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Introduction

Infrasound (acoustic signals below
the 20 Hz limit of human hearing) has
been known since the eruption of
Krakatoa in 1883. This event registered
on barometers around the world. In
1909, barometers also registered a
strong signal from the now-famous
Tunguska event. As illustrated by these
two cataclysmic events, infrasound
energy can travel reasonably unattenu-
ated for thousands of kilometers
through refractive ducts in the atmos-
phere. Recognizing the utility of this
energy as a tool for the remote study of atmospheric
sources, and as a probe of the atmosphere, infrasound was
commonly used to monitor atmospheric nuclear tests start-
ing in the 1940’s. With the Limited Test-Ban Treaty that
eliminated atmospheric nuclear testing and with the advent
of satellite technology, infrasound research had declined
dramatically by the early 1970's. The recent
Comprehensive Nuclear Test-Ban Treaty (CTBT) that
banned nuclear tests of all yields, in all environments,
included the use of a worldwide network of infrasound
receiving arrays. This has led to a re-birth of infrasound as
a technology for monitoring the Earth’s atmosphere and
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shallow crust for nuclear tests as well as
other natural phenomena.

The re-birth and study of infra-
sound has led to improvements in
instrumentation such as microbarome-
ters and has benefited from advances in
digital signal processing and recent
improvements in knowledge of the mid-
dle- and upper-atmosphere. New infra-
sound stations, such as those deployed
as part of the CTBT, have led to dramat-
ic increases in the quality and quantity
of data available. However, the physics
of global infrasound propagation is not
fully understood and significant challenges remain before
better advantage of this wealth of new data can be taken.
This has led to dynamic research programs in areas such as
evaluation of signal propagation codes, atmospheric mod-
els, development of infrasound as a remote sensing tool
(e.g., earthquakes, volcanoes), and operational infrasound
source location and characterization. An obstacle to refin-
ing our knowledge of infrasound propagation and improv-
ing source location techniques has been the lack of sources
with known yield, location, and time.

To improve understanding of the most pressing
research issues, a calibration experiment was organized
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involving six rockets, each carrying a small payload of chem-
ical explosives. The rockets were launched from White Sands
Missile Range (WSMR) in southern New Mexico during
2005-2006."° Two rockets were launched during each of
three WSMR experiments. The carefully tracked rockets flew
a northward trajectory tens of kilometers into the strato-
sphere, where the explosives were detonated. The resulting
infrasonic signals were recorded at sites throughout the
southwestern US to distances of nearly 1000 km.

The WSMR tests have provided a high-quality set of meas-
urements of travel-time, signal amplitude and frequency to
help address specific challenges in infrasound propagation
modeling and source location. First, as increased numbers of
infrasound events have been analyzed during the past decade,
a systematic tendency to overestimate observed travel times
has been clearly identified.* Data from the WSMR tests will
provide precise travel time data to address this issue. Second,
the significance of internal wave scattering of acoustic energy
in the stratospheric and thermospheric ducts has also been
identified but is not completely understood.®” Scattering is
often invoked to explain observations of energy leakage from
elevated ducts and possibly signals in some classic zones of
silence.® The spatial coverage of the WSMR data provide a
means for direct observation of scattered acoustic energy.
Another challenge addressed through analysis of the WSMR
data includes a better understanding of thermospheric attenu-
ation.’ Finally, the WSMR experiments also provided an
opportunity to validate the scaling relationships between yield
and dominant frequency as well as between yield and pressure
amplitude for elevated sources. This article describes the gen-
eral characteristics and preliminary results of the experiments.
Experiment participants are preparing more detailed analyses
of the large quantity of data collected.

Experiment design considerations

The scheduling of the experiments, as well as the geo-
graphic distribution of the stations, was intended to maxi-
mize the probability of observing signals under differing
atmospheric conditions. Long-range infrasound propagation
is primarily controlled by high-altitude winds and by the stat-
ic sound speed that depends on the air temperature. Vertical
gradients in the static sound speed and high-altitude wind
profiles enhance or diminish atmospheric ducting between
the ground and the lower, middle, and upper atmosphere,
allowing infrasound waves to propagate to distances of hun-
dreds to thousands of kilometers.

Tropospheric infrasound arrivals result from acoustic
energy propagating in lower-atmosphere ducts. These ducts
are a transient phenomenon involving temperature inversions
in the lower atmosphere that may arise early in the day due to
cool ground-level air temperatures or the tropospheric jet
stream. Stratospheric arrivals, caused by ducting between the
ground and stratopause, are significantly impacted by season-
al variations in the zonal (east-west) stratospheric winds. In
the northern hemisphere, these winds flow to the east in the
winter and the west in the summer. Spring and fall are transi-
tion periods. This feature results in directional ducting of the
sound. For example, summertime conditions favor long-range
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Fig. 1. Static sound speed profiles for WSMR2 (black line) and WSMR3 (red line) at
33.2°N, 106.5°W; near the center of the region in which the detonations took place
(left). Zonal winds (positive from west to east) for WSMR2 (black) and WSMR3
(red) (middle). Right panel is same as for middle, but for the mean meridional wind
speed profile (positive northward).

acoustic observations to the west of a source, but not to the
east. Thermospheric arrivals, resulting from downward refrac-
tion of acoustic energy by the steep sound speed gradients of
the upper atmosphere, are more rarely observed due to high
acoustic absorption within the thin upper atmosphere.” More
generally, the significance of natural atmospheric variability on
infrasound propagation characteristics has been investigated
and presented by several authors.'***

To evaluate the likely existence of stratospheric ducting
for the WSMR experiments a series of computations was per-
formed. In Fig. 1, profiles of static sound speed as well as
zonal and meridional (north-south) wind components are
shown as a function of altitude for dates and locations corre-
sponding to the second and third WSMR experiments
(WSMR2 and WSMR3, respectively). These profiles are
based on the Naval Research Laboratory Mass Spectrometer
and Incoherent Scatter Radar Model-00/Horizontal Wind
Model-93 (NRLMSISE-00/HWM-93) upper atmospheric
empirical models.”*"* As shown, static sound speeds at the
ground were predicted to be greater than those within the
stratosphere for these dates, and one would not predict
stratospheric ducting. However, the stratospheric winds must
also be considered, and this was done via ray tracing compu-
tations using the atmospheric profiles illustrated in Fig. 1.

To highlight the direct arrivals and stratospherically
ducted arrivals, only the lower 60 km of the atmospheric pro-
files (Fig. 1) were used in the computations. Ray tracing for
acoustic sound transmission in a windy environment relied
on the physics governing acoustic refraction of rays in an
advected media.” Rays were launched over a series of
azimuths and declination angles from the source point and
the locations at which the rays intersect with the ground sur-
face are marked by dots in Fig. 2, color-coded by time of
arrival after the detonation. As shown, enhanced propagation



Fig. 2. Maps of ray endpoints that reach the ground for WSMR2 (left) and WSMR3 (right). The rays were propagated
through atmospheric profiles shown in Fig. 1, starting at 33.175° N, and 106.515° W, altitude 40 km, the center of the region
in which the detonations took place (marked on each map by a red X). For illustration, we have not considered rays that turn
in the thermosphere; these would arrive significantly later. The ray endpoints are color coded according to the predicted

arrival time in seconds after detonation.

to the east is predicted for WSMR2 and to the west for
WSMR3.

Atmospheric and signal propagation modeling guided
the general station distribution, though specific station sites
were chosen based on land access, local winds and terrain,
and logistical considerations.
The maps in Figs. 3-5 show the
relative locations of explosions
and recording stations in each
of the three experiments, and
also indicate whether signals
were observed. The dates of
the WSMR experiments were
selected to sample three differ-
ent characteristic high-altitude
wind patterns (fall, spring, and
summer). Figures 4 and 5 illus-
trate the different deployments
designed to take advantage of
the predominantly westerly
winds of spring (WSMR2) ver-
sus the predominantly easterly
winds of summer (WSMR3).

Each of the three WSMR
experiments consisted of two
explosions separated by 4 to 6
hours, to understand the influ-
ence of atmospheric variability
on this time scale better.
Surface wind conditions and
station operator logistics were
also a consideration in deter-
mining the event timing.

Infrasound stations

A total of 30 infrasound
stations participated in the three
experiments (Table 1). The sta-
tions were located in the south-
ern and western US at distances
between 35 and 1213 km from
the explosions.” All but three of
the stations used infrasound
arrays. In addition to acoustic
measurements, some stations
also recorded meteorological
data (surface wind speed, wind
direction, and temperature).
One station (HELSTE at a dis-
tance of 60 km) also recorded
seismic data. Six optical fiber
infrasound sensors (OFIS)"*
were co-located with a 4-ele-
ment infrasound array at station
BACA. At another set of stations
(NMT, NMT2, NMT3) a dense
array of microphones was used
to create a “distributed sensor.’”
Five of the thirty stations are
permanent, while the others
were deployed temporarily for these experiments. Of the five
permanent stations, four are operated for research (DLIAR,
NVIAR, SGAR, and TXIAR), and one (I57US) is operated as
part of the Comprehensive Nuclear-Test-Ban Treaty
Organization’s International Monitoring System.”

Fig. 3. Infrasound stations participating in the WSMR experiment on Septemper 9, 2005 (WSMR1). The explosion site is
marked with a red star. Epicentral distance circles every 200 km from the explosion site are also indicated. The station sym-
bols indicate whether signals were observed or not.
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The temporary stations typ-
ically consisted of arrays of three
to five elements, with a spatial
separation of roughly 100 to 300
m (Fig. 6). Teams were deployed
to these recording sites one or
two days before each experi-
ment to set up equipment and
record the stable, pre-event
noise levels. A variety of acoustic
transducers were used. These
ranged from commercially
available infrasound sensors,
traditional laboratory grade
microphones, and experimental
transducers. While the detailed
instrument responses varied
somewhat between stations, all
sites were capable of recording
frequencies ranging from audi-
ble to sub-audible (infrasonic).

Arrays provide significant
advantages over single sensors.
The multiple time-synchro-
nized recordings from sensors
distributed across an area can
be processed to estimate the azimuth of incident signals as
well as their speed across the ground—parameters essential
for evaluating atmospheric models. Combining multiple
recordings also increases the ratio of coherent signal to inco-
herent noise due to wind and thus can be essential for
extracting weak signals from noise at the more distant sta-

Fig. 5. As for Figure 4, but for the experiment of July 21, 2006 (WSMR3).
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Fig. 4. As for Figure 3, but for the experiment of March 25, 2006 (WSMR2).

tions or improving understanding of the signal structure at
all distances. Wind speeds generally increase after sunrise,
due to solar heating of the surface, and thus each of the six
explosions were set-off before dawn.
Nearly all of the sites used some type of noise reduction
mechanism (i.e., windscreens) attached directly to the transduc-
ers. One of the simpler schemes
is the use of porous hose (ie.,
garden “soaker” hose) to provide
a means for filtering out short
wavelength pressure fluctuations
(Fig. 7). However, multiple
noise-reduction systems were
employed. For the Optical Fiber
Infrasound Sensors (OFIS) and
dense microphone arrays, the
increased spatial extent of the
sensors themselves provides
noise reduction as an integral
element of the instrument
design. In general, the diverse
suite of stations operated well,
with few recording failures.

The explosions

Three experiments were
carried out, in the fall of 2005
and in the spring and summer
of 2006. Two explosive charges,
of approximately 30 kg TNT
equivalent, were launched and
detonated during each experi-
ment, with launches roughly



Table 1. Stations which participated in the WSMR infrasound calibration experiments.

ARDEC=Army Research, Development and Engineering Center, ARL=Army Research Laboratory, LANL=Los Alamos
National Laboratory, Miltec=Miltec Corporation, SMU=Southern Methodist University, UA=University of Alaska,

km wide (east-west) and 24
km long (north-south), cen-
tered at 40 km altitude at
33.175° N, and 106.515° W.

Preliminary estimates of
the explosion parameters
(time and altitude) were pro-
vided by WSMR  staff to
infrasound team members
who were present at the
launch, and these estimates
were relayed to participants
in the field. After each exper-
iment, WSMR personnel
provided detailed radar data
that gave three-component
rocket position (latitude, lon-
gitude and altitude), velocity,
and acceleration as a function
of time. The radar data were
analyzed to pinpoint the det-
onation coordinates. After
analysis of the radar data, the
remaining uncertainties in
the explosion location and
time were on the order of
several kilometers and sever-
al seconds, respectively. In
addition, infrared cameras
operated by M. Garcés (U.
Hawaii) and by WSMR were
used for two of the experi-
ments to provide additional
corroboration of launch and
detonation times.

UCSD=University of California, San Diego, UH=University of Hawaii, UM=University of Mississippi

four hours apart. The Naval Surface Warfare Center group at
WSMR was contracted to prepare and launch the rockets.
The original intent was to detonate the charges at an altitude
of approximately 50 km to maximize the long distance prop-
agation of energy. The rocket design called for the explosive
payload to detonate within the rocket, rather than being
ejected prior to detonation. Thus, the explosion would result
in the breakup of the rocket—the dimensions of the resultant
debris pattern on the ground being a function of explosion
altitude. Based on model results predicting the dimensions of
the debris field, the initial WSMR explosions took place at
roughly 30 km altitude. Empirical evidence gathered through
the experiment permitted a gradual increase in the altitude of
subsequent explosions. The final explosion of the six shots
took place at about 49 km altitude.

The experiment utilized single-stage, rail-launched Orion
rockets (Fig. 8). The rockets passed through a launch and a bal-
listic phase, with the explosive charges detonated during the
ballistic phase after the missile passed apogee (Fig. 9). All six of
the detonations took place within a virtual “box” 20 km high, 9

Observations
In the exploratory study
of the data, basic observations about the spatial distribution
of the recorded signals, and various parameters of the signals
were made. It is these preliminary findings that will form the
basis of more in-depth analyses.

Fig. 6. Site view of station BACA, showing 60-m long optical fiber array elements.
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Fig. 7. Close up of infrasound sensor connected to four porous hoses. The porous
hoses act as a windscreen for the sensor and are connected to a central manifold
(the white segment) at the top of the sensor.

Fig. 8. Orion rocket attached to launch rail.

The distribution of recorded signals

Signals from the explosions of the three experiments
were recorded at array stations to a range of approximately
900 km. Twenty four of the thirty stations recorded signals
from at least one of the explosions.

The spatial distribution of the observations, as seen in
Figs. 3 to 5, provides insight into the dominant propagation
mode of the sound. For the September 2005 test (Fig. 3), the
predicted zonal wind direction was to the west. Therefore,
the station distribution favored this direction, where most of
the acoustic energy would be expected to return back to the
ground. The observations (green dots) confirm this ducting
of acoustic energy—long
range observations (greater
than 400 km) were only
observed in the westward
direction.

The March 2006 test
(Fig. 4) is a good example of
observations  driven by
stratospheric winds to the
east. In the July 2006 test (Fig.

5), the winds transitioned
back to the west and the
resulting observations fell in
that direction. Further study
of these acoustic “footprints”
will provide an opportunity
to refine understanding of the

Waveforms

Figures 10 and 11 show examples of signals recorded at
the two closest arrays, NW70 and VANDAL (less than 100
km), as well as at two arrays further away, GILA and CHIR
(100-300 km). The time series in these figures are aligned to
the approximate signal onset. The simple pulse-like signals
(N-waves) recorded at the two stations at close range (Fig.
10) contrast with the increasing complexity and reduced sig-
nal-to-noise ratio (SNR) of the multi-pathed waveforms at
the more distant stations (Fig. 11). The two CHIR waveforms
for the WSMR3 explosions were separated by only four hours
in time, yet the waveforms are quite different—a dramatic
illustration of the effects of atmospheric variability on long-
range infrasound propagation.

At many stations there were several distinct signal
arrivals from each explosion. Signals associated with the
explosions were identified based on the expected arrival
time, as well as on the stability of azimuth and phase velocity
estimates and the value of the F-statistic during the time win-
dows of stable azimuth and phase velocity. The beginning
and end of such stable data windows were picked manually.
Arrival times for stations at close distances (less than 100 km)
were also measured manually. Signal parameters were calcu-
lated for each apparent discrete arrival in the selected data
windows. In addition, root-mean-square (RMS) noise values
were measured, both for time windows prior to the first sig-
nal arrival as well as in a time window spanning the expect-
ed arrival time (for those cases where no signal was
observed). Average and RMS wind speed was also calculated
from the time windows of received or expected arrivals.

Signal group velocity

The observed group velocity of all signals, defined as the
(distance)/(arrival time—explosion time), is plotted in Fig. 12
(where the distance has been corrected for the altitude of the
source). For the WSMR2 experiment the signals propagating
eastward (with the wind) show increased velocities, whereas
in WSMR3 it is just the opposite. These observations are con-
sistent with the distribution of observations noted in Figs. 3-
5, as well as with the modeling presented in Fig. 2.

atmOSphere and its effect on Fig. 9. Rocket trajectories and explosion locations (colored circles) for the WSMR infrasound experiments (view looking to east).

acoustic propagation.

Acoustics Today, April 2008

White circles indicate the sites of some of the closer recording stations.



Fig. 10. Signals at the two closest stations, NW70 (left) and VANDAL (right), from
the six explosions. The amplitude scale is the same for every explosion for each sta-
tion. The signals represent the beam of the unfiltered array elements steered towards
the explosions. With higher altitude (later shots, towards bottom of figure) the pulse-
like shapes of the signals are broadened, with some variation in amplitude.

Signal amplitude

The maximum observed amplitudes are plotted in Fig.
13 that shows attenuation with distance. This decrease can be
related to enhanced sound absorption at high altitudes.
Atmospheric density falls off exponentially with altitude, so
the mean free path between molecular collisions increases
accordingly. This results in greater attenuation of sound
energy at high frequencies (short wavelengths) than at low
frequencies. The attenuation is proportional to the square of
the frequency, thus sound energy undergoes greater attenua-
tion for sources at high altitudes than at low altitudes, espe-
cially at high frequencies.

Noise amplitudes were measured at all stations, includ-
ing those for which no signal was detected. The noise levels
were then compared to observed signal amplitudes across the
experiments. These comparisons clearly indicate that some
stations “missed” observations due to periods of increased
local noise levels—during which times the noise levels
exceeded the expected signal levels.

Signal duration

Signal duration varied from a few seconds for the closest
stations up to about a minute for the more distant stations.
With a few exceptions, azimuth residuals (observed-true
azimuths) are fairly consistent with no obvious bias and have

Fig. 11. Signals at the stations GILA (left) and CHIR (right), from the six explo-
sions. The amplitude scale is normalized for each trace. The signals represent
weighted beams (bandpass filtered between 1-4 Hz) of the array elements steered
towards the explosions.

standard errors around five degrees with no striking depend-
ence on array distance.

Signal period vs. explosion yield and altitude

The dominant period of each recorded signal was calcu-
lated using an autoregressive (AR) process of order 16 with
Burg’s method.” The AR method is a parametric method,
widely used in statistics and has direct applications in many
areas of interest. The method provides an estimate of the
spectrum and the fundamental (or system) frequencies of the
time series.

Table 2 gives the altitude of the sources, the dominant
periods and calculated yields for each of the signals. The
periods given in the table were derived by calculating the
mean dominant period for each array of sensors (at least
four) and then the mean of all arrays. Arrays that were close
to the source that recorded N-waves or decaying N-waves
and the arrays with very low signal-to-noise ratio were
excluded from the analysis.

Previous empirical formulas for estimating yields of
explosions were derived from a historic dataset of nuclear
explosions conducted above ground at the Nevada Test Site
(NTS). The dominant period of the recorded infrasound sig-
nal from the explosions was used to calculate the yield.”” The
formula is given as:

Infrasound Calibration Experiments
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Fig. 12. Group velocity, distance/(observed arrival time — explosion time), plotted
as a function of distance (range) for identified arrivals. The top, middle, and bot-
tom panels correspond to the first, second, and third WSMR experiments, respec-
tively. Stations to the west and to the east of the explosion locations are plotted with
negative and positive distances, respectively. Data falling outside the ranges of the
plots are indicated with arrowheads.

(1

where Y, is the yield in tons of the explosion at the
Earth’s surface and T is the dominant period of the signal.
The physical basis for this relationship is found in an
increased acoustic transit time of the explosion blast radius
with increased explosive yield. The constant (2.38) was
derived empirically. The doubling factor in brackets compen-
sates for the non-nuclear nature of the explosions.

Because the explosions were not at the surface a further
altitude correction is necessary. With constant period, the
blast energy, or yield, Y, will scale with the ambient pressure,
which falls off exponentially with increasing altitude. Once a
yield (or energy) is calculated from the formula given above,
it is scaled using the following formula:

Table 2. Altitude of the sources, the observed dominant frequencies/periods, and calculated

yields for each of the explosions.

Acoustics Today, April 2008

Fig. 13. Maximum pressure amplitude as a function of distance. Dashed lines cor-
respond to amplitude attenuation as distance-1.36. See caption to Fig. 12 for an
explanation of figure conventions.

(2)

where Z is the altitude of the explosion and H is the pres-
sure scale of the atmosphere (about 7 km).

There is definitely an increase in the dominant periods
with altitude," as shown in Fig. 14, but if we apply the same
formula for all explosions the yields computed for the WSMR3
experiments were a factor of 2-4 smaller than the lower alti-
tude experiments. To our knowledge this effect is reported
for the first time, and the members of the team were not able
to explain this difference. At higher altitudes the
yield/dominant period relationship appears to fail. Future
work on the yield/period relationship will attempt to add
confidence intervals on the yield estimates.

Concluding comments
Infrasound signals from the
WSMR  experiments  were
recorded at 24 out of 30 tempo-
rary and permanent stations at
distances ranging up to 900 km.
The recorded signals span a
range of signal to noise ratios,
and measurements of basic sig-
nal characteristics are consistent



Fig. 14. Mean dominant period as a function of explosion height. This shows
increasing period with height, as pointed out earlier by Herrin et al."

across the multiple explosions. Beginning at about 100 km dis-
tance, the waveforms for explosions separated by only four hours
in time showed significant variations due to atmospheric effects.

The data collected during the WSMR experiments, com-
bined with the precise data on the six explosions, are proving
to be of significant value across the entire spectrum of infra-
sound research, including source studies, propagation, instru-
mentation and data processing. Focused analyses using the
WSMR data to answer questions both fundamental and prac-
tical are underway. For example, the WSMR data will fuel
studies of a broad suite of processing algorithms to gauge the
relative utility of each approach for detecting and characteriz-
ing signals. Furthermore, there are a number of important
questions in propagation modeling to be investigated: Can
accurate model attenuation and accurate absolute, or at least
relative, signal amplitudes be predicted? In doing so, can it be
predicted which stations should be able to record signals above
the noise? How accurately can the timing of the arrivals at each
station be predicted? Is the azimuth bias due to crosswinds
accurately predicted? Can multipathing be predicted, or the
overall waveform structure at each station? Do predictions
improve noticeably with up-to-date atmospheric specifica-
tions? Comparisons between the predictions and the observa-
tions will provide a means to quantify the performance of the
existing models, identify deficiencies in the models where
physical processes may not be accounted for, and ultimately
expand understanding of the interaction between propagating
sound waves and atmospheric dynamics. The data are also
being used to test advanced instrumentation concepts, includ-
ing optical fiber infrasound sensors and the distributed sensor.

Progress in these areas, however, should also improve the
ability to use infrasound data to monitor the atmosphere and
the shallow earth for nuclear explosions. In this arena, event
detection, location and identification are key issues. The
WSMR data will be used to determine if waveform record-
ings can be used to identify unambiguously the source as an
explosion, and to determine accurately both the geographic
position of the source and its altitude. The experiments used
an unusually high density of infrasound sensors, and thus
there is a rare opportunity to assess the station density
required to obtain sufficiently accurate location estimates
and learn more about the range from which useful informa-

tion about the source can be extracted.

In summary, the WSMR experiments will foster basic
research as well as provide further insights relevant to nuclear
monitoring in addition to proving useful in testing the use of
infrasound data for monitoring natural hazards.
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