within
the fluid, which produces a delay between the application of
the pressure change and attainment of the corresponding
equilibrium density.  This effect is accounted for by
introducing a relaxation time 7 into the equation of state [see
Kinsler et al., 1982] where, assuming the relaxation time to be
short, the absorption coefficient can be expressed as

__l_a)?'z'
2 ¢

a, (11)
To determine the relaxation time, the Navier-Stokes equation
of motion for an irrotional, compressible fluid is employed,
and 7 can be identified as

r=2 2

- 3 p°c2 ’ (12)

where 7 is the viscosity coefficient. From this, the absorption
coefficient for viscosity becomes
2 ™y 8 72 f?
==

S It e (13)

As can be seen from this equation for the absorption
coefficient, attenuation is proportional to the square of the
frequency, f, and therefore the higher frequencies will be
more strongly attenuated (Figure 1). The coefficient is also
inversely proportional to the cube of the sound speed. Since
the sound speed is lower on Mars than on Earth, the
attenuation due to viscosity is also more effective. For Mars,
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Figure 1. Absorption coefficients as a function of frequency for a 6 mbar CO, atmosphere at 220 K. Long-dashed
lines represent absorption due to viscosity, medium-dashed lines represent absorption from thermal dlffusmn and
short-dashed lines represent absorption from molecular relaxation. Viscosity coefﬁ01ent 7=11.19x10° N s m”

used from Touloukian et al. [1975]. Values for thermal conductivity (0.01083 W m™ K™) and heat capacity (568.1
J kg K) from Touloukian et al. [1970] and Keenan et al. [1983], respectively. Value of 0.16 for 4,4 and 129 Hz

for £, is extrapolated from Shields [1957].

a, is (1.568x10°)f, for a temperature of 220 K where on
Earth at room temperature o, is (8.31x10™" ).

The loss of energy due to thermal conduction occurs
because the pressure fluctuations associated with the sound
wave are not in thermodynamic equilibrium. Although the
sound propagation has been treated as occurring adiabatically
up to this point, in actuality heat will flow irreversibly in the
presence of a temperature gradient [Morse and Ingard, 1968].

The compression and rarefaction of the passing wave will
create warmer and cooler regions which will cause a diffusion
of heat energy. The flux of heat is proportional to the
negative gradient of the temperature where the constant of
proportionality is the thermal conductivity K. The change in
internal energy can be expressed as the negative divergence of

the flux. Using this with the second law of thermodynamics,
a relation for the rate of change of entropy for a unit mass per
unit volume can be established [see Morse and Ingard, 1968].
Energy will be withdrawn with each unit distance traveled
and the absorption coefficient associated with thermal
conductivity will be

ar

do (y—lJ47r2f2K
R RS R P (14)

I \r )pdc’

where C)-is the heat capacity at constant volume.

Like the absorption coefficient for viscosity, absorption
due to thermal diffusion is a function of the frequency
squared. The higher frequencies are damped out faster as heat
energy is diffused more effectively at higher frequencies
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Figure 2. Total absorption coefficient for two temperature extremes, 140 K (solid line), 300 K (short-dashed line), and

the nominal case, 220 K (long-dashed line).
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(Figure 1). The colder Martian environment leads to a larger
absorption coefficient, (1.01x10™)/* for Mars at a temperature
of 220 K and (7.90x10™'")# for the Earth atmosphere at room
temperature.

The classical absorption mechanisms do not account for all

of the observed attenuation of sound in diatomic and
polyatomic gases. One must take into account that in addition
to the translational degrees of freedom of the molecule, there
are internal degrees of freedom associated with rotation and
vibration. When the gas is locally compressed in the passage
of the sound wave, the average translational kinetic energy
increases. Some of this translational energy goes into
rotational and vibrational energy. This occurs more slowly
than the near instantaneous change in translational energy and
is associated with a relaxation time.
The amount of energy lost from this is related to the ratio
between the length of the cycle and the relaxation time. If the
compression and rarefaction of the passing wave is fast
compared to the relaxation time, little energy will have had
time to transfer into the rotation and vibration of the
molecules, and the gas will act as a monatomic gas.
Likewise, if the length of the cycle is much longer than the
relaxation time, the gas will be able to maintain a constant
state of thermal equilibrium and there will be no attenuation
from relaxation. This effect will therefore be important for an
intermediate range of frequencies (for further discussion, see
Kinsler et al. [1982]).

The specific heat at constant volume is the rate of change
of the internal energy of the gas with temperature at constant
volume. As a result of molecular relaxation, the specific heat
will have a frequency dependence and an associated
relaxation time. Substituting this into the wave equation
yields the expression for the attenuation coefficient

_ 2 pmax S S

Cosar st

where fim. is the maximum value of the function plotted

against the log of the frequency and fi, is the corresponding
frequency.

An experimental study of the thermal relaxation in carbon
dioxide has been carried out by Shields [1957] for
temperatures between 0° and 200°C at 1 atm of pressure. The
value of i, Was extrapolated from the trend in these results
for Martian surface temperatures resulting in a gy, of ~0.16

(15)
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corresponding to a temperature of 220 K. Decreasing the
pressure has the same effect on absorption as increasing the
frequency and hence fj, is attained by shifting the plot of £,
against frequency per pressure accordingly. This results in
the strongest attenuation occurring around 129 Hz (see Figure
1).

The effects of all three energy loss mechanisms can be
combined by summing the absorption coefficients together as
if they were calculated separately which does not introduce
errors for the frequency range being dealt with here [Kinsler
et al., 1982]. The results of this are shown in Figure 1, which
shows the absorption coefficient as the sum of the three
coefficients as a function of frequency. As diurnal and
seasonal temperatures can fluctuate considerably, the
absorption coefficient has been calculated for two separate
temperature extremes, 140 K and 300 K (Figure 2). Figure 3
shows the effects of these absorption mechanisms on the
sound intensity at three distances from the sound source, 10,
100, and 1000 m (7=220 K). As can be seen, the high
frequencies damp out relatively quickly and only the lowest
frequencies travel large distances.

From Figures 1-3 it can be seen that at frequencies greater
than 3 kHz, classical absorption is the dominant mechanism
for attenuation. At frequencies below 1 kHz molecular
absorption begins to dominate attenuation. Between these two
regimes, a “window” exists in which attenuation is reduced

and sound can more readily propagate greater distances
(Figure 3).

4.2. Geometrical Attenuation — Spherical Waves

When a sound is emitted by a source, the wave propagates
away equally in all directions. At a close proximity the wave
front will therefore be spherical in nature. The average rate of
energy flow through a spherical surface of radius r is

W = 4w, (16)
which means that as the wave front grows as 7, the intensity
will decline as r>  For distances much larger than a
wavelength (r»)), any finite portion of the sphere through
which the sound wave passes will be more nearly planar, and
the wave fronts can be described more accurately as plane
waves.
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Figure 3. The intensity of a 50 dB sound source as a function of frequency at distances 10, 100, and 1000 m from
the source. The “window” in the atmosphere between frequencies 1 and 3 kHz, where the region that molecular
absorption dominates transitions into a region where classical absorption dominates, is evident.
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Figure 4. A 50 dB sound source at 1 Hz, 20 Hz, 2 kHz, and 20 kHz on Mars and 1 Hz and 20 kHz on Earth as a
function of distance, taking into account a spherical wave front. It can be seen that attenuation is significantly
greater on Mars compared to Earth assuming a standard terrestrial atmosphere of 7=20°C, p=1bar, and relative
humidity 37% (attenuation coefficient obtained from Piercy [1969]). The influence of molecular attenuation on
the lower frequencies on Mars is evident as the 20 Hz signal is attenuated more then the 2 kHz signal. At very low
frequencies, the classical and molecular attenuation become less effective and attenuation resembles that of the
terrestrial environment as can be seen from the 1 Hz signal on Mars and Earth.

Figure 4 shows the intensity of a 50 dB source at
frequencies 1 Hz, 20 Hz, 2 kHz, and 20 kHz on Mars and 1
Hz and 20 kHz on Earth as a function of distance from the
source. As can be seen, the intensity will diminish rapidly
relative to sound in the terrestrial atmosphere. The highest
frequencies in the audible range will be severely attenuated,
the 20 kHz signal only traveling a few meters. Molecular
relaxation will cause an increase in attenuation in the lower
frequencies of the audible frequency range. This is evident as
the 20 Hz signal is attenuated to a greater extent then the 2
kHz signal.

Sounds in the infrasound frequency range below 10 Hz will
be able to propagate larger distances as the classical and
molecular absorption at these frequencies is small and
geometric spreading of the wave front will be the dominant
mechanism for sound attenuation. Therefore this range of the
acoustic spectrum may be the most useful for detection of
acoustic sources at an appreciable distance.

4.3. Propagation Near the Ground

For sound sources propagating almost horizontally near the
ground, the acoustic properties of the ground become a major
factor, specifically its acoustic impedance, the value of which
can differ greatly with varying surfaces and increases with
decreasing frequency [Embleton, 1996]. Treating the ground
as a locally reacting porous surface, an amplitude reflecting
coefficient, Rp can be defined [Chessell, 1977]

R = sing—2,/Z,

= > 17
4 Sin(0+Zl/Zz ( )

where ¢ is the grazing angle, Z, is the characteristic
impedance of the air, equal to pc, and Z, is the complex
acoustic impedance, equal to R+iX, of the locally reacting
surface (see Morse and Ingard [1968] and Piercy et al. [1977]
for a detailed discussion). Multiplying (10) by Rp yields the
resulting sound pressure of a ground-reflected ray.

Chessell [1977], expanding on the earlier work of Delaney
and Bazley [1970], developed an empirical model of the
acoustic impedance involving only one parameter, the specific
flow resistance per unit thickness (o). In some situations,
Attenborough [1983] found better agreement with
observations using five parameters, all relating to the ground
material, the most significant being the specific flow
resistance and porosity which can be combined into a single
parameter described as an “effective flow resistivity” (o,).
Embleton et al. [1983] list values of effective flow resistivity
for various ground surfaces ranging in value from 10-30 kPa
s' m? for freshly fallen snow to ~30000 kPa s' m? for
mature asphalt.

The acoustic impedance of the landing site is difficult to
predict as the surface properties of the layered terrain are
completely unknown [Vasavada et al., 2000]. If the surface is
very hard, for example consisting of hard-packed, fine-
grained dust (o, = 5000 — 20,000), then it will have a small
effect. If a thick mantling of soft dust or frost or an
accumulation of sand size particles is present (c, = 10 — 800),
then the influence of acoustic impedance will be larger. Ata
frequency of 100 Hz, this gives a possible range of R, values
of 0.548-0.998 for a wave reflected normal to the surface
using the single parameter approach of Chessell [1977].
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5. Detectability and Noise

5.1. Turbulence

Instabilities in the thermal and viscous boundary layers
near the surface form eddies in the atmosphere. Further
instabilities cause these eddies to break down into continually
smaller eddies until the energy is dissipated by viscosity.
This statistical distribution of eddies, called turbulence, is at
all times present in the atmosphere. The intensity of the
turbulence is strongly dependent on meteorological conditions
and height above the surface [Piercy et al., 1977].

The turbulence creates random fluctuations in the
atmosphere's refractive index, which produce random
fluctuations in the phase and amplitude of the passing wave.
The resulting phase differences in the direct and refracted
wave paths create interference patterns causing the amplitude
to fluctuate.

Daigle et al. [1983] used a model based on a simplified
theory of homogeneous and isotropic turbulence with a
Gaussian distribution of eddy size, L. For the case where
(*\)"*«L, the square log-amplitude and phase fluctuations,
(F)=C(Ind/4,") and (S*)={(¢¢)"), respectively, are

given by
(#)=()- .

where 4, ¢ and A4,, ¢, are respectively the amplitude and
phase in the presence and absence of turbulence, & is the wave
number, and u is the fluctuation in the acoustical index of
refraction which Daigle et al. [1983] calculated from the
approximation

(18)

(42) = 02/ + o} a2,

where o,> and o7’ are the standard deviation of the wind
velocity and temperature fluctuations, respectively, ¢, is the
mean speed of sound, and T, is the mean temperature. They
found (4*) experimentally in the terrestrial case to range from
1x10° on a calm day to 10x10"® on more turbulent days.

This theory predicts that the phase and amplitude
fluctuations increase with increasing distance of propagation,
frequency, and strength of turbulence. For longer distances
and/or stronger turbulence, a point is reached in which the
phase fluctuations have a standard deviation comparable to
90°, and the signal becomes uncorrelated with the source.
This phenomena, termed saturation, is the point where
amplitude fluctuations are limited to a standard deviation.
Embleton et al. [1974] and Daigle et al. [1983] found this to
be no more than ~6 dB for terrestrial examples.

The effect of turbulence on Mars is uncertain. Modeling
by Savijdrvi [1991], Sutton et al. [1979], and Tillman et al.
[1994] suggest turbulence is significantly greater on Mars
than on Earth and varies with the diurnal fluctuations of solar
insulation at the surface, peaking in the late Martian morning.
The Mars Pathfinder Atmospheric Structure
Investigation/Meteorology (ASI/MET) experiment pressure
sensors detected pressure fluctuations of the magnitude 0.1-5
N m™ on timescales ranging from seconds to hours. These
appeared to be correlated with wind and temperature
fluctuations and were largest in late morning and early
afternoon when the boundary layer was most turbulent
[Schofield et al., 1997]. Since turbulence introduces random

(19)
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fluctuations in the pressure signal level received by a sensor
with increasing distance from the source, identifying more
distant sources becomes increasingly difficult as the signal to
noise ratio will decrease with distance as a result.

In a truly static atmosphere, i.e., a continuous gaseous
medium without any extraneous thermal or mechanical
perturbations, there will be an intrinsic fluctuation in the
pressure due to random molecular motions. The fluctuations
in the number density of a gas are of the order n'?
[McQuarrie, 1973], which for an ideal gas corresponds to
pressure fluctuations of the order 10> N m™ on Mars. The
number of molecules striking a given surface per unit area ¢,,
i.e.,, a sensor of some kind, will correspondingly fluctuate
such that ¢=p (2nmkT)", where p is the fluctuation in
pressure and & is Boltzmann's constant [Reif, 1965]. It can be
seen that a sensor's sensitivity to these fluctuations will be a
function of the sensor's surface area. It turns out that these
fluctuations are negligible compared to the 0 dB sound level,
which corresponds to a pressure signal level of the order of
10° N m™, the approximate sensitivity level of the Mars
microphone in the terrestrial environment (G. T. Delory et al.,
unpublished manuscript, 2000).

5.2. Atmospheric Profile

The daytime temperature profile of the Mars Pathfinder
landing site was characterized by turbulent mixing revealed
by rapid temperature fluctuations due to surface heating. The
nighttime boundary layer, however, experienced a stably
stratified condition [Schofield et al., 1997] which is consistent
with modeling done by Haberle et al. [1993], Savijdrvi
[1991], and Gierasch and Goody [1968]. This nighttime
inversion will act to refract upward traveling acoustic rays
back toward the surface creating a ducting effect with the
planet's surface enabling sounds to travel greater distances.
Since the turbulence is subdued during this period, the
nighttime may offer the best atmospheric conditions for
sampling the acoustic environment. During the primary
mission, the Mars Polar Lander would not have experienced
darkness as the sun would not have actually set. There would,
however, be modulation of insolation since the landing site
was ~14° south of the geometric pole and a diurnal variation
in surface temperatures would result creating thermal
inversions tens to hundreds of meters in thickness (M.
Richardson, personal communication, 1999).

6. Acoustic Sources

It is useful to consider a few sound sources that a future
acoustic sensor may detect at the Martian surface. The
microphone is expected to detect the various sounds generated
by the Mars Polar Lander itself due to their close proximity to
the instrument. The robotic arm generates a characteristic
dual frequency that has been recorded by the microphone in
the lab under terrestrial conditions (G. T. Delory et al,
unpublished manuscript, 2000). Other noises generated by
the lander include the opening of the Thermal and Evolved
Gas Analyzer (TEGA) doors for soil analysis as these are
pyrotechnically initiated events as well as the motors on the
camera.

Aside from the noises generated by the operation of the
lander itself, the principle source of sound is likely to be
aeroacoustic noises generated by wind as it flows past the
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lander and its components. From the acoustic measurements
taken by the Ruissian Groza-2 instrument aboard the Venera
13 and 14 landers at the surface of Venus, Ksanfomaliti
[1982] found this to be the only identifiable source of sound
not generated by the operation of the systems on board the
spacecraft [see, also, Ksanfomaliti, 1983]. ‘

Aeroacoustic sound, the acoustic ~ phenomena
accompanying the flow of gas past a solid body, is largely
determined by the Reynolds number [Goldstein, 1976]. At
Reynolds numbers between 50 and 10°, the periodic shedding
of vortices takes place, exerting a periodic lift force on the
solid body that can give rise to pure tones, referred to as
aeolian tones. Aeolian tones were first investigated by
Strouhal [1878] who determined the frequency of vortex
shedding to be f=S,U/D, where U is the wind speed, D is the
characteristic diameter of the rigid solid, and S; is the Strouhal
number which depends on the Reynolds number but its value
remains close to 0.2 [Gerrard, 1955; Blevins, 1984]. Curle
[1955], utilizing the theory presented by Lighthill [1952] on
the aerodynamlc production of sound, demonstrated that the
intensity of the sound generated is proportlonal to
.U D’r?, where c is the sound speed and 7 is the distance
from the source.

The various components of a lander, 1nclud1ng the main
body itself, are potential sources of aeroacoustic sound. A
general range of frequencies expected to be generated by the
various lander components can be estimated. For wind speeds
of 1-20 m s™' [Lorenz, 1997], the robotic arm (D ~ 5 cm) and
the meteorologic mast (D ~ 2 cm) of MPL, for example,
would be expected to have produced frequencies in the range
4 — 80 Hz and 10 — 200 Hz, respectively. The relative
magnitudes of the sounds will ultimately depend on the
direction of the wind and the proximity of the source to the
microphone.

Sand-sized particles may also be present in the Martian
south polar layered deposits. Although thermal inertia data of
the region suggest the area is mantled by dust size particles,
imaging data reveals localized deposits of dark, dune material
throughout the layered terrain [Vasavada et al, 2000,
Herkenhoff and Murray, 1990a, b]. Saltating materials blown
against a microphone or lander may be detectable by an
instrument.

The acoustic emissions. of booming sand dunes has also
been suggested to exist in the Martian environment [Criswell
et al., 1975; Lindsay et al., 1976]. Studies have shown that
booming of sand occurs in very dry climates with sand grains
of smooth subdued surface textures, the lithology of which
appears to not be important. Microphone recordings of
booming dunes reveal acoustic emissions in narrow frequency
bands, the peak value ranging from 50 to 100 Hz. Although a
rare phenomena on Earth, Lindsay et al. [1976] suggests this
may be common on Mars.

Large meteor - fireballs or bolides (bodies > 20 cm) offer
another mechanism for creating sounds and are known to
enter the terrestrial atmosphere quite frequently generating
hypersonic booms, including multiple booms [ReVelle,
1997a]. Meteors that penetrate the atmosphere deep enough
to obtain continuum flow conditions typically have entry
speeds 35-100 times the local sound speed and can therefore
be modeled as a line source of initially, nonlinear blast waves
whose wavefronts are essentially perpendicular to the entry
trajectory [ReVelle, 1976]. Nearly spherical wavefronts close
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to the end of trajectory can also be generated by a point
source-type explosion during entry if terminal gross
fragmentation occurs [Ceplecha et al. 1998]. The source
energies of such meteor - fireballs range from 10~ to 10° kt
(kiloton equivalent of TNT where 1 kt = 4. 185x10" J) with
nonlinear blast wave radii of a few meters to a few kilometers.

Far from the trajectory, the frequency of the associated
acoustic wave will be proportional to the ratio of the local
sound speed and the blast wave radius [ReVelle, 1976]. This
gives a frequency range of ~0:1 — 120 Hz for an air
temperature of 220 K and blast wave radii of a few meters to
a few .kilometers. For smaller meteors, the frequencies
generated are high enough that classical and molecular
absorption will dominate the removal of the acoustic signal
before it can propagate very far. As the blast waves typically
occur at altitudes > 30 km in the terrestrial environment, a
detectable acoustic signal most likely will never reach the
surface of Mars.

The acoustic signals generated at the very low frequencies
in the infrasound, capable of propagating distances exceeding
their source altitude, will be refracted away from the surface
under conditions of normal atmospheric lapse rate. For a
given lapse rate, there will be a critical ray that reaches the
surface at grazing angles, beyond which only sound scattered
by atmospheric inhomogeneities will reach the surface. The
distance scale that this occurs is D = 2(hT/I)'?, where h is
the altitude of the source, 7, is the average profile
temperature, and I"is the lapse rate [Fleagle and Businger,
1980]. For a temperature of 220 K, an altitude of 20 km, and
a lapse rate of -4.5 K km™' (the dry adiabatic value of the
lower Martian atmosphere [Zurek, 1992]), the horizontal
distance from which direct acoustic ray paths from an
elevated point source will intersect the ground is ~62.5 km.

ReVelle et al. [1997b] has estimated that ~10,000-30,000
bolides penetrate the Earth’s atmosphere globally each year.
Approximating the influx of bolides into the Martian
atmosphere to be roughly double that of Earth due to its closer
proximity to the asteroid belt [Wetherill, 1989], the
probability that a meteor - fireball will pass within a radius of
62.5 km in a 90 day period, the expected length of the Mars
Polar Lander mission; is ~15 - 54 %.

One common acoustic source on Earth that is known to
exist on Mars is dust devils. Dust devils have been identified
in Viking images where they have been observed to ranged in
size from 1 to 6 km in height and up to 1 km in diameter at
their tops, the most typical dust devils being 2 km in height
and 200 m in diameter [Thomas and Gierasch, 1985].
Schofield et al. [1997] interpreted pressure features with
minima of 1-5 N m™ and durations less than a minute to be
dust devils passing over the Pathfinder landing site. More
recently, Merzger [1999], using the Mars Orbital Camera of
the Mars Global Surveyor spacecraft, noted further evidence
of dust devils including tracks upon the Martian surface
created by the passage of these vorticities. Infrasonic sound
waves of terrestrial tornadoes and funnel clouds have been
noted. Cook and Young [1962] observed the arrival of
infrasound at Washington D.C. generated by several tornadic
storms over Oklahoma and noted that they had prominent
periods between 12 and 50 s (0.08-0.02 Hz) with amplitudes
up to ~0.1 N m> A detector sensitive to these low
frequencies may detect Martian dust devils at large distances.
Higher frequency sounds (up to 2000 Hz) have been recorded
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within close proximity (< 300 m) of tornadoes in the
terrestrial environment [Arnold et al., 1976]. If these large
dust devils occur in the region of the MPL landing site, then
there is good chance that the microphone could have detected
it.

It has been theorized that electrostatic discharge in the
Martian atmosphere is possible during strong surface winds
with extremely large dust mass loading, i.e., large dust storms
and dust devils. Modeling by Melnik and Parrot [1998] has
shown that the electrical breakdown voltage can be attained in
a Martian dust storm owing to the planet's lower atmospheric
pressure. Experimental results of Eden and Vonnegut [1973]
in 10 mbar CO, showed visible breakdown and measured
potential gradients of 5 kV m™ when dust was agitated. This
may have been a potential acoustic source during the MPL
mission as large dust storms are know to originate in the high
southern latitudes during the late southern spring.

Propagating seismic waves can generate an acoustic wave
train in cases where the phase velocity of the seismic wave is
equal to the sound speed in air. Kitov et al. [1997] analyzed
several near and below surface explosions and found
seismically induced acoustic waves could be effectively
propagated with dominant frequencies ~1-2 Hz. Cook and
Young [1962] and were able to identify seismically induced
infrasound of S wave and Rayleigh wave arrivals of an
earthquake at a distance of 2860 km. A microphone sensitive
to these low frequencies could detect seismic events [ReVelle,
1976].

The microphone aboard MPL was limited in its
detectability as it was a very simple instrument. Its
calibration had not been completed and its response to low
frequencies and intensities remains unknown. Whether it
would have been capable of detecting frequencies in the
infrasonic range was under investigation. The minimum
detectable intensity was also under investigation as it had
been found that the microphone response for a 1 kHz sound
dropped by ~25-28 dB between Earth and Mars pressures.

7. Comments

Several factors that will effect sound on Mars and its
ability to propagate have not been addressed. = One
approximation that has been made is the assumption of a
purely CO, atmosphere. Minor constituents are mixed within
the CO, which include diatomic nitrogen (2 %) and argon-40
(1.6 %). These are expected to have a minor effect. Shields
[1957] noted an influence on molecular relaxation of CO, due
to impurities on experimental results. Also, the effect of
water and CO2 ice crystals that can form clouds and ground
fogs as well as dust storms that have the ability to suspend
dust particles for extended periods of time in the atmosphere
have been neglected. Dust and fog are known to cause
attenuation and dispersion below a few hundred Hz in the
terrestrial environment [Henley and Hoidale, 1973; Davidson,
1977]. Strong winds will also deflect sounds and curve the
ray path of the propagation. Weather fronts are capable of
effectively blocking the passage of sound.

Diffusion of sound around obstructions will also occur
where wavelengths are small relative to objects. The shape of
the propagating wave front will be distorted as portions of the
wave front are removed by objects surrounding the
microphone, creating sound shadows where the intensity will
be diminished.
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8. Conclusion

Sounds detectable by the human ear, frequencies in the
range 20 — 20,000 Hz, will be more severely attenuated on
Mars than the terrestrial environment. For example, a plane
wave propagating on Mars, excluding environmental factors
such as wind, turbulence, and the ground, will be attenuated at
a rate of 0.419 and 8.98 dB m" at 20 Hz and 20 kHz
respectively. On Earth, the attenuation rate will be 9x10™ and
0.572 dBm™ at 20 Hz and 20 kHz, respectively. Sounds in the
infrasonic range will travel appreciably greater distances as
the attenuation rate begins to resemble that of the terrestrial
environment as classical and molecular absorption become
less important. Sounds at the lower end of the audible
spectrum (< 3000 Hz) can be expected to propagate tens of
meters, but probably no more than 100 meters.

The Mars Microphone could be expected to have detected
various sounds produced from processes generated by the
Mars Polar Lander due to their close proximity. Aeroacoustic
noise is also likely to have been present as well as the sound
of sand grains blowing against the instrument. Electrical
discharges in dust storms, large-scale dust devils, or explosive
meteoritic events are other possible sources of sound that may
exist in the Martian surface environment.

The most interesting sounds on Mars will probably be in
the infrasonic frequency range, ie., <20 Hz, as these
frequencies are capable of traveling greater distances. Sound
sources such as meteors penetrating the atmosphere, Mars-
quakes, and meteorological phenomena can be expected to
propagate large distances at very low frequencies.

The Surface Science Package (SSP) of the Huygens Titan
probe on its way to the Saturn system as part of the Cassini
mission, arriving in the year 2004, includes acoustic
instruments to study the properties of the surface and
atmosphere of the moon Titan [Zarnecki, 1992]. This will
provide another opportunity to sample sounds from the
surface of an extraterrestrial body in the future.
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