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Prediction of regional infrasound produced by supersonic
sources using a ray-based Mach cone source

Philip Blom,a) Christine Gammans, Brent Delbridge, and Joshua D. Carmichael
Los Alamos National Laboratory, Los Alamos, New Mexico 87544, USA

ABSTRACT:
The geometry of the Mach cone produced by a supersonic source is analyzed and mapped into initial conditions used in
acoustic ray tracing. The resulting source model is combined with spherical geometry ray tracing methods to enable
propagation simulations for infrasonic signals produced by bolides, space debris, rockets, aircraft, and other fast-than-
sound sources out to typical infrasonic observation distances of hundreds or thousands of kilometers. Idealized linear
and parabolic trajectories typical of bolides and rockets, respectively, are used to demonstrate the calculation of regional
infrasonic signals produced by such sources and characteristics of the radiated infrasonic waves are found to vary
strongly with the geometry of the trajectory and atmospheric structure. Predicted regional infrasonic signals are
compared with those observed from a November 2020 bolide that passed over Scandinavia using a combination of
institutionally maintained infrasound stations and “citizen scientist” data from the Raspberry Shake data repository.
VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0025025
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I. INTRODUCTION

Infrasonic signals are frequently observed at propaga-
tion distances of hundreds or thousands of kilometers due to
a combination of the overly large energy required to dis-
place a volume of air associated with an infrasonic wave-
length as well as decreased thermo-viscous losses for
acoustic waves at lower frequencies. Ef�cient propagation
of such signals over large distances makes them useful in
remote sensing for various phenomena of interest to the nat-
ural hazard, national security, and scienti�c communities.
Energetic transient events such as volcanic eruptions (Fee
and Matoza, 2013; Johnson and Ripepe, 2011; Watson
et al., 2022), earthquakes (Mutschlecner and Whitaker,
1981), and above- and below-ground explosions (Assink
et al., 2016; Cerannaet al., 2009; Feeet al., 2013) as well
as persistent phenomena such as tornadic and maritime
storms (Blom et al., 2014; Frazieret al., 2014) and various
industrial activities (Marcillo et al., 2015; Wynn and
Dannemann Dugick, 2023) produce infrasonic signals that
can be leveraged at large standoff distances for detection
and characterization.

In addition to these stationary or slow moving sources,
infrasonic signals are produced by the passage of supersonic
objects through the atmosphere. Exceptionally bright
meteors, termed bolides, produce infrasonic signals that can
be detected at signi�cant distances (Arrowsmithet al., 2007;
Chernogor and Shevelev, 2018; de Groot-Hedlin and
Hedlin, 2014; Ens et al., 2012; Evers and Haak, 2003;
Gainville et al., 2017; ReVelle, 1976; ReVelle and
Whitaker, 1999). Further, in cases for which the propagation

can be simulated and accounted for, infrasonic signals can
be utilized in the characterization of bolides in the atmo-
sphere (Brown et al., 2002b; Edwardset al., 2005; Gi and
Brown, 2017; McFaddenet al., 2021). Anthropogenic super-
sonic objects such as rockets and aircraft produce observ-
able infrasonic signals that can similarly be utilized in
remote sensing. Infrasonic signals produced by the motor
exhaust of rocket launches have been studied and used to
characterize the individual motor burns of a multi-stage
sounding rocket (Blom et al., 2016; Blom and Waxler,
2017), and signals associated with the Mach cone produced
by a rocket as observed at large stand off distances have
been used to detect such sources (Balachandranet al., 1971;
Donn et al., 1968; Kaschaket al., 1970). Last, infrasonic
signals produced by aircraft have been utilized in airborne
vehicle tracking (Dommermuth and Schiller, 1984;
Dommermuth, 1987) and signals have been detected during
re-entry of the space shuttle (de Groot-Hedlinet al., 2008).

It should be noted that the term “supersonic” in this dis-
cussion is intended to describe any object traveling at a
velocity faster than the ambient sound speed of the sur-
rounding �uid. There are distinct regimes of faster-than-
sound velocities (e.g., “hypersonic” for speeds greater than
5� the ambient sound speed and “high-hypersonic” for
velocities above 10� the ambient sound speed); though, for
simplicity in the discussion here, only “supersonic” will be
used. Acoustic waves are generated by supersonic sources
from the radiating Mach cone energy as well as via aero-
acoustic radiation from turbulence of propulsion exhaust
and/or the wake behind the source (Landau and Lifshitz,
2013; Lees and Hromas, 1962; Lees, 1964; Lighthill, 1952;
Pierce, 1981). Previous analysis of a sounding rocket via
infrasonic observations near the launch location focused ona)Email: pblom@lanl.gov
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the aero-acoustic, turbulence-induced signal associated with
the motor exhaust interaction with the atmosphere (Blom
et al., 2016; Blom and Waxler, 2017). In addition to aero-
acoustic signals produced by motor exhaust and/or turbu-
lence in the wake of a moving source, once an object
exceeds the local acoustic velocity it radiates a shock wave
in a speci�c geometry termed a Mach cone (Landau and
Lifshitz, 2013; Pierce, 1981).

Characterizing a supersonic source requires relating
observed signals, often at notable stand off distances, back
to some near-source location. Unlike characterization of
transient point sources such as explosions, analysis of mov-
ing sources requires estimation of the likely unknown trajec-
tory of the source as well as its time-varying emission of
acoustic energy. Various software tools are available for
prediction of sonic booms produced by supersonic sources
(e.g., sBoom) (Rallabhandi, 2018). Often, the focus of such
tools are on computing the time-domain waveform near-
source and in the “boom carpet” produced by direct-to-
ground propagation to estimate any annoyance or damage
that could be caused by the sonic boom (Aftosmis and
Nemec, 2014; Doebleret al., 2020). Propagation of the sig-
nal through the atmosphere to regional distances of several
hundred to approximately one thousand kilometers is typi-
cally less of a focus for such applications; however, due to
the sparseness of infrasonic sensors across the globe, the
detection, localization, and characterization of bolides and
other supersonic phenomenon using infrasonic observations
often requires the use of observations at such distances.

The discussion presented here is organized as follows.
The geometry of the ray paths associated with the Mach
cone of a supersonic source is analyzed to identify the initial
Eikonal vector components needed to numerically compute
such ray paths. A simple analysis considering a constant-
altitude linear trajectory with varying source velocities is
used to demonstrate that the method is producing ray paths
with geometry and travel times consistent with the radiated
Mach cone. Several idealized trajectories are considered
including linear paths typical of bolides and other very high
velocity objects as well as parabolic trajectories typical of
ballistic objects. Regional infrasonic ensoni�cation predic-
tions are considered for these idealized trajectories and char-
acteristics of the expected regional ensoni�cation are related
back to the geometry of the trajectory. An example applica-
tion to a bolide event from November 2020 in Scandinavia
is presented and predicted regional propagation is compared
with observed regional infrasonic signals.

II. RAY TRACING FROM A MACH CONE SOURCE

A. Initializing rays from the Mach cone geometry

Mapping the Mach cone wavefront produced by a
supersonic source into a ray tracing propagation modeling
capability enables one to compute the expected signal at
regional distances from such a source. A supersonic object
traveling at velocity,v, is de�ned to have a Mach number,
M ¼v/c, wherec is the ambient sound speed. Due to spatial

variations in the atmosphere, the ambient sound speed for
objects passing through different regions of the atmosphere
varies. Thus, an object traveling at a constant velocity can
exhibit varying Mach number due to this spatial dependence
in the sound speed. The angle of the emitted Mach cone rel-
ative to the axis of motion,#M, can be de�ned from this
ratio as (Landau and Lifshitz, 2013; Pierce, 1981)

sin#M ¼
1
M

¼
c
v

: (1)

The Eikonal vector de�ning the ray path initial direction at
the source is perpendicular to the emitted wavefront and,
therefore, the ray inclination angle relative to the source
axis,#ray, is shifted 90� from the Mach cone angle,

#ray Mð Þ¼ 90� � #M: (2)

An example of this geometry is shown in Fig.1 for an ideal-
ized “needle” object. For a source moving in theêy direc-
tion, the set of rays can then be de�ned by the source
location and initial Eikonal directions,

n̂0 M; kð Þ¼ êx sin#ray sink þ êy cos#ray

þ êz sin#ray cosk; (3)

wherek de�nes an angle wrapping around the axis of the
Mach cone. Applying the relations above for#ray and #M,
one �nds, sin#ray ¼

��������������������
1 � 1=M2

p
and cos#ray ¼ 1=M. Thus,

for a source moving with Mach number,M, in the êy direc-
tion, the ray paths emitted by the Mach cone have initial
directionality de�ned by

n̂0 M; kð Þ¼

���������������

1 �
1

M2

r

sinkêx þ
1
M

êy þ

���������������

1 �
1

M2

r

coskêz:

(4)

FIG. 1. Geometry of ray paths produced by the Mach cone of an idealized
supersonic source. Relating this to the de�nition in Eq.(4), the horizontal
dashed line denotes the direction of motion,êy, and the ray path arrows cor-
respond tôn0ðM; kÞwith k values that produce vectors within the visualized
plane.
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This result is a three-dimensional generalization of the
initial condition for ray paths corresponding to the Mach

cone as de�ned bŷn0ðMÞ ¼ ð1=MÞ̂ek þ
���������������
M2 � 1

p
=M

� �
ê?

(Pierce, 1981).
From this reference Mach cone geometry, the energy

radiated by a source at any location traveling in an arbitrary
direction can be de�ned by rotating to account for (1) the
attack angle of the source relative to the horizontal plane
and (2) the azimuthal direction the source is traveling. From
the reference geometry above with motion alongêy, the
attack angle corresponds to a rotation around theêx axis.
Following this attack angle rotation, the azimuthal orienta-
tion can be applied by a rotation about theêz axis. These
two rotations can be represented by the matrices,

Rx að Þ¼
1 0 0
0 cosa � sina
0 sina cosa

0

@

1

A ; (5a)

Rz bð Þ¼
cosb � sinb 0
sinb cosb 0

0 0 1

0

@

1

A : (5b)

The attack rotation must be applied �rst in order to produce
the expected geometry so that the �nal ray path initialization
is de�ned asn̂ða; b; M; kÞ ¼RzðbÞRxðaÞ̂n0ðM; kÞ. The full
cone of radiated energy is de�ned for a single set ofa, b,
andM values withk varying from 0� to 360� with some dis-
cretedk that de�nes the numerical resolution of the simu-
lated Mach cone.

B. Example Mach cone propagation paths

In the limit of in�nite Mach, #M ! 0� , and the moving
source becomes a simultaneous line source radiating as a

cylinder with ray paths perpendicular to the direction of
motion. For �nite Mach numbers, the ray paths angle for-
ward in the direction of travel as in Fig.1 and the relative
timing of the source emitting energy at each location pro-
duces the cone geometry. Several examples of this radia-
tion are shown in Fig.2 for sources traveling parallel to the
ground surfaceða ¼ 0Þat an altitude of 40 km with veloci-
ties of 600, 1000, and 2000 m/s in the lower, middle, and
upper panels of the �gure, respectively. At this altitude,
these velocities correspond to Mach numbers of 1.89, 3.16,
and 6.31 and cone angles of 31.9� , 18.4� , and 9.1� , respec-
tively. It should be noted that these trajectories are not
intended to be representative of any speci�c source and
simply used to demonstrate how the mapping of Mach
cone geometry onto ray paths produces an outward propa-
gating cone of infrasound energy. The propagation paths
shown in the �gure are those de�ned byk ¼ 0� and 180�

which are emitted upward and downward in the along-
trajectory range-altitude plane. The atmospheric structure
used in this example is the familiar U.S. Standard
Atmosphere often used in simple infrasound investigations
(Blom and Waxler, 2021; Lingevitch et al., 1999; NOAA,
1976) that will detailed and utilized further in additional
examples.

The color map used for the ray paths combines the
travel time of the source along its trajectory with the propa-
gation time along the ray paths. Note that the source travel-
ing 600 m/s requires more than 200 s to cross-the 140 km
horizontal domain while the source traveling at 2000 m/s
covers the distance in just 70 s so that the overall time scale
in each panel is unique. In all three cases, the bands of
matching color in the resulting propagation prediction
matches the expected Mach cone geometry (shown as the
dashed lines each panel of the �gure for comparison).

FIG. 2. (Color online) Planar view of
Mach cone source geometries mapped
to ray paths for 2000, 1000, and 600
m/s source velocities (top to bottom).
Rays are emitted perpendicular to the
Mach cone surface (dashed lines) and
combining the rays for a sequence of
discrete source locations along a tra-
jectory with appropriate time shifts
produces the radiating Mach cone
energy visible in the color maps.
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In the immediate vicinity of the source, the emitted ray
paths are perpendicular to the expected cone geometry;
however, temperature and wind gradients in the atmosphere
produce refraction as the energy propagates away. This is
evident in the downward propagating paths which refract
and become steeper as they approach the lower boundary of
the simulation domain. In the case that downward propagat-
ing ray paths are computed to the ground surface, the direct
ensoni�cation of the ground by the source (often termed the
“boom carpet”) can be estimated. Additional ensoni�cation
can be predicted by continuing propagation paths through
this initial ground re�ection as well as considering the ini-
tially upward propagating paths and any refracted returns
from the middle- and upper atmosphere. The rays shown
here are only those withk ¼ 0� and 180� which are initially
in the visualized range-altitude plane. A suite of additional
ray paths are emitted in or out of the plane of visualization
and are likely to produce ensoni�cation at the ground sur-
face in locations perpendicular to the direction of travel.

C. Source characterization

The ray tracing analysis enabled by the above linkage
of Mach cone geometry to ray initialization allows one to
predict ray path geometry and travel times along paths con-
sistent with the Mach cone. Such analysis can be leveraged
for localization of the moving source and estimation of the
trajectory geometry. Given the estimated trajectory, a
source model can be applied to specify the radiated pres-
sure waveform at various points along the trajectory.
Propagation of this near-source pressure waveform can be
simulated and compared with observations to estimate
source characteristics.

Numerical tools to predict waveforms along geometric
ray paths including weakly non-linear effects are available
[e.g., Lonzagaet al. (2015)andBlom and Waxler (2021)];
however, they can be time consuming to perform over a
large number of paths. A more reasonable analysis scenario
would be to (i) compute the ray paths produced by the Mach
cone for a suite of estimated trajectories, (ii) identify the
ensemble member which produces minimal residuals in the
arrival times and direction of arrival of detections across the
regional network of receivers, (iii) identify those ray paths
that intercept the ground near stations for the best estimate
trajectory (potentially iterate this step with increased Mach
cone resolution to identify Mach cone arrivals suf�ciently
close to receiver locations), and (iv) compute waveform pre-
dictions at those receiver locations using a parametric or
otherwise tunable source model for the radiated signal near
the source and compare with observed infrasonic signals.
This multi-step analysis is needed to characterize both the
trajectory of the source and its time-varying radiation of
acoustic energy.

At a relatively idealized level, theoretical, physics-
based analysis via the Whitham F function can be applied to
estimate the pressure radiated from a supersonic object
(Pierce, 1981; Whitham, 1952). In some scenarios, a more

robust analysis is needed including additional complications
such as viscous interactions, boundary/entropy layers, and
dynamics of the shock in the vicinity of the object
(Anderson, 1989); though the impact of such a robust model
at regional propagation distances may be small so that a
simpler far-�eld sonic boom prediction might be more
appropriate (Seebass and McLean, 1968). Regardless, the
work presented here is focused on mapping of the Mach
cone geometry into initial conditions for ray tracing simula-
tion to regional distances and the localization and trajectory
estimation that such propagation modeling enables. Any
considerations of the complicated source physics related to
supersonic objects and the radiated pressure wave as they
pass through the atmosphere is beyond the current scope of
discussion.

III. APPLICATION OF THE MODEL

A. Trajectory geometry impact on regional
ensonification

The ray initialization method detailed above can be
applied to a supersonic object’s trajectory and combined
with an atmospheric speci�cation to predict the regional
ensoni�cation for that particular combination of inputs. In
the case of a parametric trajectory such as a linear path of a
fast moving object with speci�ed inclination and azimuth
angles or a parabolic path de�ned by initial launch parame-
ters, characteristics of the trajectory can be estimated via
analysis of regional ensoni�cation. Such an analysis was
conducted byGainville et al. (2017) for local distance,
direct infrasonic boom carpet of a bolide event using sta-
tions within 200 km; though, only speci�c station azimuths
were simulated. Similarly, for a known trajectory of an
anthropogenic source such as the sounding rocket launch
detailed byBlom et al. (2016), regional ensoni�cation can
be computeda priori and used to inform deployment of
infrasonic stations to capture Mach cone signals from such
sources.

1. Linear trajectories—Bolides

Consider the Mach cone energy radiated by a bolide or
other space debris passing through the atmosphere. Such
objects typically reach relatively high velocities of tens of
km/s and in some cases bolides have been observed with
velocities in excess of 200 km/s. Further, such objects
exhibit minimally variation in their velocity vector and fol-
low nearly linear paths through the atmosphere. Along the
trajectory, the velocity of the object,v, is in�uenced by
gravitational and drag forces so that

v
dv
ds

¼ g sinh � 3
CD

a
q0 sð Þ
qm

v2; (6)

wheres is the path length,g¼9.8 m/s2 is the gravitational
acceleration,h is the inclination angle of the trajectory with
the horizontal,CD is the drag coef�cient,a is the bolide
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radius,q0ðsÞis the atmospheric density which varies along
the trajectory, andqm is the bolide density.

Although parameterized approximations of the resulting
dynamics can be derived (Ceplechaet al., 1993; Coulson
et al., 2014), a discretization has been applied to this analy-
sis so that, from some known velocity at a reference altitude,
~v0ðzrefÞ, one can extrapolate along a linear path and compute
vðzref6 dzÞfrom v0 and the atmospheric speci�cation at the
reference altitude. This computation can then be iteratively
applied to extrapolate the velocity along the entire trajec-
tory. This means our analyses identi�es a full bolide trajec-
tory from a single reference point that can leverage bolide
�reball data from CNEOS/JPL (2024). These data specify
the location (latitude, longitude, and altitude) and velocity
(magnitude and components) of such events by a single
measurement corresponding to their peak brightness; there-
fore, trajectory geometry must be extrapolated.

Two idealized trajectories are shown in the left column
of Fig. 3 for bolides with velocities of 12 km/s at 20 km alti-
tude that have been extrapolated upward to 80 km altitude
and downward to the ground. The steeper trajectory (dashed
red lines) has an inclination of 80� relative to the horizontal
while the shallower trajectory (blue solid lines) has an incli-
nation of 50� . The in�uence of drag on the velocity can be
seen in the lowest 10–15 km of the trajectory where the
slope of the altitude and longitude curves decreases. Note
that in both cases, the passage of the bolide through the
atmosphere takes less than 10 s.

Mach cone signals emitted by sources traveling
along these trajectories have been computed and numeri-
cally propagated to regional distances using the spherical
atmospheric layer methods in theINFRAGA/GEOAC ray

tracing software (Blom, 2019). For this analysis, the
polynomial �t for the U.S. Standard atmosphere utilized
in previous infrasonic studies has been used in comput-
ing ray paths (Blom and Waxler, 2021; Lingevitch
et al., 1999; NOAA, 1976). The temperature, density,
pressure, and horizontal winds for this idealized atmo-
sphere are shown in Fig.4. The tropospheric and strato-
spheric wind jets as well as the tidal winds in the upper
atmosphere of the atmosphere model are detailed by
Blom and Waxler (2021).

The bolide trajectories in Fig.3 have been sampled
using a constant 0.1 s resolution and at each point along
each trajectory the attack angle, azimuth angle, and Mach
number are computed to de�ne a set ofn̂ða; b; M; kÞvectors
for initializing the ray tracing algorithm. A Mach cone res-
olution of dk ¼ 1:5� has been used in the simulations dis-
cussed here. Once computed, the ray path and ground
intercept information from each trajectory point is shifted
in time to account for the motion of the source along the
trajectory and combined into a single set of results.

The resulting propagation predictions for the two
bolides detailed above are shown in the left and right col-
umns of Fig.5. Each row of �gure panels shows the seg-
ments of the ray paths (left portion of panel) and ground
intercepts (right portion of panel) ensoni�ed at a given
time relatively to the bolide entry (shown in the upper right
of the panel). The colormap in the right plot of each panel
shows the turning (maximum) height of the ray path prior
to that ground interception and shows which atmospheric
waveguide a given arrival is contained within (red for tro-
pospheric, yellow for stratospheric, and blue for thermo-
spheric). The rows shown are frames from a pair of

FIG. 3. (Color online) Idealized trajectories for bolide-like sources following linear trajectories of high velocity objects (left) and parabolictrajectories typi-
cal of ballistic objects (right). The red dashed and blue solid lines denote notable differences in the trajectory geometry that will be investigatedvia regional
infrasonic signals. For bolides/debris (left), the red dashed and blue solid paths correspond to inclination angles of 80� and 50� , respectively. For the ballistic
trajectories (right), the red dashed and solid blue curves have turning heights of 40 and 80 km, respectively.
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animations included as supplemental material and show
several stages of propagation from the bolide.

The right portion of each panel shows the at-ground
ensoni�cation and there is a notable difference in how much
of the radiated sound is captured by atmospheric wave-
guides and refracted to the ground surface between the two
simulations. In the left column, the steep angle of the bolide
trajectory produces ray paths that radiate nearly horizontally
and are only refracted toward the ground surface from a few
altitudes. In the right panels, signi�cantly more energy
reaches the ground surface including a large region of
“boom carpet” extending from approximately� 109.5� to
� 111.5� longitude due to the shallower angle of the trajec-
tory which produces ray paths that propagate to the ground
surface. In both cases, ensoni�cation is enhanced to the east
in the direction of the stratospheric waveguide.

The �rst row of panels in Fig.5 shows the Mach cone
energy radiated 180 s after the reference time at which the
bolide was 20 km above the surface. In the ray path portion
of the sub-panels, the radiation of energy appears nearly
cylindrical; though, focusing of energy is evident due to
refraction of ray paths by sound speed and wind gradients.
The direct ground ensoni�cation of the “boom carpet” can
be seen in the shallower angled trajectory in the right col-
umn. Due to the supersonic nature of the source, the wave-
front actually originates where the trajectory intersects the
ground and propagates backwards below the trajectory as
energy radiated during passage of the bolide propagates to
the ground at a speed notably slower than its motion.

The second row of the �gure shows predicted ensoni�ca-
tion 300 s into the simulation and stratospheric returns from
the elevated portion of the trajectory are evident to the east for
the steeper trajectory. For the shallower trajectory, the “boom
carpet” signal has propagated westward and arrivals to the
north are predicted. The arrival times and colormap for these
arrivals imply they are due to stratospheric refraction of the
Mach cone radiated just as the bolide passed below the

stratospheric wind maximum. Interestingly, the ensoni�cation
from the shallower angle trajectory actually follows a continu-
ous path backwards along the trajectory, wrapping to the
north, and then moving eastward as a stratospherically ducted
signal (this is more clear in the animation included in the sup-
plemental material).

Ensoni�cation from the bolides 880 s into the simula-
tion is shown in the third row of Fig.5 and a ground
re�ected stratospheric wavefront is evident in both simula-
tions to the east and northeast. In the shallower angle trajec-
tory simulation, a second wavefront is evident at
approximately� 106� longitude that trails behind the strato-
spheric wavefront. This second wavefront has been refracted
in the thermosphere and will likely have undergone notable
non-linear propagation effects as described byBlom and
Waxler (2021). Last, the bottom row of the �gure shows the
later time prediction more than 20 min after the bolide
impacted the surface and infrasonic energy has propagated
hundreds of kilometers away. At these distances, rays
become overly sparse so that a higher resolutiondk and tra-
jectory sampling is likely needed to fully predict the infra-
sonic signals produced by the bolides.

2. Parabolic trajectories—Ballistic sources

In addition to bolides, space-debris, and similar super-
sonic re-entry sources which travel along nearly linear tra-
jectories, anthropogenic crafts such as rockets and aircraft
produce infrasonic signals via both Mach cone and aero-
acoustic radiation from motor exhaust and turbulent wake
interactions. In the case of rockets, the source motion is
characterized by an upward acceleration into the atmosphere
followed by a ballistic trajectory subject to gravity, drag,
and other forces. Two idealized ballistic trajectories are
shown in the right panels of Fig.3 with a low altitude path
that reaches a maximum altitude of nearly 40 km (red
dashed lines) and a higher altitude trajectory that reaches

FIG. 4. (Color online) U.S. Standard
atmosphere used in generalized analy-
sis and demonstration of the Mach
cone source computation.
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80 km (blue solid lines). The red dashed shallower trajectory
has been constructed using a 10g acceleration for 12 s at an
inclination angle of 50� relative to the horizontal followed
by a ballistic path. The solid blue trajectory is constructed
using an identical 10g acceleration but with longer duration
of 14 s at an inclination of 75� and again ballistic after that.
Because of the lower velocities for these ballistic trajectories
compared with the bolide sources in Sec.III A 1 (Mach
numbers on the order of 2–3 compared with 35–200), drag
forces have been omitted and the trajectories are simply
those produced by a uniform gravitational �eld. More
detailed and robust rocket or aircraft trajectories could be
speci�ed for a complete analysis; however, the aim here is
to demonstrate the Mach cone source for ray tracing to
regional distances and therefore idealized trajectories are
appropriate.

Ray tracing predictions for the Mach cone signals gen-
erated by these ballistic sources are shown in Fig.6. Again,
a full animation of the radiated infrasound is included as
supplemental material. Due to the slower velocity of the

sources, the trajectory has been sampled at 0.5 s resolution;
though, the Mach cone resolution is identical to that used
for the bolide analysis in Sec.III A 1 with dk ¼ 1:5� . The
upper row of the �gure shows the Mach cones radiated by
the ballistic sources 60 s into the simulation. In both cases,
the Mach cone does not form until the accelerating source
exceeds the local sound speed and the Mach number
exceeds unity. The Mach cone of the shallower trajectory
extends to the ground due to the shallower angle of the radi-
ated ray paths while the steeper trajectory produces a Mach
cone that radiates energy more horizontally into the atmo-
sphere and does not directly ensonify the ground during
ascent.

The second row in Fig.6 shows the simulation just after
the time of impact when the source has returned to the
ground surface. Because of the difference in trajectories,
these times are unique to the two simulations (180 s for the
shallow trajectory and 360 s for the higher altitude path).
For the shallower trajectory, two wavefronts are visible, one
due to the ascent and one to the descent of the source. The

FIG. 5. (Color online) Frames from an animation of infrasonic signals emitted by a pair of bolides. (Left) A steep entry angle bolide with inclination angle
80� from horizontal (dashed red lines in the left panels of Fig.3). (Right) A shallower angle bolide with angle 50� from horizontal (solid blue lines in the
left panels of Fig.3). In each panel the right sub-panel shows the latitude and longitude of where ray paths intercept the ground surface with those that are
ensoni�ed within 5 s of the reference time in black and others in gray. The left sub-panels show those segments of the ray paths ensoni�ed at the same time.
Full animations are included in the supplemental material.
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wavefronts are found to move towards each other before
turning north and southward (not shown in Fig.6, but evi-
dent in the animation). The steeper angles of the steeper tra-
jectory results in a Mach cone that ensoni�es the ground
surface around the ground intercept as shown in the right
panel of the second row of the �gure. Due to the eastward
stratospheric waveguide and eastward direction of the ballis-
tic trajectory, the east- and west going wavefronts exhibit
notable asymmetry.

The third row of the �gure shows ensoni�cation by
stratospheric refraction to the east and once again the refer-
ence times differ with the left result showing 600 s into the
simulation and the right panel showing 900 s. In both cases,
multiple wavefronts are evident; however, unlike the multi-
ple wavefronts in the third row of Fig.5 for which signals
from the shallower bolide trajectory ensonify the ground
surface via multipathing through stratospheric and thermo-
spheric waveguides, the multiple wavefronts here are due to
signals produced during the ascending and descending seg-
ments of the trajectory. Last, the lower row of the �gure
shows the radiated infrasonic signals 1200 s into the simula-
tion and again multiple wavefronts are evident due to a

combination of up- and down-going Mach cone radiation as
well as multi-path propagation effects.

One notable difference in the ground ensoni�cation of
these trajectories is the difference in westward propagation
of signals. For the lower altitude trajectory, the source
remains within the stratospheric waveguide and energy is
dominantly contained there resulting in asymmetric propa-
gation focused primarily downwind to the east. For the
steeper trajectory, the source reaches the mesosphere and
energy is refracted by thermospheric temperature gradients
producing ensoni�cation to the west. As noted above, propa-
gation paths extending into the upper atmosphere are
expected to undergo notable non-linear effects so the energy
contained in these arrivals may be negligible. Non-linear
waveform analysis is needed for a full understanding of the
predicted infrasonic signals and as noted above, a multi-step
analysis in which Mach cone ray paths arriving near observ-
ing stations are �rst identi�ed and then analysis of energy
radiated by the source can be completed focusing on rele-
vant paths.

It should further be noted that in the case of a source
using propulsion to accelerate or maneuver, acoustic energy

FIG. 6. (Color online) Frames from an animation of infrasonic signals emitted by a pair of ballistic trajectories. (Left) A lower altitude trajectorywith peak
altitude just below 40 km (dashed red lines in the right panels of Fig.3). (Right) A higher altitude trajectory with a peak altitude of 80 km (solid blue lines in
the right panels of Fig.3). The sub-panels show the same information as in Fig.5. Note that the second and third rows have different times to show a time
near impact (second row) and near-regional stratospheric ensoni�cation (third row) where multiple wavefronts are evident.
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is produced by both a Mach cone and turbulence-induced
aero-acoustic mechanisms resulting is signals such as those
observed byBlom et al. (2016) associated with individual
motor burns of a sounding rocket. For such sources, a com-
plete analysis would require a combination of Mach cone
propagation modeling for those segments of the trajectory
during which the source is moving faster than the local
sound speed as well as propagation from a series of point
sources along the trajectory to model the propulsion exhaust
interacting with the ambient atmosphere. Similar analysis is
applicable for non-propulsion sources due to turbulence in
the wake; though, such signals are potentially lower in
energy compared with a propulsion source (Lees and
Hromas, 1962; Lees, 1964). Given the large number of
source points in such a scenario, an eigenray analysis would
be the optimal means of predicting ensoni�cation at speci�c
locations (Blom and Waxler, 2017).

B. Observed and predicted regional infrasound
from a bolide event

Infrasonic observations have been used in previous
bolide analyses to estimate the trajectory of the event with
notable accuracy. In some cases, simple back projection
analysis has been conducted for infrasonic arrival phases
across a network to identify locations along the trajectory
where energy was radiated either via the Mach cone or frag-
mentation explosions (Brown et al., 2002a; Evers and Haak,
2003). Additional insights can be gained by combining
observed infrasonic signals with simple propagation model-
ing methods. In many cases, the geometry of the Mach cone
was not considered and ray paths from locations along the
trajectory have been predicted outwards along azimuths cor-
responding to observing stations (Brown et al., 2008;
Walkeret al., 2010). In a small number of cases, the speci�c
geometry of the Mach cone has been considered in charac-
terizing the trajectory of the bolide (Gainville et al., 2017;
Le Pichonet al., 2008); however, in these cases, propagation
simulation analyses have still been focused on station-

speci�c azimuths and/or within relatively local spatial scales
of a few hundred kilometers where propagation is direct
from the bolide to the ground surface. Mach cone energy
along propagation paths refracted in the middle and upper
atmosphere or after multiple ground re�ections have not
typically been considered.

A demonstration and evaluation of the Mach cone
source model developed here can be made using regional
distance infrasound ground arrivals produced by a bolide.
Such events occur relatively frequently and NASA JPL
maintains an archive of atmospheric �reball and bolide data
(CNEOS/JPL, 2024). For the evaluation here, a bolide from
the archive has been identi�ed for modeling and regional
infrasonic signals investigated. The bolide event occurred
over Scandinavia on November 7, 2020 at 21:27:04 UTC.
Its estimated location and altitude were 59.8� N, 16.8� E,
22 km. This time and source location corresponds to the
peak optical brightness along its trajectory. The estimated
impact energy of this bolide is 0.33 kilotons (kt) of TNT
equivalent (CNEOS/JPL, 2024). Sources exhibiting impact
energies greater than a few hundred tons often produce
infrasound signals that are observable at regional infrasound
stations that are deployed several hundred to a few thousand
kilometers from the source (Enset al., 2012).

The estimated velocity for this bolide from CNEOS/
JPL is 16.7 km s–1 (Mach 50) with geocentric components of
vx ¼ � 10:8 km s–1, vy ¼ 1:2 km s–1, and vz ¼ � 12:8 km s–1.
In this geocentric frame,̂ez is along the rotation axis of the
Earth towards the north pole,̂ex is within the equatorial
plane and oriented along the prime meridian, andêy com-
pletes the right-handed coordinate system. Converting the
velocity vector to a local frame, this corresponds to a rela-
tively steep inclination angle of 73.4� relative to the hori-
zontal and an azimuth of 27.2� clockwise from north (the
bolide passed overhead from SSW to NNE).

The atmospheric structure at the time and location of
this bolide event is shown in Fig.7 as obtained from the
Ground-to-Space (G2S) archive (Drob et al., 2003). The left

FIG. 7. (Color online) Ground-to-Space (G2S) atmospheric speci�cation in Scandinavia on November 7, 2020. The left panels show the sound speed as well
as the zonal (east/west) and meridional (north/south) wind components in blue and red, respectively. The right panel shows the predicted refractionaltitudes
for a source at the ground surface using the effective sound approximation.
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most panel shows the adiabatic sound speed,c ¼
��������������
cðp=qÞ

p
,

wherec is the speci�c heat ratio (� 1.4 for dry air),p is the
atmospheric pressure, andq is the atmospheric density. The
second panel shows the zonal (east/west) and meridional
(north/south) wind components in blue and red, respectively.
The zonal wind exhibits a notable maximum in the middle
atmospheric typical of the northern hemisphere during win-
ter that produces a stratospheric waveguide to the east.
Additionally, a lower atmosphere waveguide is produced by
eastward winds in the troposphere with an upper bound of
approximately 8 km altitude; however, for a bolide source
passing through the atmosphere, only a small portion of the
infrasonic energy is likely to be radiated from this lower
altitude. In the case that the bolide terminated (exploded)
above this tropospheric waveguide, no energy would be con-
tained within it. Light curves for bolide events can be lever-
aged to investigate terminations; though, with limited
con�dence in some cases. Using data from CNEOS/JPL,
this particular bolide did not exhibit notable fragmentation,
but was unlikely to have reached the ground surface.

The right panel of Fig.7 shows the predicted refraction
altitudes of ray paths using the effective sound speed
approximation (Blom and Waxler, 2012; Brekhovskikh and
Godin, 2013; Godin, 2002),

ceff zrefract; uð Þ¼
ceff zgrnd; uð Þ

cos#
;

ceff z; uð Þ¼ c zð Þþ usinu þ vcosu; (7)

where# is the initial inclination angle of a ray shown along
the vertical axis of the right panel andu is the azimuth of
propagation which varies along the horizontal axis of the
panel. The blue regions of this panel show those azimuths
and launch angles for which ray paths extend into the highly
attenuating upper atmosphere. The dark red portion denotes
the tropospheric waveguide to the south and east. The ligh-
ter yellow and green region shows the combinations of
launch angles which are contained within the eastward
stratospheric waveguide. Interestingly, in addition to these
more familiar waveguides, strong winds in the lower meso-
sphere are expected to produce a waveguide for a relatively
narrow range of azimuth angles to the NNE with refraction
altitudes on the order of 60–70 km.

From the CNEOS/JPL location and velocity vector, a
linear trajectory has been estimated for the bolide with drag
parameters ofCD ¼ 0:5, a¼5 m, qm ¼ 3:5 g cm–3. Again,
no information about the size and density of the bolide are
included in the CNEOS/JPL archive, so these values are
simply intended to be �rst order estimates to produce a rea-
sonable drag deceleration. A more detailed estimate of the
size could be made from the reported energy via in�ux sta-
tistics (Brown et al., 2002c) and a sensitivity analysis of
these various parameters and how they impact the predicted
infrasonic ensoni�cation is a potential follow on study;
though, such an effort is beyond the scope of this initial
demonstration of the Mach cone mapping to ray path initial
conditions. For this analysis, a constant spatial step size of

500 m has been used which produces temporal resolution on
the order of 0.03 s along the trajectory.

Regional infrasonic arrivals predicted for this bolide
using a Mach cone resolution ofdk ¼ 1� are shown in Fig.
8. The larger upper panel shows the celerity (horizontal
group velocity) of the arrivals along with regional infra-
sound station locations where possible signals will be inves-
tigated in the subsequent discussion. The boom carpet in the
immediate vicinity of the bolide entry (59.8� N, 16.8� E) is
annotated in the �gure; though no sensors were located
within this relatively small region. The steep entry angle of
the bolide trajectory resulted in limit spatial extend of the
direct boom carpet; therefore, any analysis of this bolide via
infrasonic observations requires consideration of propaga-
tion beyond simple direct-to-ground paths. In addition to the
celerity of the arrivals, the predicted amplitude (dB relative
to 1 km from the source along the trajectory) and ray turning
height are shown in the smaller lower panels of Fig.8.

Much of the infrasonic energy from the bolide in the
middle atmosphere is predicted to be contained within the
stratospheric waveguide to the east and propagate out signi�-
cant distance without notable attenuation (red points in the
lower left map and yellow points in the lower right map). In
addition to the expected up- and down-wind asymmetry pro-
duced by the stratospheric winds, the trajectory geometry and
atmospheric structure result in a lack of predicted rays reach-
ing the ground surface to the northwest. Thermospheric paths
with turning heights exceeding 100 km altitude are predicted
to the southwest; though, it is unclear whether radiated
energy is suf�ciently high amplitude and/or low frequency to
remain observable along such paths (Blom and Waxler,
2021). A source model would be needed to de�ne the radiated
sonic boom near the source and evolve the waveform along
speci�c ray paths to determine the signal at stations on the
ground surface. Last, the lower mesospheric refraction men-
tioned in discussion of Fig.7 is evident in the signals propa-
gating to the north towards I37NO with celerities on the order
of 270 m/s. This mesospheric waveguide celerity is slower
than that predicted within the stratospheric waveguide
(290–310 m/s) but notably faster than that predicted for the
thermospheric propagation to the southwest.

The regional infrasound stations shown in the upper
panel of Fig.8 consist of a mixture of institutionally run and
“citizen scientist” deployments of Raspberry Shake instru-
ments. The I37NO station to the north is a 10-element array
that is part of the International Monitoring System (IMS)
operated by the Comprehensive Nuclear-Test-Ban Treaty
Organization (CTBTO) (Christie and Campus, 2010). The
infrasonic data on this station have been analyzed using
Bartlett beamforming methods in the 1–4 Hz frequency
band with window lengths and steps of 10 and 5 s, respec-
tively (Krim and Viberg, 1996). This frequency band was
identi�ed via spectral and beamforming analysis to identify
those frequencies where signal was above background and
coherent across the I37NO sensors. The resulting best beam
direction of arrival information as well as the beamed wave-
form towards the bolide location are shown in Fig.9.

1676 J. Acoust. Soc. Am. 155 (3), March 2024 Blom et al.

https://doi.org/10.1121/10.0025025

 02 July 2024 20:33:10

https://doi.org/10.1121/10.0025025


The coherence throughout the record is nearly constant
due to the persistent background signal incident on the sta-
tion from the north (evident in the back azimuth panel of the
�gure). The celerity associated with the bolide origin time
and distance from I37NO is shown across the top of the �g-
ure. An arrival consistent with the bolide (matching the
expected back azimuth) can be identi�ed covering celerities
between 270 and 290 m s–1. The vertical dashed line in the
upper panel denotes an estimated arrival time from the

Mach cone simulation using the celerity of the nearest ray
arrival to the station. This arrival time is near the end of the
observed signal, which is potentially due to an underesti-
mate of the strength of the winds producing the mesospheric
waveguide towards the north and northeast.

In addition to the I37NO infrasound station to the north
of the bolide, a number of infrasound arrays are operated by
the Royal Netherlands Meteorological Network (KNMI)
within regional distances (KNMI, 1993); however, these

FIG. 8. (Color online) Predicted
ground intercepts for rays produced by
the Mach cone of a bolide in
Scandinavia on November 7, 2020.
Panels show the celerity (horizontal
group velocity, top), amplitude (rela-
tive to 1 km standoff distance, middle),
and turning height (maximum altitude
of the ray path prior to arrival, bottom).
Regional infrasound stations analyzed
and shown in Figs.9 and10 are shown
in the celerity panel.
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stations are located to the southwest in the thermospheric
propagation regime of the predictions. Similar spectral and
beamforming analyses have been applied to data from that
network and no signals consistent with the bolide were
identi�ed.

In addition to these institutionally operated infrasound
stations, “citizen scientist” data is available through the

Raspberry Shake data repository and this has been leveraged
here to �ll in the relatively sparse data otherwise available
(Raspberry Shake, S.A., 2016). The various stations in Fig.
8 starting withR are Raspberry Shake and Boom (RSandB)
sensors that leverage a Raspberry Pi single-board personal
computer to create an inexpensive seismic and infrasonic
sensor. These stations provide additional data within the
expected stratospheric waveguide to the east as well as at
closer distances to the west and southwest. It should be
noted that the data quality of these sensors is not well docu-
mented (e.g., any wind noise suppression mechanisms or
other emplacement condition info as well as any response
metadata to ensure conversion to physical units); however,
for simple detection studies and similar efforts they provide
much needed additional infrasound data. Unlike analysis of
the data at I37NO and the KNMI network arrays, single
RSandB sensors cannot be analyzed using beamforming
methods and identi�cation of detections is limited to simple
time- or spectral-domain signal-to-noise (SNR) consider-
ations identifying when the amount of energy in a given fre-
quency band increases relative to that before and after.

The data obtained from regional RSandB stations is
shown in Fig.10. In the �gure, the vertical scale is identical
across all stations with the exception of the nearby R796B
station which is within 100 km of the bolide location and
exhibits a notably larger amplitude signal due to a direct
stratospheric arrival. The left, center, and right columns of
the �gure include those stations to the west, southwest, and
east, respectively, and the asymmetry introduced by the
stratospheric winds is evident in the up- and down-wind
directions. The light-blue boxes in each panel denote arrival

FIG. 9. (Color online) Beamforming analysis results for the I37NO infra-
sound array to the north of the bolide event. The back azimuth (lower
panel), trace velocity (middle panel), and the along-beam waveform (top
panel) are shown. The blue dashed lines indicate the predicted Mach cone
source arrival time and back azimuth towards the bolide event.

FIG. 10. (Color online) Regional infrasound recordings from the Raspberry Shake FDSN data repository at the time of the November 2020 bolide over
Scandinavia. Propagation directions are grouped into west (left column), southwest (center column), and eastward (right column). The light blue segments
denote times corresponding to celerities between 220 and 340 m/s and the dashed lines indicate the predicted arrival times for the nearest computed ray path
to each station.
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times consistent with celerities between 220 and 340 m s–1.
This range of celerities has been chosen to match that shown
in the upper panel of Fig.8. The dashed lines denote pre-
dicted arrivals times using the celerity of the nearest ray
arrival to the station. The waveforms in the �gure have
been bandpass �ltered in the 1–4 Hz band following spectral
analysis of those to the east which exhibit likely arrivals
from the bolide. In the case of R73E, the nearest arrival is
more than 50 km away so that no arrival time is predicted in
the �gure. All other stations have ray path arrivals within
20 km of their locations so that �nite-frequency propagation
effects are likely to produce ensoni�cation [e.g., see discus-
sion of the slow stratospheric arrival phase inWaxler et al.
(2015)].

An overly large signal is observed on the nearby R796B
station, and the other three stations to the east record clear
high SNR signals within the expected celerity range and
overlapping the arrival time from the Mach cone ray tracing
prediction. The signal is found to become highly dispersed
with increased distance and by the time it reaches R3F75
slightly more than 600 km from the source the duration is
several hundred seconds. The RS and B stations to the west
and southwest are in the predicted thermospheric regime
and only R25D6 has a potential detection with an extended
duration of increased amplitude around 240 m s–1 celerity.
This celerity agrees with that predicted by the propagation
simulation and corresponds to a direct thermospheric propa-
gation path. Stations further downrange do not have obvious
signals and some are overly noisy so possible signals might
be obscured. Short duration transients are identi�ed on
many of these stations; however, as noted above, other sig-
nals observed at hundreds of kilometers from this event
have undergone signi�cant dispersion and are elongated in
time so these short duration transients are likely unrelated to
the bolide. Given the predictions from the propagation anal-
ysis, the lack of obvious detections on many of these sta-
tions to the south and west is not surprising.

IV. CONCLUSIONS

Ray tracing initial conditions associated with the Mach
cone of a supersonic source have been identi�ed in order to
enable infrasonic propagation modeling of such signals.
This source model can be leveraged in localizing and esti-
mating the trajectory of bolides and other supersonic sources
in the atmosphere at regional distances of hundreds to thou-
sands of kilometers. The set of initial Eikonal vectors per-
pendicular to the Mach cone surface are de�ned by the
Mach number of the source (the ratio of its velocity with the
spatially varying ambient sound speed in the atmosphere) as
well as the attack and azimuth angles of the source velocity
vector. The axial angle around the direction of motion,
denoted ask here, varies from 0� to 360� with some resolu-
tion that produces the set of discrete ray paths emitted by
the source at each location along the trajectory.
Computation of ray paths emitted by a horizontally traveling
object are found to reproduce the Mach cone geometry

accurately. Though not included in the example applications
here, coupling of this method with weakly non-linear ray
tracing waveform analysis and Mach cone overpressure pre-
dictions is a possible path to characterize not only the trajec-
tory geometry, but also the time-varying acoustic radiation
from a supersonic source.

A pair of idealized, linear trajectories typical of bolides
are considered including a simple gravitational and drag
equation of motion with distinct inclination angles are con-
sidered in order to investigate the impact of bolide inclina-
tion on the radiated infrasonic signal. Notable differences
between the two scenarios are identi�ed with markedly less
energy contained in atmospheric waveguides for the steeper
inclination case. Similarly, a pair of ballistic trajectories
with turning heights in the middle- and upper atmosphere
are considered, and the up- and down-going segments of the
trajectory are found to produce distinct arrivals that may
provide a means of characterizing the trajectory geometry.
Further, the ballistic trajectory with turning height in the
middle atmosphere resulted in increased energy contained
within the stratospheric waveguide and clearer resolution of
the upward and downward segments of the trajectory.

Finally, regional ray tracing analysis for a bolide that
passed through the atmosphere above Scandinavia in
November 2020 has been conducted to demonstrate the
application of the method to a real event. Regional infra-
sonic observations of the bolide are found at distances of
more than a thousand kilometers. Strong asymmetry is
observed due to the stratospheric winds producing a middle
atmosphere waveguide enhancing propagation to the north
and east. Infrasound data from the IMS sensor network as
well as the “citizen scientist” Raspberry Shake data reposi-
tory have been used in analyzing this bolide event and dem-
onstrating the usage of the Mach cone source model for
predicting and elucidating regional ensoni�cation from such
an event. Inclusion of the Raspberry Shake data greatly
expanded the azimuthal coverage and aided in comparing
predicted and observed regional signals.

SUPPLEMENTARY MATERIAL

See the supplementary material for propagation simula-
tion animations of the idealized supersonic source trajecto-
ries in Fig.3. Several frames from each of these animations
are shown in Figs.5 and 6 and detailed in the associated
discussion.
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