Click
Here
for
Full
Article

SEISMIC OBSERVATIONS OF METEORS: COUPLING

THEORY AND OBSERVATIONS

Wayne N. Edwards,' David W. Eaton,"? and Peter G. Brown>
Received 24 October 2007; accepted 16 June 2008; published 31 December 2008.

[1] Over the last century, seismic instruments have
recorded, with increasing frequency, the ground motion
produced by meteorically generated shock waves striking
the Earth’s surface. In this review, the history of meteor-
related seismic signals is discussed, along with documented
waveform characteristics, source mechanisms, air-ground
coupling phenomena, and kinematic methods of determining
meteor trajectories and event locations. Uncertainties in the
mechanics of air-ground coupling, however, have left
methods of measuring meteor source energy underdeveloped.

To date, coupling of acoustic waves directly with the Earth’s
surface represents the bulk of the observed meteor-related
seismic signals, while precursory and impact-related seismic
waves remain an observational rarity. With proliferation of
infrasound and seismic monitoring systems, new opportunities
exist to explore the relationship between Earth’s atmosphere
and surface. Continued study of meteor seismology will lead to
new methods to constrain energies, sizes, and fluxes for
moderately (cm to m) sized meteoroids on Earth and
potentially on Mars.
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Rev. Geophys., 46, RG4007, doi:10.1029/2007RG000253.

1. INTRODUCTION

[2] Although seismology and seismic instruments are
primarily focused upon studying the structure, properties,
and motions of Earth’s interior, they can also be useful tools
for studying the dynamics of objects that produce infrasonic
airwaves during their flight through the atmosphere. Among
these are airwaves associated with supersonic jets [e.g.,
McDonald and Goforth, 1969; Kanamori et al., 1992; Cates
and Sturtevant, 2002], explosions, lightning [Lin and
Langston, 2007], volcanic activity [e.g., Garcés and Hansen,
1998; Ripepe et al., 2001], and missile and other military
munitions firings [e.g., Cochran and Shearer, 2006]. An-
other phenomenon which produces distinct atmospheric
infrasonic signals that may produce seismic waves is
meteoroids as they interact with Earth’s atmosphere. Indeed,
with recent global proliferation of seismograph stations and
networks, the number of recorded meteor-related seismic
observations is also increasing rapidly. A summary of
published meteor seismic events is given in Tables la and
1b. Such ground-coupled acoustic waves have been used to
reconstruct meteoroid trajectories, to constrain meteoroid
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events in position and time, to obtain source body kinetic
energy estimates, and to facilitate the search for meteorites
on the ground. The growing number of seismograph stations
and areas being monitored thus provides an increasingly
powerful instrumental means for remote detection and
characterization of meteors on a global scale. With such a
capability, future plans for seismograph deployments on
Mars hold the promise that seismic meteoroid detection
techniques could provide the first detailed flux estimates for
meter-sized impactors at the Martian surface, a topic of
considerable recent interest [Malin et al., 2006].

[3] Air-coupled seismic waves produced by meteors have
been recorded as early as 1908, after the Great Siberian
Meteor exploded over the Tunguska River on 30 June 1908
[Whipple, 1930; Ben-Menahem, 1975]. The Tunguska event
is often cited as the classic example of meteor-generated
infrasound, yet it also represents the earliest and most
energetic example of a seismic recording of a meteor.
Infrasound-coupled waves from the explosion, as well as
independently propagating surface waves, were recorded at
four Russian stations between 973 and 5293 km from the
event [Ben-Menahem, 1975]. The explosion also produced
gravity waves and led to large-scale oscillations of Earth’s
atmosphere [Whipple, 1934]. In terms of energy, Tunguska
was the largest meteor explosion ever recorded, with esti-
mates of the meteor energy equivalent to a 12.5 Mt
explosion [Ben-Menahem, 1975]. In contrast, most modern
observations are made in much closer proximity to the
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TABLE 1B. Seismic Detections of Man-Made Atmospheric Events

Country Observations Seismic Interpretation References

Longitude

Latitude

Detected Object

Date

McDonald and Goforth [1969]

Johnston [1987]

acoustic: shock wave

acoustic: point

California/Arizona/Utah, USA
Kentucky/Tennessee, USA

supersonic aircraft

1963

missile silo explosion

19 Sep 1980

and supersonic aircraft
space shuttle reentries
supersonic aircraft

and 12 Oct 1982

1989/1991
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Kanamori et al. [1991, 1992]

acoustic: shock wave
acoustic: shock wave

39
64+

Southern California, USA
Southern California, USA

Cates and Sturtevant [2002]

8 Dec 1993 and

ReVelle and Edwards [2007]

acoustic: shock wave

USA

113.87°W

40.41°N

and space shuttle Discovery

NASA Stardust reentry

30 Jan 1992
15 Jan 2006

and Edwards et al. [2007]

meteoroid’s trajectory, typically at ranges up to a few 100 km.
Similarly, source energies rarely exceed a few kilotons of
TNT (1 kt = 4.185 x 10'? J) as expected because of the
much higher flux of objects of smaller sizes at the Earth
[Brown et al., 2002a].

[4] In order to understand the dynamics of airwave
coupling to ground motion, it is necessary to reconcile
incompatible theoretical treatments of Earth’s surface that
arise in the disciplines of atmospheric infrasound and
seismology. From an atmospheric infrasound perspective,
Earth’s surface is conveniently regarded as a rigid half-
space, whereas from a seismological perspective the ground
is typically viewed as a free surface at which stresses
vanish. More complete treatments of Earth’s surface as a
fluid-solid contact, or a contact between a fluid and a porous
soil layer, yield expressions that relate atmospheric over-
pressure to ground motion. Similarly, more complete mod-
els of the atmosphere and Earth such as layered structure in
the near surface give rise to further complexities, such as
coupled interface modes.

[s] The objectives of this review are to compile obser-
vations of seismic detection of meteoroids, synthesizing
results from the disciplines of seismology and atmospheric
infrasound in order to characterize the associated physical
processes. Three distinct mechanisms of air-ground cou-
pling exist; these mechanisms are each considered in turn,
with reference to published observations, underlying phys-
ical principles, and areas where uncertainties remain. This
review also highlights the physical characteristics of mete-
oroid entry that may be inferred from seismic observations,
the limitations to our interpretations due to the complex
nature of meteoroid ablation (i.e., fragmentation effects),
along with future prospects for new insights into meteoroid
structure, mass, and energy that may be determined using
seismic observations.

2. PHYSICAL PROCESSES OF AIRWAVE
GENERATION AND GROUND COUPLING

[6] The physics of airwave production and subsequent
ground coupling is relatively straightforward in principle,
although some details remain uncertain. When a meteoroid
encounters Earth’s atmosphere at hypersonic velocity, a
ballistic shock wave is produced within a narrow Mach
cone of half angle 3, with the meteoroid located at its apex
(Figure 1). The extreme velocities of these objects (ranging
between approximately Mach 35 and Mach 240) result in a
sufficiently small Mach cone angle such that the wavefront
of this cone may be approximated as cylindrical [ReVelle,
1974, 1976]. Within a few dozen to hundreds of meters
perpendicular to the trajectory, depending on source energy
[ReVelle, 1976], the hypersonic shock wave slows to acous-
tic wave speeds (varying between ~280 and 340 m/s
between 100 km altitude and the surface) as it propagates
outward from the source.

[7] In some cases, additional shock waves with quasi-
spherical wavefronts are produced by meteoroid fragmen-
tation. For this class of meteors, often referred to as bolides,
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Mach cone
Figure 1. Schematic diagram of meteor-generated atmospheric waves and mechanisms of airwave

seismic generation. (a) Generation of shock waves during hypersonic entry. Propagation is preferentially
perpendicular to meteor’s trajectory. (b) Generation of shock wave during meteoroid fragmentation.
Propagation is omnidirectional or quasi-point-like. (c) Seismic wave generation during meteorite impacts.
(d) Seismic precursor wave generation through matching of surface wave speeds (P, S, or Rayleigh).
Travel via surface speeds allows these waves to arrive prior to (e) direct coupling of the atmospheric
pressure wave with the surface at the site of the seismic station (gray triangle).

the structural strength of the meteoroid is less than the air
ram pressure. When this condition is reached, the meteoroid
undergoes sudden and violent fragmentation that may
obliterate the object entirely into fine particles [e.g., Kleko-
ciuk et al., 2005] or cause it to fragment into a number of
smaller pieces, each of which may then continue to ablate
and/or fall to the surface as meteorites. The airwave
produced in this case is often referred to as an ablational
shock [Bronsthen, 1983].

[8] Acoustic waves experience frequency-dependent at-
tenuation as they propagate in the atmosphere. In general,
only acoustic waves in the infrasonic band (~0.001-20 Hz)
impinge upon Earth’s surface with sufficient energy to
induce measurable ground motion. As first noted by
Cumming [1989], there are three basic mechanisms by
which such infrasonic waves may couple into the subsurface
(direct, precursory, and impact):

[o] 1. Direct coupling is the mechanism whereby seismic
waves result from the local loading of the surface by the
overpressure of an incident acoustic wave.

[10] 2. Precursory arrivals are a result of the generation of
surface and/or head waves by incident acoustic waves at
specific incidence angles with respect to the ground. These
waves then propagate to the observing station independently
from the incident acoustic wave. Such waves generally
precede direct arrivals.

[11] 3. Impact coupling is the generation of surface and/
or body waves by the impact of a meteorite(s) onto Earth’s
surface.

[12] These three mechanisms are not equally common.
Direct coupling is observed most commonly, followed by
precursor coupling (rare) and impact coupling (extremely
rare, not one well-documented case to date). In sections 3—
6, theory and observational constraints pertinent to each
of these three different mechanisms are described and
discussed.

3. SEISMIC DETECTION OF METEORITE IMPACT

[13] Impacts on Earth are much more difficult to detect
than is the case for an airless and seismically quiet body
such as the Moon. Lunar seismic detections of meteoroid
impacts were common during the operational lifetime of the
Apollo seismic network [Dorman et al., 1978; Oberst and
Nakamura, 1991]. On Earth, the vast majority of meteoroids
are reduced by ablation to kilogram-sized or smaller frag-
ments and slowed by atmospheric drag to a terminal
velocity of only a few hundred m/s. The kinetic energy of
such small impactors (meteorites) is insufficient to produce
ground motion that is observable beyond a few km from the
source [e.g., Johnston, 1987]. Only very large (and ex-
tremely rare) meteorite impacts retain a sufficient fraction of
their original velocity to reach the Earth with enough energy
to produce explosive-type craters [Bland and Artemieva,
2006]. Excluding the improbable scenario of impact occur-
ring very close to a seismograph station, direct seismic
detection of meteorite impact is effectively limited to
objects greater than ~50 kg [Nicholls and Stewart, 1974].
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Air (fluid)
Ground

Figure 2. Geometry of a fluid (atmosphere) and solid
(surface) boundary in welded contact, as discussed by Ben-
Menahem and Singh [1981, 2000].

[14] Because of the rarity of such large meteorite impacts,
seismic observations of events are exceedingly rare. Only
once, after a suspected meteorite fall near Prince George,
British Columbia, Canada, has there been a published
interpretation, supported by data, of seismic waves caused
by a meteorite impact [Halliday and Blackwell, 1971]. On
the basis of interpretation of the seismic signals, Halliday
and Blackwell inferred it to be composed of iron, weighing
no less then 1.2 x 10* kg. As no meteorite from this fall was
ever recovered, nor any sign of a crater or plunge pit
identified, the interpretation of the source of the seismic
arrivals from this event must be regarded as provisional.
Inspection of the original records by the present authors
suggests that the seismic waves were locally coupled air
seismic waves (precursor waves, see section 4), perhaps
enhanced because of topographic coupling, rather than
impact induced. The only other case, to our knowledge, is
a report on the Kirin meteorite fall on 8 March 1976 in the
Kirin province of China, where a meteorite (ordinary H
chondrite) weighing 1770 kg created an ~2 m wide plunge
pit and came to rest ~6 m below the surface [Joint
Investigation Group on the Kirin Meteorite Shower,
1977]. Among the various aspects of the fall reported is
the mention of the seismic recording of the impact by two
stations (Fengman at 2302:46 UT and Kirin at 2302:50 UT)
that allowed the time of impact to be estimated at 2302:36 UT.
Unfortunately, the seismic waveform observations were not
included in the report, making verification of the interpre-
tation difficult. Regardless, this remains the only case in
which such a seismic recording has been reported with links
to a documented meteorite impact.

[15] Nevertheless, seismic waves from modest impactors
(~tonne masses) should be detectable. Though meteorite
falls of such large masses producing simple impact craters
on the Earth are rare, iron impactors, in particular, are often
able to reach the ground relatively intact at supersonic
velocities [cf. Bland and Artemieva, 2006]. In such instan-
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ces, craters of order ~10—-20 m in diameter may be
produced [Collins et al., 2005]. The seismic signature for
such an event depends critically on the seismic coupling
efficiency of the impact, a value which is poorly known.
Shishkin [2007] has developed a simple theory for this
coupling and finds that for small impacts an efficiency 1—
10% is most probable; this is similar to the efficiency found
for small surface contact explosions reflecting the compa-
rable physics of both processes. This is higher than the often
quoted value of 10™* [Collins et al., 2005] which is more
appropriate to the lower seismic efficiency of larger (kilo-
meter-scale) impacts. Using this higher efficiency and
adapting the Gutenberg-Richter magnitude energy scale
from Collins et al. [2005] we find that a small impactor
(~meter sized) having an energy W (in Joules) would
produce a seismic magnitude M of

M = 0.67log,, W — 4.53. (1)

[16] We remark that there is also a remarkable paucity of
hydroacoustic detections of marine impacts. Since oceans
cover almost 71% of Earth’s surface area and infrasound
waves propagate over large distances with high efficiency
and negligible scattering in the marine SOFAR channel
waveguide [Urick, 1983; Jensen et al., 2000], it seems
reasonable to expect that hydroacoustic detection of marine
impacts should be more common than seismic detections of
impacts on land. Yet, to the authors’ knowledge, there are
no published recordings or reports of a marine impact
despite more than half a century of global hydroacoustic
monitoring. Although the coupling efficiency of impact-
generated wave energy into the SOFAR channel is uncer-
tain, we suspect that such events may simply have passed
unrecognized; thus, careful reappraisal and continued mon-
itoring of hydroacoustic records may be warranted. Hydro-
acoustic measurements of any oceanic meteorite impacts (or
air-ocean coupling of meteor shocks) could provide valu-
able estimates of meteoroid terminal mass (total surviving
meteoroid mass after atmospheric ablation) for events which
otherwise have no means of ground truth in the form of
recoverable meteorites.

4. PRECURSORY SEISMIC WAVES

[17] Like impact-generated seismic waves, precursory
seismic arrivals are extremely rare. Such waves represent
a type of resonant phenomenon that arises from angle-
dependent transmissivity of infrasound waves into the
subsurface predicted by some theoretical formulations of
the air-ground interface (Figure 2). Specifically, the most
efficient coupling at a fluid-solid contact occurs when the
infrasonic trace velocity (apparent horizontal velocity of the
air wave) precisely matches the horizontal velocity of a
particular seismic wave mode (Figure 3a), such as the
fundamental-mode Rayleigh wave [Ben-Menahem and
Singh, 1981].

[18] Under such a condition, theoretical models predict
the generation of an independently propagating seismic
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Figure 3. (a) Amplitude and phase of ground motion at a granitic surface (Cs = 0.320 km/s, p,;, =
1.39 kg/m?, Vp="5.40 km/s, Vs=3.12 km/s, and p=2600 kg/m>) due to a 1 Pa planar atmospheric wave at a
fluid-solid interface in welded contact, following the treatment given by Ben-Menahem and Singh [1981,
2000]. Note changes in the coupling as the airwave reaches apparent horizontal velocities matching Vp
(indicated by 1), Vs (indicated by ii), and V%, the Rayleigh wave velocity (indicated by iii). (b) Synthetic
seismogram vertical component traces of a hypothetical airwave (point source at altitude = 20 km)
propagating across the same granitic surface. Note the relative amplitudes and time delay between the
Rayleigh precursor surface wave and the directly coupled airwave as the horizontal airwave velocity
approaches Cgs (arrow). Asterisk indicates range where apparent airwave velocity, ¢, equals Vx.

wave, generated within a distributed source region defined
by the locus of points where the above excitation condition
is met. For example, in the case of a cylindrical air wave
produced by a hypersonic object in the atmosphere, this
excitation mode would produce outward propagating seis-
mic waves in the surface with mirror symmetry along the
projected ground path of the object, whereas for a spherical
wavefront produced by a point source such as a fragmen-
tation event, this excitation mode would produce outward
propagating waves with cylindrical symmetry from the
epicenter of the event.

[19] Since the horizontal trace velocity of the infrasound
wave is given by the acoustic velocity divided by the sine of
the incidence angle, e (Figure 2), a necessary condition for
this phenomenon to occur is that the coupled seismic wave
mode must have velocity greater than the acoustic wave
speed in air. This is generally the case if bedrock or low-
porosity overburden is exposed at the surface. Figures 3 and
4 show a numerical simulation of this phenomenon for the
simple case of a lower half-space characterized by average
seismic properties of granitic bedrock, representative of a
seismograph station located in a shield region. Because of
the extreme contrast in seismic properties at the surface
interface, synthetic seismograms were computed using a
highly numerically stable implementation of the widely
used reflectivity algorithm [Wang, 1999]. In this example,
the dominant precursory seismic phase predicted by the
numerical simulation is a fundamental-mode Rayleigh wave
(see section 4.1), but numerical studies indicate that other

types of coupled seismic waves such as P and S head waves
may also be generated [Langston, 2004].

[20] These synthetic seismogram calculations show that
should multiple stations obtain similar observations of a
remotely generated Rayleigh wave, it would appear as if the
wave were radiating from either an annular or extended
region (Figure 4). However, this mode of coupling remains
largely unobserved, with only a single documented case in
the literature. This example relates to a meteor that occurred
in 1985 near the Yellowknife seismic array, located within
the Canadian Shield in the Northwest Territories, Canada
[Anglin and Haddon, 1987, 1988]. Although this is the sole
well-documented example of this phenomenon, less defin-
itive identifications exist as well (Figure 5). Furthermore,
precursory Rayleigh and P/S phases have also been ob-
served in southwest Texas associated with acoustic shocks
from space shuttle reentries [Sorrells et al., 2002].

[21] This coupling method disappears if the near-surface
shear wave speed (V) drops below the atmospheric sound
speed (Figure 6). Near-surface Vg below that of the speed of
sound in air are not uncommon and are often found in
regions where the primary surface cover is composed of
loose or unconsolidated soil [e.g., Nunziata et al., 2004;
Badal et al., 2004; Kanli et al., 2006]. This suggests that the
overall paucity of observations of precursory Rayleigh
waves may stem from a general prevalence of unconsoli-
dated overburden in the near surface. As the region of the
coupling zone (where the excitation condition is met) will
be generally narrow and hence close to the projected ground
path of a meteor because of the relatively steep inclinations
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Figure 4. Time slices showing simulation of surface propagation pattern for a granitic surface after an
atmospheric point source event at 20 km altitude (similar to a meteoroid terminal burst). Significantly
higher amplitude Rayleigh waves (compared to directly coupled airwave) appear to originate from a large
(~10 km?) circular region (t = 64 s). In practice, this region would likely appear amorphous in shape,
depending upon local surface geology. For a hypersonic shock wave source, this region would be
extended along the meteor’s ground-projected trajectory. As time progresses (¢ = 65—79 s) the faster
Rayleigh wave velocity, V', allows the surface wave to outdistance the slower directly coupled airwave.

required for large P/S velocity materials, the area where
such coupling may occur will be small compared to the area
over which the airborne wave may be observed. If suitable
exposed bedrock or similar high Vg material is not present in
this zone, no surface wave or head wave will be generated.
Furthermore, scattering of these waves by topographic
obstructions (hills, mountains, and valleys) along the path
would render the signal more complicated and potentially
unrecognizable [cf. Kanamori et al., 1991]. The observa-
tions of Anglin and Haddon [1987, 1988], where the source
meteor passed almost vertically above a seismic array
located in flat shield terrain, thus may represent a fortuitous
and unusual combination of circumstances.

4.1. Rayleigh Waves

[22] Although rarely observed as precursory waves, Ray-
leigh waves (a type of seismic surface wave physically
similar to wind-driven waves on the surface of a body of
water) are a common feature often seen or identified with

meteor seismic recordings. Because of the prevalence of
these waves, this section will provide a brief summary of
elementary Rayleigh wave theory.

[23] When a wave is incident at a boundary between two
media (in this case the air/surface boundary) the wave will
reflect and transmit according to Snell’s Law, such that

Q o e 1

sind sinRp sinRg py’

(2)

where 0 is the angle of incidence/reflection, Rp/Rg are the
angles of refraction for P/S waves (note that in Figure 2
these same angles are e, €, and ), and «, o/, and /3’ are the
acoustic and P and S wave velocities in the air and surface
media, respectively. The horizontal component of slowness,
or ray parameter, is denoted by p,. When the angle of
incidence reaches a critical angle, the refracted P (or §)
wave becomes parallel to the boundary (Figure 7a). Beyond
this incidence angle the refracted wave decays exponentially
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Figure 5. Example of a suspected precursory wave arriving several seconds prior to the wave train
associated with the direct airwave from a bright meteor observed near Edmonton, Alberta, Canada, on
25 May 2007 (A. R. Hildebrand, personal communication, 2007). Particle motion suggests this is a
precursory Rayleigh wave, yet without a trajectory for the source meteor or a secondary observation to
estimate propagation velocity, this identification remains tentative.

away from the interface. A plane wave solution to the wave
equation, @, then has the form

D = Aexp(—wp.z) exp(iw(t — pyx)), (3)

where A4 is amplitude of the wave, w is angular frequency,
and p, and p, are the horizontal and vertical components of
the slowness vector, p, respectively. The slowness vector
has a magnitude equal to the inverse of the speed and
direction perpendicular to the wavefront. This solution
represents a type of evanescent wave, which propagates
along the interface and decays in amplitude with distance
away from the boundary. The Rayleigh wave is a composite
wave composed of coupled compressional (P) and vertical
shear (SV) evanescent waves. This P/SV wave combination
results in the Rayleigh wave having a characteristic
retrograde elliptical motion which decays with depth
inversely with wavelength, \. Because of this elliptical
motion, these waves are commonly referred to as “ground
roll” in exploration geophysics. This retrograde motion
continues with depth until the nodal plane, 4, is reached at a
depth of ~\5, at which point the motion reverses and
becomes prograde (Figure 7b). The Rayleigh wave
propagates at a velocity, V5, which is slightly slower than
the shear wave velocity, V. For example, in a Poisson solid
(VplVs = \/3), Vi is ~92% of Vs. In addition, Rayleigh
waves are polarized, with particle motion confined to a
plane pointing back toward the source [Ewing et al., 1957,
Aki and Richards, 2002].

[24] In the simple case of an infinite half-space (the
ground) bounded by a free surface (where the displacement
is unconstrained and the stresses vanish), the Rayleigh wave
behaves as described above with no dispersion. However, in
the more general case when the surface is a layered medium,
dispersion of the Rayleigh wave train occurs. Since seismic
wave velocities generally increase with depth and long-
wavelength Rayleigh waves are more sensitive to deep-
seated layers than short-wavelength Rayleigh waves, the
nature of the dispersion is usually such that long-wave-
length waves have a higher phase velocity. This results in a
phase velocity curve similar to Figure 7¢. The group veloc-

ity, v, at which the energy at these wavelengths propagates,
is related to the phase velocity by the relationship

v
,%Gv/aw

[25] The case where v > v, is “normal dispersion”
(longer wavelengths or periods arriving before shorter),
whereas the case where v < v, is “anomalous dispersion”
(shorter before longer). An important feature of the group
velocity dispersion curve is the existence of a local mini-
mum velocity, which produces a discrete arrival called an

4)

Vg:

10 T T T T r ; T
— Vg/Cs:9.750
Ve/C, : 3.125
1ol - Vg/Cq: 1.000 ||
--- Vg/C.:0.781

Amplitude of Total Ground Motion (m/s)

L L 1

30 40 50 60 70 80
Incidence Angle (degrees)

10 : -

10 20 90

Figure 6. Amplitude behavior of observed seismic
coupling as the shear wave velocity is gradually lowered
below the atmospheric sound speed, Cs. Note that the P
wave velocity is held fixed in these examples for illustrative
purposes.
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Airy phase (Figure 7c). Since frequencies close to this
minimum propagate at the slowest velocities, they arrive
last and terminate the dispersive Rayleigh wave train, often
with significant energy and amplitude. The Rayleigh wave
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train may also contain regular harmonics with significant
amplitude. It is also notable that the second type of surface
wave, the Love wave (consisting of evanescent SH waves),
in an ideal homogeneous medium, will never be generated
by meteor-related seismic signals since acoustic waves
cannot produce transverse motion in the surface because
of the atmosphere’s inability to support shear waves. In
reality, the surface is rarely ideal, and heterogeneities in the
surface will result in the scattering of the induced surface
wave, producing a mixture of P/SV and SH waves [e.g.,
Langston, 2004]. For a more complete elaboration of the
theory for layered media, the reader is referred to Ewing et
al. [1957].

4.2. Air-Coupled Rayleigh Waves

[26] Classical Rayleigh wave theory derives from treat-
ment of Earth’s surface as a free surface. On the other hand,
if the acoustic properties of the air are explicitly considered,
theoretical treatments of the problem predict the existence
of air-coupled Rayleigh waves [Ewing et al., 1957;
Langston, 2004]. This type of wave was first described
and theoretically explained for layered media by Press and
Ewing [1951] after observations of extended sinusoidal
wave trains during seismic exploration tests using elevated
sources. Consisting of a train of dispersive (though nearly
constant frequency) waveforms that follow the airwave
arrival, these waves are generally characterized by retro-
grade elliptical motion similar to classical Rayleigh waves
(Figure 8). The propagation of these waves is heavily
dependent upon the shear velocity in the near surface
[Ewing et al., 1957; Langston, 2004]. Where the target
surface’s group velocity is slower than the apparent hori-
zontal velocity of the airwave over the surface, these air-
coupled surface waves lag behind the coupled airwave,
while if v, is greater, they will precede it [e.g., D Auria et
al., 2006] (Figure 5). As discussed at the end of section 4.1,
if the shear velocity exceeds the atmospheric acoustic speed
too greatly, Rayleigh wave production is decoupled from
the airwave. In the case of meteor-related seismic observa-
tions, air-coupled Rayleigh waves generally follow imme-
diately after the coupled airwave, which quite often is
associated with a ballistic shock (Figures 8 and 9). Retro-
grade motion is most common, but prograde motion has
also been observed [e.g., Langston, 2004]. The air-coupled
Rayleigh waves are effectively “attached” to the airwave as

Figure 7. Characteristic properties of Rayleigh waves at
an air-ground contact. (a) Incident wave geometry at the
fluid/solid contact for generation of surface waves.
(b) Retrograde elliptical motion of the Rayleigh wave,
polarized toward source. Note amplitude decay with
increasing depth. Propagation velocity, Vg, is slightly less
than the shear velocity, Vs, of the surface. (c) For a layered
surface the Rayleigh wave becomes dispersive. Normal
dispersion refers to the case where v > v,, whereas
anomalous dispersion refers to the case where v < v,. As
wavelength increases, v varies from upper to lower layer
velocities. In general, v, displays a minimum that is
associated with an Airy phase.

9 of 21



RG4007

Edwards et al.: SEISMIC OBSERVATIONS OF METEORS

RG4007

T T T

Vertical Motion
o

M A~

T

Transverse Displacement
=)

-2 -1 0 1 2
Radial Displacement

Vertical Displacement
o

o Bls

Transverse Motion Radial Motion

Time (seconds)

5 6 -2 0 2
Radial Displacement

Figure 8. Example of an air-coupled Rayleigh wave from a 5 pound (~2.3 kg) explosive charge
elevated at 10 feet (~3 m) above the ground, after Press and Ewing [1951]. This source produces
polarized, retrograde elliptical motion similar to conventional Rayleigh waves. (left) Particle motions
correspond to (right) time interval between dashed lines. Amplitudes have been normalized to peak

vertical motion.

it moves along the surface. After passage of the airwave, the
air-coupled Rayleigh wave gradually decays, often persist-
ing for tens of seconds to a few minutes. Finally, as is the
case for classical Rayleigh waves, harmonics (higher-order
modes) may be present, and surface layering will tend to
produce strong dispersion. Examples of these waves with
these characteristics are shown in Figure 9 and later in
section 6.

5. DIRECT AIRWAVE COUPLING

[27] By far, the most commonly observed seismic record-
ings are those that involve direct coupling of the airwave
with the ground. These observations are most often identi-
fied by the coincident appearance of tremor-like signals on
local seismographs soon after a visual observation of a
meteor/fireball/bolide [e.g., MacCarthy, 1950]. Often exhib-
iting the generally slow apparent velocities consistent with
propagating atmospheric acoustic waves [e.g., Aikman et
al., 1989], the coincident appearance of weak seismic
signals at expected arrival times for acoustic waves led
early investigators to use these as constraints on the loca-
tions of potential meteorite strewn fields [Folinsbee et al.,
1967, 1969; Cevolani et al., 1994].

[28] Directly coupled airwaves show several distinctive
characteristics. First, they tend to be short in duration,
lasting from several seconds to approximately a minute.

These waves also lack distinct P and S wave arrivals
characteristic of a local earthquake (Figure 9). With spectral
content typically peaking at frequencies of ~0.1—-10 Hz the
seismic recordings of directly coupled airwaves reflect the
characteristics of the incident wave [ReVelle, 1976; Edwards
et al., 2007]. Finally, seismic recordings associated with
ballistic shocks typically display downward first motions
and W-shaped pulses [Kanamori et al., 1991, 1992;
D’Auria et al., 2006]. The distinctive W-shaped pulse
occurs since the velocity response of seismometers is
approximately proportional to the time derivative of the
N-shaped acoustic pulse [Beyer, 1997, pp.189—196]. The
downward first motion reflects overpresssure of the first
arrival of the acoustic wave (Figure 9).

[29] Although plagued by a paucity of seismic recordings
and often only eyewitness or solitary camera observations
of the meteor itself, some of the earlier events cited above
revealed that acoustic sources could be classified according
to two distinct mechanisms: (1) the nearly cylindrical
hypersonic shock or ballistic wave produced by the high-
velocity motion of the meteoroid through the atmosphere
and (2) the catastrophic fragmentation or disruption expe-
rienced by some meteoroids, often termed terminal bursts or
flares, due to the proximity of these events to the end of the
luminous part of the trajectory.

[30] For the most part, the value in these recordings lies
in their kinematic information. Since they record the arrival
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Figure 9. Examples of seismic waveform recordings of meteor-generated ballistic shocks. Note the
dissimilarities in duration and structure to that of a local earthquake.

times of the incident airwaves at the position of the seismic
station, they can be used directly for trajectory reconstruc-
tion (see section 5.1). This is by far the most common
analysis performed from seismic meteor recordings to date,
as this information is the easiest to measure and interpret.
Nevertheless, the coupling of airwave into the ground can
be quantified. The simplest approach approximates the
atmosphere/surface boundary as fluid/solid half spaces in
contact, where vertical displacement and stress are contin-
uous across the interface, while shear stress across the
interface is zero (Figure 2). In this case, the following
relationships apply to the transfer from acoustic to seismic
wave motion in the surface [Ben-Menahem and Singh,
1981, 2000]:

Radial motion

cosesin(e’ — 2f")

e = Po = expliy) 5
Vertical motion
my cos e
vz = —Po= = exp(i), (6)
where
BN in2el sinaf” 4 cos? 2f"
my = cose{(a) sin2¢’ sin 2f" 4 cos” 2f’ (7)

my = <$) cosé.
oo

Here e, ¢, and f” are the angles of incidence of the airwave
and refraction of the P and S waves, respectively, while «
and p and o and p are the ¥ and densities for the fluid and
solid half-spaces, respectively, and /3’ is the shear velocity or
Vs in the solid half-space (Figure 2). Note that in the fluid
half-space, 3 = 0 m/s. These expressions reduce to the
following forms in cases of grazing or postcritical incidence
[Ben-Menahem and Singh, 1981, 2000]:

Radial motion

(8)

_ Poc .
Vx = 2(}\ + N) eXP(lX) (9)
Vertical motion
ée—in/z Vp 2 )
vz = Pom (73) exp(ix), (10)
with
X
X = o.)(t - E) (11)
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Figure 10. Schematic diagrams of the arrival time distributions associated with two meteor-related
seismic events over two different regional seismic networks. (a) Arrivals associated with two
fragmentation events or terminal airbursts near Mount Adams, USA, in 1989 [from Qamar, 1995] and
(b) arrivals associated with a meteor’s ballistic shock wave near Miyako, Japan, in 1998 [from Ishihara et

al., 2003a].

and
Cs

e=a (12)
where Py is the overpressure (or amplitude) of the incident
airwave, Vp Vg, A, and p are the compressional and shear
wave speeds and the associated Lamé parameters of the
surface layer, respectively, and ¢ is the trace velocity of the
acoustic wave. Cgand e are the acoustic wave speed of the air
and the incidence angle of the airwave, measured from the
vertical. In practice, equations (9)—(12) are generally applic-
able at angles beyond critical incidence, since beyond the
Rayleigh critical angle the general expressions (equations (5)—
(8)) are slowly varying and (where Vg < Cg) nearly constant
(Figures 3 and 6) [e.g., Langston, 2004]. It is also noted that
the Earth’s atmosphere favors the observation of grazing or
near-grazing incidences in comparison with a constant
velocity medium, as the acoustic wave will refract in the
troposphere back toward the stratosphere as the observer’s
range increases.

[31] Despite their simplicity, the acoustic-seismic cou-
pling expressions above have successfully reproduced the
basic structural response of the initial coupled shock wave
observed for several seismically recorded meteor [Langston,
2004; D’Auria et al., 2006] and high-velocity artificial
shock waves [Kanamori et al., 1992; Edwards et al.,
2007]. Some theoretical and empirical results even show
that the magnitude of the coupling predicted by these
expressions, in particular for grazing incidence, is accurate
to within a factor of <3 of the actual observations
[Kanamori et al., 1992; Edwards et al., 2007]. As will
be discussed in section 7, this may provide a basis for a
general meteor magnitude scale, as well as a point of
comparison with other, more detailed, methods of cou-
pling. Yet despite these positive results, simple half-space
coupling does not reproduce the long enduring wave trains

of air-coupled Rayleigh waves often induced by the
incident shock wave, as this model ignores any deeper
geological structures at the observation site. To reproduce
these wave train observations, layered media are often
more appropriate and successful [e.g., Langston, 2004;
Edwards et al., 2007].

5.1. Trajectory Reconstruction

[32] As global seismic monitoring has spread, multiple
seismic observations of individual meteor events have
become more common. Mapping of arrival times has
allowed the two mechanisms (cylindrical versus point
source) to be more easily distinguished (Figure 10), en-
abling inversion for meteor path and/or fragmentation
location. Inversion of suspected meteor-related seismic
arrivals was first attempted by Nagasawa [1978] to recon-
struct the trajectory of a meteor observed over the Kanto
Plains in Japan. Since then, a number of authors [Nagasawa
and Miura, 1987; Ishihara et al., 2003a, 2004; Brown et al.,
2003; Tatum et al, 2000; Langston, 2004; Pujol et al.,
2005, 2006] have pursued trajectory reconstruction with
seismic observations using several variations of the same
technique. The essence of the technique involves using the
observed seismic times of arrival at the surface to constrain
the location and orientation of the hypersonic shock of the
source meteor at altitude.

[33] Much like supersonic aircraft, meteors produce a
conical shock front or Mach cone due to their faster-than-
sound velocities. Since meteor velocities are significantly
faster than aircraft, the angular width or Mach angle, (3, of
the cone is significantly smaller of order a degree (Figure 11)
and varies according to

sinﬁzﬁf , (13)
v

1
M
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Figure 11. Schematic diagram of the orientation of a

meteor trajectory and its associated fitting parameters, as
defined by Ishihara et al. [2003a]. Parameters ~ and 6, the
azimuth and elevation angles, respectively, define the
orientation of the trajectory, fixed at a position (X,, Y,
Z,) in the local coordinate frame (note that often Z, = 0).
The meteor’s velocity, v (a proxy for Mach cone angle, (),
determines the time, ¢,, of this intersection.

where Cg is the speed of sound in air, v is the velocity of the

meteor, and M is the Mach number or the ratio of v to Cg
[34] The narrowness of the Mach cone coupled with the

high altitude of the meteor mean that the highly nonlinear

region of the shock cone never reaches the surface directly;

instead, it propagates outward at acoustic velocities to the

surface. Fitting of the six free parameters that define the

meteor trajectory becomes a geometrical inversion problem

constrained by the traveltimes of the conical wavefront to

each observing station. The six free parameters that char-

acterize the trajectory are as follows from the definition of

Ishihara et al. [2003a] (Figure 11):

X,,Y, horizontal coordinates of the trajectory intersection

with the surface (Z, = 0);

t, time of intersection of meteor trajectory at (X,, Y,

0);
v azimuth of the trajectory;
0 elevation angle of the trajectory relative to the
horizon;
v velocity of the meteoroid.

[35] The traveltime from this generalized meteor Mach
cone to an arbitrary station at the surface is then given by
[Ishihara et al., 2003a; Pujol et al., 2005]

PP (.
07y \anp )

where x; and x, are the distances of the station
perpendicular and parallel to the trajectory, respectively.
The derivation of equation (14), along with a detailed
description of the problem, is given by Pujol et al. [2005].

(14)
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Thus given a sufficient number of observations at the
surface, the six free parameters that define the meteor
trajectory may be solved for by minimizing the residuals in
either an L1,

R:Z‘tftobs ) (15)
n

or L2 norm,

(16)

R = Z (t - tobs)zy

where ¢ and f£,,, are the computed and measured signal
arrival times. Minimizing this residual function has been
accomplished primarily using massive grid searches of the
parameter space [e.g., Nagasawa and Miura, 1987; Ishihara
et al., 2003a]; however, recent development of an iterative
inverse method by Pujol et al. [2005] is becoming more
commonly used [D’Auria et al., 2006; Dailu and Yarong,
2007].

[36] In practice, of the six free parameters, the four that
define the orientation of the trajectory (X, Y,, 7, and 0)
are generally well resolved [cf. Ishihara et al., 2003a;
Langston, 2004; Pujol et al., 2006], while the remaining
two, v and ¢,, have been found to be more difficult to
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Figure 12. The Mach cone angle (solid line) and changes
in Mach cone angle as a function of velocity (gray dashed
lines). The angular size of the Mach cone, (3, decreases
rapidly with increasing velocity from the supersonic regime
(M < 5) of high-speed aircraft to the hypersonic regime (M >
5) typical of meteors. Differences in Mach angles, AfS, at
low velocities tend to be large and so are more easily
resolved by seismic traveltime inversion. At higher
velocities these angular differences become increasingly
subtle leading to large uncertainties in velocity during
inversion. Distinguishing between such high velocities
requires extremely accurate traveltime observations.
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constrain and are highly sensitive to initial assumed values
[Pujol et al., 2005]. Implicit in equation (14) is the com-
monly used assumption of a constant speed of sound or
isothermal atmosphere. This assumption simplifies the geo-
metric rays, which would otherwise curve because of atmo-
spheric refraction [ Tatum, 1999], to straight lines allowing for
rapid traveltime calculation. The drawback to this assump-
tion is that because Cg is a fundamental part of the geometric
definition of the Mach cone (equation (14)), the meteor
velocity, v, becomes dependent upon the choice of Cs.
Additionally, because the time of intersection at the surface,
t9, depends upon the meteor’s velocity, it too becomes
dependent upon the chosen model’s value of Cs. The way
around this dependency is to set aside isothermal/constant Cg
assumptions for the atmosphere and adopt an inhomoge-
neous atmospheric model constrained by meteorological data
of upper atmospheric temperature. The tradeoff for this
approach is an increase in the complexity of the problem,
as rays will then refract and Mach cone geometry becomes
variable with altitude. These complications contribute to
the inversion procedure becoming more computationally
intensive.

[37] Another reason for the difficulty in resolving meteor
velocity is that the geometry of the Mach cone does not vary
greatly over the wide range of possible meteor velocities
(Figure 11). This small variation is likely the source of large
upper bound uncertainties in velocity obtained by this
method [Ishihara et al., 2003a, 2004]. Such small variations
in the angular extent in the Mach cone result in smaller and
smaller changes in traveltime as the meteor velocity
increases. For example, the traveltime for a station located
200 km from the X,, Y, intersection, vertically beneath a
meteor at 45° inclination (for simplicity), for a slow 12 km/s
meteor is 650.89 s (equation (14)). For a somewhat faster
meteor at 20 km/s the traveltime becomes 655.76 s, a
difference of only 4.87 s. Yet this same small change in
traveltime encompasses nearly all of the remaining 85% of
the meteor velocity range (11.2—72.8 km/s) if applied at
20 km/s. Typical event residuals currently reside at about
10% of this difference, at ~0.5 s or greater [cf. Ishihara et
al., 2003a; Pujol et al., 2006], while arrival time uncertain-
ties generally are smaller at <0.1 s but may exceed 1 s at
times [e.g., D 'Auria et al., 2006] depending upon the clarity
of the seismic response to the airwave.

[38] The end result of such small changes in traveltime is
that the ability to distinguish the fine changes between one
Mach cone (or velocity) from another requires a high degree
of precision in traveltime calculations during inversion for
high-velocity meteors (Figure 12). As the acoustic wave
velocity depends significantly on atmospheric conditions at
the time of a fireball event, precise timings are possible only
with detailed knowledge of these conditions. Such meteo-
rological details of upper atmosphere are simply not known
to the level of precision needed to resolve extremely high
velocity events. Yet approximations to the actual profile
(such as smoothing or constant velocity assumptions) ap-
pear to be adequate to resolve lower-velocity events such as
supersonic aircraft or the lower range of meteor velocities
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(~20-11.2 km/s). This suggests that meteor velocities
beyond ~20 km/s may not be resolvable by seismic
methods. Despite this limitation, the ability to determine
meteoric trajectories solely by seismic arrival time inversion
is potentially very useful, for example, by providing inves-
tigators with a constraint for the location of potential
meteorites on the ground where little or no visual records
of the meteor exist.

[39] Confirmation of the inversion method’s abilities has
been made by applying seismic trajectory inversion to the
6 May 2000 Moravka meteorite fall in the Czech Republic,
where an independent solution from video records exists
[Brown et al., 2003; Pujol et al., 2006]. In this instance, the
entry angles and azimuths determined from the seismic
solution were on the order of a few degrees from the video
result, providing some measure of the accuracy expected in
the seismic solution of fireball trajectories. As expected, the
velocities estimated by the seismic technique (8.3 km/s for
Brown et al. [2003] and 12—-21 km/s for Pujol et al. [2006])
were lower than the measured video initial velocity of 21.9
km/s, emphasizing the large uncertainties in seismic deter-
minations of meteor velocity.

5.2. Aerial Point Source Location

[40] The second mechanism producing meteor-related
seismic observations, meteoroid fragmentation, is geomet-
rically simpler than that of ballistic wave observations. In
these cases, quasi-point-like impulsive airborne shock
waves are produced during a meteoroid’s descent as the
object breaks up suddenly because of the increasingly large
ram air pressure acting upon it during entry. These energetic
events are often characterized optically by a brief (<1 s),
yet dramatic, increase in the brightness of the meteor.
Physically, this is the result of the meteoroid shattering into
fragments, which exposes a larger surface area to the
oncoming air stream, increasing the rate of ablation and
thus the amount of light produced [Ceplecha et al., 1998].
Such kinetic explosions may result in separation of the
original body into several large fragments, each of which
may then continue to ablate separately (gross fragmenta-
tion), or complete disintegration of the meteoroid into fine
dust [e.g., Klekociuk et al., 2005]. The phenomena in the
latter case are often referred to as “flares,” ‘“‘terminal
bursts,” or simply “airbursts.”

[41] As these explosive fragmentation events are very
brief and take place over small portions of the entire meteor
trajectory, they are often approximated by a point source,
though in reality the source may be somewhat elongated
along the direction of travel. Therefore atmospheric shock/
acoustic/infrasonic waves that originate from these sources,
along with their observed air-coupled seismic counterparts,
can be distinguished from ballistic waves by propagating
outward quasi-spherically. This characteristic results in a
circular symmetry for the arrival pattern at the surface
(Figure 10b). Inversion of these types of observations takes
a form equivalent to earthquake location, either using
preexisting earthquake hypocenter programs and appropri-
ately modified Earth models to account for the much slower
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Figure 13. Simultaneous colocated (top) infrasonic and (bottom) seismic observations of the NASA
Stardust sample return capsule shock wave, 15 January 2006. At point 1, the initial airborne shock wave
arrives at the sensor site. At point 2, the shock wave directly couples to the ground (a clay playa) producing a
W-shaped impulse. At point 3, the coupled shock wave generates an air-coupled Rayleigh wave in the
playa, which persists for approximately 1 min. At point 4, layering in the subsurface causes dispersion of
the Rayleigh wave punctuated by the arrival, ~10 s after the shock wave, by an Airy phase. At point 5,
arrival of this Airy phase is recorded infrasonically as the ground motion couples back into the air.

atmospheric signal speed [e.g., Johnston, 1987, Qamar,
1995] or using similar reduction techniques and full atmo-
spheric ray tracing techniques [e.g., Edwards and Hildebrand,
2004]. Regardless of the specific implementation, however,
the point-like nature of the source results in an inversion
for only the source’s 3-D position, X, Y, Z, and the
associated time of occurrence, f,. Similar to trajectory
inversion, the solution to this problem requires minimiza-
tion of the traveltime residual, with the additional constraint
that ¢, for the event is the same for all observations. A
solution is obtained by minimizing either the L1 residual,
namely,

(17)

R="|tops — t = to],
n

or the L2 residual,

R=""(tors — t —t0)’, (18)

where 1,,, are the observed times of arrival of the
seismically detected airwave and ¢ are the computed
traveltimes at each station from a point source located at
X, Y Z

[42] We remark that location of a single fragmentation
event is not sufficient to compute the full trajectory of the
meteor [e.g., Arrowsmith et al., 2007]; however, in cases
where several point source-type events occur along a
meteor’s path [e.g., Qamar, 1995; Brown et al., 2003],

rough trajectory information may be gleaned. As in the case
of ballistic trajectory reconstruction, there are substantial
uncertainties associated with the estimation of meteor ve-
locity using this approach.

6. DYNAMICS OF DIRECT AIRWAVE COUPLING

[43] The increasing number of observations of naturally
occurring meteor airwaves coupling with the surface under
a variety of geographic and geologic settings (Tables 1a and
1b) raises questions about what surface conditions are
conducive to surface coupling. Previously, it has been
shown that in cases where the surface shear velocity is
lower than the speed of sound in air, not uncommon for
unconsolidated soils, the coupling of waves from the air into
the ground is more effective as the incident airwaves refract
downward into the surface [Langston, 2004]. Recent colo-
cated infrasonic/seismic observations of the shock wave
from reentry of NASA’s Stardust sample return capsule
[Edwards et al., 2007] provides an example for which
coupling efficiency has been measured directly. This hyper-
velocity reentry of a well-calibrated meteor analog produced
a low-frequency shock wave at high altitudes, similar to that
of natural meteors. At an initial velocity of 12.5 km/s, the
capsule was equivalent to a slow moving meteor, with the
benefit of having known physical properties (mass, volume,
shape, and density) prior to reentry [ReVelle and Edwards,
2007]. Such parameters generally remain unknown or
poorly constrained for natural meteors [Ceplecha et al.,
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Figure 14. Examples of meteor-related air-coupled seismic signals displaying a dispersed pulse shape.
Typically, these occur from fragmentation or terminal airbursts of a meteoroid, but some instances exist
(e.g., Neuschwanstein, SQTA) that appear to originate from ballistic waves [ReVelle et al., 2004].

1998]. In terms of energy, the acoustic-seismic coupling
efficiency for the clay-rich playa at the observation location
was determined to be ~2% (10~?), significantly higher then
previously employed estimates of 10~* or 10~ [Brown et
al., 2002b] and somewhat higher than those predicted
from simple welded acoustic/elastic boundary approaches
(equations (5)—(12)).

[44] The seismic records of the Stardust sample return
capsule reentry also contained air-coupled Rayleigh waves
with a complex character. Time-frequency analysis of these
waves revealed signals interpreted as fundamental and
higher-order Rayleigh wave modes, terminated by promi-

nent Airy phases. The Airy phases were also detected by the
infrasound sensors (Figure 13), providing evidence for
“reverse” coupling from ground into the air. The infrasonic
signals of the late-arriving Airy phase had previously been
interpreted to be the likely result of atmospheric multi-
pathing [ReVelle and Edwards, 2007], although no satisfac-
tory atmospheric model was found to explain the arrival.
Furthermore, on the basis of previous examples cited above,
had this been a natural meteor it is possible that the late
arrival could have been misinterpreted as a fragmentation
event. This example illustrates the importance of under-
standing the complexities of air-ground interaction, partic-
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ularly where unconsolidated near-surface layers are present.
Still more complexities in the observed waveform can arise
if site-specific sources of scattering or reflection are nearby,
such as mountains, large buildings [e.g., Kanamori et al.,
1991], or geologic boundaries.

[45] In addition to air-coupled Rayleigh waves, some
signal traits of seismic observations of meteoroids that have
terminated in “explosive” events remain poorly understood.
In general, observations of these point source-like events
tend to be diffuse, with no distinct arrival time, in contrast to
the often sharp onset of ballistic observations. These signals
generally ramp up, peaking at some maximum value before
decaying back to presignal levels (Figure 14). Although
these signals may be complicated by local site conditions,
their systematic association with explosive events suggests
that their diffuse character primarily reflects fragmentation
processes. More study is needed to gain a better under-
standing of the phenomenon.

7. FUTURE DIRECTIONS

[46] The rising number of recorded meteor-related seis-
mic observations (Tables 1a and 1b) has resulted in refine-
ments to methods of determining locations and trajectories
of the source meteoroids. Earlier massive parameter grid
searches of Nagasawa [1978] and Ishihara et al. [2003a]
have been improved upon using linearization techniques for
simple model atmospheres [Pujol et al., 2005]. Somewhat
more slowly, the variability of the atmosphere and upper air
winds on wave propagation are being incorporated into
solutions, as the directional anisotropy induced by the
presence of winds can introduce substantial shifts in the
final solution on the order of several kilometers [Edwards
and Hildebrand, 2004; D Auria et al., 2006]. Incorporation
of meteorological and upper air data should become easier
as the availability of regional and global meteorological
data/models also increases.

[47] Beyond further refinements in the methodology of
how these locations and trajectories are determined, avail-
able techniques still provide only a positional constraint on
the source. Can seismic observations of meteors provide
information about the associated meteoroids, even in cases
where only a solitary observation is made? Or, more simply,
can a seismic meteor magnitude scale be established to
enable estimation of the source meteor’s energy from a
solitary observation? The answers to these questions require
a detailed understanding of how atmospheric waves couple
with Earth’s surface in a wide variety of geological settings.
This remains an area of active research because of the
complexity of the more general problem.

[48] In order to understand the air-ground coupling phe-
nomenon more completely, it has been suggested [Edwards
et al., 2007] that we appeal to a microphysical view of these
porous surfaces pioneered by Biot [1956a, 1956b]. Biot
theory, refined later by Stoll [1980] for ocean sediments,
treats the subsurface as a mixture of solid and fluid media,
with a fluid-filled pore space surrounded by a solid frame-
work that is the matrix of the soil. Within this composite
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material, three distinct types of waves propagate: two
compressional waves and a shear wave. The compressional
wave of the “first kind” is effectively an elastic P wave that
propagates primarily through the solid grains; similarly, the
shear wave is an elastic S wave that also propagates through
the solid framework. A compressional wave of the “second
kind” travels more slowly than the first and is highly
attenuated, propagating primarily through the pore space
fluid, be it air, water, or some other fluid [Sabatier et al.,
1986]. Despite its high degree of attenuation, the compres-
sional wave of the second kind may lead to enhanced air-
ground coupling since it provides a mechanism for atmo-
spheric waves to interact with the much larger effective
surface area than the planar ground surface. This micro-
physical view may help to explain the wide variation in
observations of acoustic coupling efficiency (1072 to 1077)
discussed previously in section 6, as hard, consolidated
rocks often have low porosities, limiting coupling of an
atmospheric wave to just the exposed surface.

[49] In contrast to the acoustic-seismic transfer process,
in meteor-generated infrasound theory it is well established
that an observation of the airwave (ballistic or ablational)
can provide fundamental constraints on the energy of the
source meteoroid under certain simplifying assumptions.
For example, the fundamental period of an acoustic/infra-
sonic observation is related to the size of the blast cavity
that produced the airwave initially (with a degree of range
dependence). In the case of ballistic waves this is the radius,
R,, of the nearly cylindrical cavity associated with highly
nonlinear wave propagation region produced by the shock
of the meteoroid’s passage through the atmosphere. This is
often referred to as the “blast radius” and is related to the
fundamental frequency, f,,, by the quasi-empirical relation

" 2.81Ry’

o £\
o= oL ’

In the case of fragmentation or quasi-spherical point source
events the fundamental frequency is related to a similar
radius, with an approximately spherical geometry, namely,

T 221Ry’

I

where

(19)

o

where

3E 1/3
Rp = 20
0 (WU) , (20)

where Cy is the ambient thermodynamic sound speed at the
source, p,, is the ambient pressure at the source altitude, L is
the length of the meteor’s trajectory, and E is the portion of
the meteor’s energy producing the shock wave [ReVelle,
1974]. We remark that these relations apply in the
immediate vicinity of the nonlinear blast zone; at the
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surface the period and amplitude observed are modified
from these initial values through attenuation, shock effects
with long-range propagation, and the winds/temperature
structure of the atmosphere between the high-altitude source
and low-altitude receiver.

[s0] Through the fundamental frequency, the amount of
energy deposited in the atmosphere per unit length of trail
required to produce such an acoustic response may be
estimated using knowledge of the ambient pressure and
sound speed at the source region (which may be established
through ray tracing). Using this energy, an estimate of the
acoustic efficiency, some assumptions or measurements of
the meteoroid’s velocity, v,,, and density, p,,, and a further
estimate of the size of the meteoroid can also be made.
Knowing the sizes of the source meteoroids, the frequency
of their detection, and an estimate of the global coverage
monitored, one can calculate the flux of these objects at the
Earth, a major goal of meteor science. The flux of larger
(meter-sized) meteoroids at the Earth is still poorly known
[cf. Brown et al., 2002a]. The flux of projectiles in this size
range is crucial for interpreting the young surfaces of
asteroids, several of which have shown a large deficit of
small craters [Chapman et al., 2002]. Given the global
distribution of seismograph networks, what is particularly
encouraging about seismic detections of meteoroids is their
potential to estimate this flux independently of other
techniques.

[5s1] Our current understanding of meteor-related seismic-
ity is still far from this ultimate goal, however. Estimates of
meteoroid energy from seismic data have been attempted in
the past [e.g., Brown et al., 2002b, 2004; Llorca et al.,
2005], with limited success, using the empirical energy
relationship derived from the mining and surface explosions
work of Gupta and Hartenberger [1981]. The relationship,
modified for use with the higher-altitude meteor sources,
relates the equivalent energy yield, W, in ktons of equivalent
TNT (1 kt of TNT =4.185 x 10'?J) to the observed vertical
seismic motion, Dy (nm/s):

. XR2(2.748 x 10-7aDy)" "
v

21

Here R is the range to the source event in meters and «, X,
and v are the added terms accounting for air-to-ground
coupling efficiency, coupling efficiency scaling from near-
surface explosions to high-altitude sources, and surface
wave attenuation for different surfaces, respectively.
Although using rough estimates for each of the three added
terms (o = 107%, x = 100, and v = 0.1) has resulted in
reasonable energy estimates for at least three meteorite falls
[Brown et al., 2002b, 2004; Llorca et al., 2005], when
compared to similar estimates from other data, the
seemingly arbitrary (and constant) choice of these para-
meters is unsatisfying, as certainly the three areas where
observations were made have distinctly different surface
characteristics. Indeed such values as the air-to-ground
coupling efficiency remain uncertain by several orders of
magnitude [Griggs and Press, 1961; Hildebrand et al.,
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1997; Edwards et al., 2007] but probably vary according to
surface properties [Edwards et al., 2007]. Additionally, it
remains unclear whether this relationship, derived from
relatively small (~2.3—90 kg) surface explosions, should
even apply for the higher-altitude and significantly more
energetic meteor sources. Clearly, better scaling relations
are needed to infer source energy on the basis of either more
realistic modeling or a suite of constrained observations.

[52] Instead of these direct bottom-up approaches, a
somewhat more stepwise methodology may be more infor-
mative. Understanding the degree of modification (e.g.,
frequency content, additional phases, and amplitude) the
induced seismic wave has from the source airwave and how
this relates to the coupling process, over multiple observa-
tions, sites, and media, it may be possible to reliably invert
observed seismic data to a pseudoacoustic measurement of
the airwave. One may then employ existing methods
developed in acoustics that are better understood. This
approach hinges on the applicability of established theory
to explain or reproduce actual observations. Comparative
treatments like those of Kanamori et al. [1991, 1992] and
D’Auria et al. [2006] and colocated seismic/infrasonic
measurements like those of RelVelle and Edwards [2007]
and Edwards et al. [2007] build confidence in this under-
standing of the transfer function between atmospheric
pressure wave and surface wave.

[53] In a short survey of detections of space shuttle
airwaves over California, Kanamori et al. [1991, 1992]
showed that seismic traces of reentering space shuttle shock
fronts recorded on bedrock displayed little in the way of
acoustic coupling beyond the initial shock while those
stations located in the Los Angeles basin showed significant
surface coupling, consistent with simple theory [Langston,
2004]. More importantly, they demonstrated for two stations
that the synthetic responses of the surfaces computed
using the Ben-Menahem and Singh [1981, 2000] model
(equations (5)—(12)) accurately matched those observed and
resulted in reasonable estimates (factor of ~2 agreement)
of the shock wave overpressure to theoretical calculations at
these sites. More recently, D Auria et al. [2006] showed a
similar comparative result but explored how the recorded
signal could be distorted by the response of short-period
sensors. Unfortunately, these studies lacked infrasonic
recordings of the corresponding airwave and so comparison
to the source function was impossible. Such was not the
case for the colocated experiment of Edwards et al. [2007].
Here both airwave [ReVelle and Edwards, 2007] and surface
wave [Edwards et al., 2007] from the Stardust reentry shock
wave were recorded simultaneously, and surface elastic
properties of the site measured. Using the half-space method
(equations (5)—(12)), Edwards et al. [2007] simulated the
seismic response to within a factor of 2 in amplitude. The
results of these separate studies suggests that at least in
cases of simple geology or hard bedrock, the half-space
method may be sufficient to roughly estimate the source
airwave’s overpressure. For the more general case, where
the surface/near surface is more complex and topography as
well as frequency-dependent site response need to be
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considered [e.g., Borcherdt, 1970; Schlindwein and Koch,
2003; Murphy and Eaton, 2005], inversion for overpressure
is unlikely to be this simple. The need for more well-
constrained or simultaneous acoustic/seismic measurements
of meteor events is clearly necessary to tackle more general
cases.

[s4] The relations derived for seismoacoustic coupling of
meteors on the Earth may prove particularly valuable when
seismometers are deployed to Mars [Lognonné et al., 2000].
Despite the Martian atmosphere being significantly less
dense at the surface than on Earth (atmospheric conditions
are comparable to 30—35 km altitudes on Earth), similar
seismoacoustic coupling is predicted by equations (5)—(8)
for both rock and unconsolidated soils. Additionally, the
rarified Martian atmosphere allows meteoroids to penetrate
deeper and should allow the survival of larger meteoroids to
impact (and crater) the surface [Christou et al., 2007].
Therefore, it is plausible that Martian seismic monitoring
will provide the first estimate of the abundance of meter-
sized impactors proximal to the main asteroid belt and the
first direct measurements of meteorite impacts on another
planet.

8. SUMMARY

[s5] The study of seismicity at the Earth’s surface created
by meteor acoustic/infrasonic sound interactions remains a
largely unexplored area of seismology. Driven primarily by
the desire to recover freshly fallen meteorites, early work in
this area focused upon inversion of observations to con-
strain trajectories and locations of seismically detected
meteors. The results of these early works have shown that
for both ballistic and point sources, orientation and position
in space can be quite well resolved when adequate coverage
of the event is available, while parameters such as velocity
and the time of the event’s occurrence are more poorly
constrained. This uncertainty occurs because of the exceed-
ingly high velocities at which meteoroids typically move
through the atmosphere relative to the ambient sound speed,
together with the difficulty of adequately approximating the
atmospheric propagation field at the time of the event. Thus
seismic inversion techniques may only be successful at
determining velocities at the low end of typical meteor
velocities in ideal cases, while trajectory measurements are
much more precise. Fortunately, most meteorite-producing
fireballs have velocities below 20 km/s [ReVelle and
Wetherill, 1982], leaving open the future prospect of mete-
orite recovery from seismic data alone.

[s6] Although additional constraints, such as signal po-
larization or visually observed velocities, may be placed
upon traveltime inversions to improve their solutions, the
methodology is now well established. At the same time,
investigation into what these events may tell us about their
source meteoroids and the interaction between the Earth’s
atmosphere and surface is just beginning. Increasing numb-
ers of seismic networks globally and increased scientific
interest means these transient signals are likely to become
more commonly reported and available for analysis. Further
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calibration among various sites conditions and the acoustic-
to-seismic transfer is needed, however, before a “meteor
magnitude scale” can be determined.
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