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A comparison of smartphone and infrasound microphone data
from a fuel air explosive and a high explosive

S. K. Takazawa,'® (® S. K. Popenhagen, (& L. A. Ocampo Giraldo,? (® E. S. Cardenas,? ( J. D. Hix,?
S. J. Thompson,? D. L. Chichester,? (5 and M. A. Garcés'
'Hawai'i Institute of Geophysics and Planetology, University of Hawai'i, Manoa, Hawaii 96740, USA

2Idaho National Laboratory, Idaho Falls, Idaho 83415, USA

ABSTRACT:

For prompt detection of large (>1kt) above-ground explosions, infrasound microphone networks and arrays are
deployed at surveyed locations across the world. Denser regional and local networks are deployed for smaller explo-
sions, however, they are limited in number and are often deployed temporarily for experiments. With the expanded
interest in smaller yield explosions targeted at vulnerable areas such as population centers and key infrastructures, the
need for more dense microphone networks has increased. An “attritable” (affordable, reusable, and replaceable) and
flexible alternative can be provided by smartphone networks. Explosion signals from a fuel air explosive (thermobaric
bomb) and a high explosive with trinitrotoluene equivalent yields of 6.35 and 3.63 kg, respectively, were captured on
both an infrasound microphone and a network of smartphones. The resulting waveforms were compared in time, fre-
quency, and time-frequency domains. The acoustic waveforms collected on smartphones produced a filtered explosion
pulse due to the smartphone’s diminishing frequency response at infrasound frequencies (<20 Hz) and was found diffi-
cult to be used with explosion characterization methods utilizing waveform features (peak overpressure, impulse, etc.).
However, the similarities in time frequency representations and additional sensor inputs are promising for other explo-
sion signal identification and analysis. As an example, a method utilizing the relative acoustic amplitudes for source
localization using the smartphone sensor network is presented. © 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/10.1121/10.0028379

(Received 26 January 2024; revised 26 June 2024; accepted 11 July 2024; published online 4 September 2024)

[Editor: Yue Ivan Wu]

I. INTRODUCTION

Large explosions generate infrasound (<20 Hz) that can
travel vast distances. The International Monitoring System
(IMS) capitalizes on this phenomenon, using infrasound
sensors at monitoring stations around the world to detect
large (>1kt) events (Vergoz et al., 2022). However, for
smaller yield explosions, the emitted pressure waves may
not be detected by the sparse global network. A solution to
this problem is increasing the density of the monitoring
network.

On the regional scale there has been success in detect-
ing, locating, and estimating the yield of an explosion
caused by an oil spill using infrasound sensors ranging from
340 to 1400km from the source (Ceranna et al., 2009).
Much work has also been done using regional infrasound
networks and explosions to improve source localization,
investigating propagation effects from weather, and even
estimating the atmospheric crosswinds (Modrak et al., 2010;
Blixt et al., 2019; Blom, 2023). Additionally, there have
been studies of detecting and locating explosions using mul-
tiple balloons with infrasound sensors (Bowman and Albert,
2018; Silber et al., 2023; Young et al., 2018).
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On the denser local scale, a seismic network (400+ sta-
tions) was able to identify various infrasound phases pro-
duced by an oil refinery explosion in 2018 (Fuchs et al.,
2019). Explosion detection and yield estimation has also
been successfully performed using local infrasound net-
works (Gitterman, 2010; Fee et al., 2021). Overall, the use
of these seismic large-N arrays for acoustic explosion analy-
sis including detection, yield estimation, propagation model-
ing, and source modeling has gained popularity with the
advancement of technology that allows for the deployment
of hundreds of seismic stations where similar infrasonic sta-
tions are still in development (Pasyanos and Kim, 2019;
Kim et al., 2021; Kim and Pasyanos, 2023; Chen et al.,
2023). However, infrasound and acoustic sensors are still
crucial as these seismoacoustic analyses are validated
through them. For either case, these local networks are often
deployed in the context of experiments or around specific
areas of interest (e.g., volcanoes, testing sites).

Smaller yield explosions have been gaining attention
with concerns around targeted attacks around power plants,
ports, and populated places (Rosoff and Von Winterfeldt,
2007; Biancotto et al., 2020) and with the recent attacks
such as the Austin serial bombing in 2018 and the 2020
Nashville bombing. Although not preventative, having a
local network for real-time explosion detection could benefit

©Author(s) 2024. 1509
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the response times to such tragedies and reduce further dam-
age or casualties. However, construction and maintenance
of sufficiently dense infrasound or seismic sensor networks
across all these areas could prove costly. One way to address
this issue is the use of non-traditional sensors such as
smartphones.

In the era of Internet of Things (IoT), the use of smart-
phones as sensors has increased dramatically, especially
with the recent developments in mobile crowdsensing
(MCS), due to their wide range of built-in sensors (micro-
phone, accelerometer, GNSS, etc.) and their widespread
consumer use (Lane et al., 2010; Ganti et al., 2011; Asmar
et al., 2019; Capponi et al., 2019). A notable example is the
MyShake application which has successfully used data col-
lected on smartphones to create an earthquake early warning
system that is currently being used in California, Oregon,
and Washington (Kong et al., 2016; Allen et al., 2020).
There have also been recent studies using smartphone
microphones for monitoring nuclear power plant activities
(Eaton et al., 2022; Cardenas et al., 2023) and for explosion
detection (Thandu et al., 2015; Popenhagen et al., 2023).
Thus, a smartphone network presents a possible solution to
detecting smaller yield explosions. However, it is still impor-
tant to understand and consider the limitations and strengths
of using smartphones as sensors for explosion monitoring.
Therefore, we present a comparison of signatures from two-
surface explosions captured on an infrasound microphone
and on smartphone microphones. The comparison includes
representations of the acoustic signal in time, frequency, and
time-frequency domains. We also present data from two
additional built-in sensors: the barometer and the accelerome-
ter. Additionally, we show a demonstration of source locali-
zation using time difference of arrival (TDoA) and amplitude
decay methods with the smartphone sensor network data.

Sections IA-IC provide a brief introduction to con-
cepts related to explosions as well as general information on
the two explosions. This is followed by an overview of the
experimental procedures, features, and representations of
the explosion waveforms, and the method used for source
localization. Section II first showcases the extracted explo-
sion features from the infrasound microphone, followed by a
detailed comparison of data from a co-located infrasound
microphone and smartphone microphone, the observed
explosion pulse in the other smartphone microphones and
built-in sensors, the atmospheric conditions and propaga-
tion, and last, the source localization. Sections III and IV
summarize our findings and consider the potential of smart-
phone networks and possible avenues for future research.

A. Explosion terminology

An explosion can be described as a rapid energy release
caused by an abrupt increase in volume. The energy released
by explosions is often described in TNT (trinitrotoluene)
equivalent yield, which is the mass of TNT required to gen-
erate the same energy in free air. Explosions can be broadly
separated into three categories: high explosive (HE), low

1510  J. Acoust. Soc. Am. 156 (3), September 2024

explosive (LE), and nuclear explosive (NE). Explosives are
categorized by their reaction speeds and how they generate
a pressure wave. Explosion blast waves also have key fea-
tures such as the maximum pressure of the initial rise (peak
overpressure), the time between the initial rise and the fall
back to equilibrium (positive pulse duration), and the inte-
gral of the overpressure during the positive pulse duration
(positive impulse). It is common practice to analyze explo-
sions in reference to a lkg TNT equivalent explosion
(Kinney and Graham, 1985; Ford et al., 1993; Koper et al.,
2002; Garcés, 2019; Schnurr et al., 2020; Kim et al., 2021).
This is done by applying scaling laws using the cube root of
the TNT equivalent yield, which is known as the scaling fac-
tor (Hopkinson, 1915; Cranz, 1926; Sachs, 1944; ANSI,
1983; Kinney and Graham, 1985). For example, scaled dis-
tance is the true distance between the observer and the
source divided by the scaling factor. A deeper dive into the
basics of acoustic explosion analysis can be found in
Takazawa et al., 2023a, along with an open-source chemical
HE dataset.

B. Fuel air explosive

A fuel air explosive (FAE), also known as a fuel air
bomb, aerosol bomb, or more broadly as a thermobaric
weapon, is a type of LE that works in two steps. A primary
explosion releases fine particles of fuel into the air. This is
quickly followed by a secondary explosion that ignites the
fuel, releasing large quantities of pressure and heat
(Klapotke, 2022). Compared to HE with similar yields, FAE
generally have a lower peak overpressure and longer pulse
duration, resulting in a comparable or larger impulse
(Wildegger-Gaissmaier, 2004). The use of FAE has increased
rapidly since the first usage in the Vietnam War, despite mul-
tiple UN proposals attempting to prohibit the use of these as
weapons (Wildegger-Gaissmaier, 2004; Tsybulenko, 2022).

C. The explosions

The two explosions analyzed in this work took place on
August 18th, 2022, at the National Security Test Range at
Idaho National Laboratory while observers watched from a
bunker near the site. The TNT equivalent yields, along with
the explosion times are listed in Table I. Since the explo-
sions took place on a rigid surface, the effective yield was
doubled to account for ground reflection effects (Kinney and
Graham, 1985). Both explosions generated infrasound
despite their relatively small yields.

Il. METHODS
A. Experimental setup

The explosions were recorded by nine Samsung S22
smartphones running the RedVox application (Garcés et al.,
2022) along with a Bruel & Kjaer (B&K) sound level meter
type 2250 with the infrasound microphone type 4964. The
relative sensor locations and the B&K microphone and
smartphones’ deployment configurations are shown in Fig. 1.

Takazawa et al.
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TABLE I. Explosion type, yield, and time of deflagration or detonation of the recorded explosions in the local time zone and UTC.

Explosion type TNT* Eq." yield (kg) Effective yield (kg) Local time (MDT) Universal time coordinate (UTC)
Fuel air explosive 6.35 12.7 10:05:10 16:05:10
High explosive 3.63 7.26 14:36:41 20:36:41

“TNT: trinitrotoluene.
Eq.: equivalent.

The smartphones were recording data from the following
sensors: microphone, three-axis accelerometer, barometer,
and the Global Navigation Satellite System (GNSS) location
sensor. A detailed description of the smartphone sensors
used by the RedVox application can be found in Garcés
et al. (2022). The B&K microphone was placed inside an
outdoor pet tent along with the closest smartphone to the
explosion. Both the B&K and smartphone microphones were
recording at a sample rate of 8000 Hz. The B&K microphone
was recording in units of mV that were converted to Pa,
whereas the Smartphone microphones were recording in
units of bits (Garcés, 2020, 2023). The other smartphones
were placed inside a cylindrical aluminum foil enclosure
with a mobile battery pack. This deployment strategy was
employed to avoid overheating of the smartphones from
direct sunlight while also allowing an open path for the pres-
sure waves to travel.

The phones’ distances from the source ranged from
0.87 to 10.99km as seen in Fig. 1(a), corresponding to
scaled distances ranging from 372 to 4711 m/kg'”? for the
FAE and from 449 to 5676 m/kg'’ for the HE. The environ-
ment surrounding the explosion site was a cold semiarid

(b)

(a)

North from Reference (km)
Elevation from Reference (m)

0 2
East from Reference (km)

desert, with relatively flat topography gradually increasing
in elevation with a maximum difference of 75 m at around
11km from the source. A nearby weather station (~30km
from site) reported temperatures of 24.4 °C for the FAE and
32.2°C for the HE, an ambient pressure of 84 559 Pa for the
FAE and 84 388 Pa for the HE, and winds less than 3 m/s for
both explosions. A deeper look into the atmospheric condi-
tions for the explosions will be discussed later.

B. Explosion feature extraction

The standardized (1kg TNT) explosion features (peak
overpressure, positive pulse duration, and positive impulse)
were extracted from the B&K infrasound microphone data
for a baseline comparison to other high explosive features.
The calibrated B&K microphone data were in units of Pa
and the three explosion features were extracted using meth-
ods described in Takazawa et al. (2023a). The extracted fea-
tures were compared to a standardized high explosive
dataset (Takazawa et al., 2023b), along with two high explo-
sive feature models from Kinney and Graham (1985)
(KG85) and Schnurr ez al. (2020) (S20). Although FAE are

FIG. 1. (Color online) (a) The locations of the sensors (triangles) and source (star) shown with ground elevation in East North UP Coordinates relative to a
reference point near the source. The deployment configuration of (b) phone 23 and the B&K microphone and (c) phone 29 (same configuration as the rest of

the phones).
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not HE, they are included in the comparison to gain some
insight on the event and to validate some general trends,
such as FAE generally having a longer positive pulse dura-
tion than HE.

C. Time, frequency, and time-frequency
representations

The comparison of sensor response between the B&K
infrasound microphone data and the phone 23 microphone
data were done in three domains: time, frequency, and time-
frequency. The time comparison was done by observing the
normalized time-series of the explosion pulse. The fre-
quency domain comparison was performed by examining
two power spectral densities (PSDs), one computed with
Welch’s method (Welch, 1967) and the other by aggregating
the time domain of the Stockwell transform (ST) (Stockwell
et al., 1996). For the Welch’s method PSD, a Hann window
of 1s length with 50% overlap was used, whereas the ST
was constructed with 1/6 octave bands. Similarly, the time
frequency domain comparison was done by computing the
short time Fourier transforms (STFTs) and STs of the
respective waveforms and analyzing the difference in power
relative to the maximum. The STFTs were computed with a
Hann window of 1 s length with 95% overlap. The increased
overlap (>50%) allows for an increase in perceived
“resolution” for the benefit of the reader. The STs were
computed with the same octave bands used for the PSDs.
The time-series were zero-padded to improve amplitude
accuracy for all PSDs, STFTs, and STs.

D. Atmospheric conditions and acoustic propagation

The atmospheric conditions play a significant role in
acoustic propagation of signals. In addition to the amplitude
decay due to geometric spreading of the pressure wave, sig-
nals propagating through the atmosphere are affected by fre-
quency dependent attenuation and temperature inversions,
which can impact propagation paths and features of the
observed signal (Evans er al., 1972; Kim and Rodgers,
2016; Kim et al., 2021; Blom, 2023).

To gain insight on the propagation effects due to atmo-
spheric conditions, we looked at the temperature and wind
profiles using the High-Resolution Rapid Refresh (HRRR),
an hourly weather forecasting model developed by the U.S.
National Oceanic and Atmospheric Administration (Dowell
et al., 2022). The expected arrival times were also consid-
ered using sound speeds derived from local temperatures.

E. Source localization

Multilateration (MLAT), also called hyperbolic posi-
tioning, is a method of locating the source of a signal using
the time difference of arrival (TDoA) from time-
synchronized sensors. For an acoustic source, this can be
achieved by using the speed of sound, the locations of the
microphones, and the signal arrival times at said locations.
A set of equations can be constructed with these values in
terms of relative positions to the source. The equations can

1512 J. Acoust. Soc. Am. 156 (3), September 2024

then be solved using various methods, such as Taylor Series
(Foy, 1976) or Maximum Likelihoods (Chan and Ho, 1994).
A minimum of four sensors are required for 2D MLAT and
five sensors for 3D MLAT. However, the number of
required sensors is reduced by 1 if we assume a planar
arrival. The key advantages of MLAT are that it only
requires synchronizations between the sensors and that its
computational cost is low, which is ideal for real-time appli-
cations such as a smartphone network (Tyagi et al., 2014;
Sundar et al., 2018; Mahapatra and Mohanty, 2022a,b).

The source location estimation for the explosion was
done with MLAT in 2D by first converting the smart-
phones’ GNSS latitudes and longitudes into east north coor-
dinates. The coordinates and time-corrected arrival times
were then used to find location estimates by solving the
TDoA equations using least squares optimization. The time
correction was performed by using the GNSS times, and
relative arrival times were found by cross-correlating the
microphone time-series. These estimates were found for all
possible sets of three smartphones assuming a planar
arrival. The estimates were then further vetted using the
ratio of the maximum amplitude across the smartphones
with the largest amplitudes (phones 22, 23, and 24).
Possible regions for the source location were created using
the inverse distance law for attenuation and geometry,
assuming an upwardly refracting atmosphere. For example,
if the ratio of amplitudes is 1, the set of possible source
locations would be the perpendicular line at the midpoint
between the two stations, as all points will be equidistant.
In contrast, if the ratio was greater or less than 1, the set of
possible locations with the same distance ratio (the inverse
of the amplitude ratio) will, by Apollonius’ definition
(Durell, 1923), form a circle. We can use these ratio bounds
to exclude any improbable estimates.

lll. RESULTS

A. Explosion features of the fuel air explosive and
high explosive

The standardized peak overpressure, positive pulse
duration, and positive impulse of the FAE and HE are
shown in Fig. 2, accompanied by two HE feature models
and a HE feature dataset. As stated in the Introduction, we
expect to see a smaller peak overpressure, longer positive
pulse duration, and an equal or greater positive impulse for
the FAE when compared to HE. Overall, the explosion fea-
tures of the FAE seem to agree with our expectations, except
for the peak overpressure value [Fig. 2(a)] being comparable
to those of high explosives.

B. The waveforms and power spectral densities of the
co-located sensors

The captured FAE and HE waveforms on the B&K
infrasound microphone and phone 23 microphone and their
representations are shown in Fig. 3. From initial observation
of the normalized amplitudes, we see a drastic difference in
the shape of the waveform timeseries [Figs. 3(a) and 3(d)].

Takazawa et al.
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(a) Peak Overpressures

(b) Positive Pulse Durations

(c) Positive Impulses
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FIG. 2. (Color online) The standardized (1 kg TNT) explosion features of HE (gray circles) from Takazawa et al. (2023b), the FAE (green diamond), and
the HE (brown plus sign) accompanied by notable explosion feature models of (a) peak overpressures, (b) positive pulse durations, and (c) positive

impulses.

Where the B&K shows the clear explosion pulse that we
expect, the smartphone shows a distorted pulse with a signif-
icantly shorter positive pulse duration and larger pressure
spike after the onset. These differences make analysis by
extracting explosion pulse features difficult without heavy
processing. However, there are still similarities, such as the
duration of the whole pulse (time between onset and

(a) FAE Normalized
Amplitude
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(c) FAE ST PSD
(dB rel. to 30Hz)

1 —=— RedVox

-80 T T
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equilibrium) and locations of small perturbations seen in the
pulse (i.e., high frequency content). The distortions of the
smartphone data are most likely from the diminishing fre-
quency response and phase shifts at infrasound ranges
(<20 Hz) for smartphone microphones (Asmar et al., 2019;
Slad and Merchant, 2021). We see this effect more clearly
in the frequency domain.

(d) HE Normalized
Amplitude
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FIG. 3. (Color online) The (a), (d) normalized time series of the explosion pulse for the B&K (darker blue) and the smartphone (lighter orange). The power spectral
density of the B&K and the smartphone using (b), (¢) Welch’s method and (c), (f) the S-transform, both of which are displayed in decibels relative to 30 Hz.
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The PSDs calculated with Welch’s method and the ST
show similar patterns between the smartphone and B&K
microphone, unlike what we saw with the waveforms. The
PSDs are normalized to the 30 Hz value and shown in units
of decibels for ease of comparison. Focusing on the B&K
PSDs, we see that the maximum signal energy concentration
is similar for the Welch’s and ST methods, around 10 Hz for
the FAE and around 20 Hz for the HE. For the smartphone
PSDs, we see a similar energy concentration to the B&K for
the HE, however, at a smaller magnitude at the 10 Hz peak
for the FAE. As mentioned previously, the frequency
response of the smartphone’s onboard microphone drastically
tapers off in the infrasound range (<20Hz), which causes
this discrepancy. It is possible to correct for the frequency
response of the smartphone microphone signals (Asmar
et al., 2019) and allow for explosion analysis using feature
extraction methods. However, this is beyond the scope of this
paper as it requires additional experimentation to accurately
determine each smartphone’s frequency response.

C. The time frequency representations of the co-
located sensors

The time frequency representations (TFRs) of the
explosion pressure waves were scaled in decibels relative
to their maximum value as seen in Fig. 4 for the FAE and
Fig. 5 for the HE. Any values that were less than —12dB
(6.25% of the maximum power) were masked as —12dB to
reduce noise and increase ease of viewing. On initial obser-
vation of the STFTs, we see that the energy of the explosion
pulse concentrates around 10Hz for the FAE [Fig. 4(a),

(a) FAE STFT of B&K

(b) FAE STFT of Smartphone o

4(b)] and around 20 Hz for the HE [Figs. 5(a) and 5(b)],
matching the PSD results. The smartphone spectra show less
power for the lower frequency range due to the diminishing
frequency response as previously discussed. We also see
more energy visible in the 30 to 60 Hz range compared to
the B&K STFTs, since the representations are relative to the
maximum power. The difference plots [Fig. 4(c) and 5(c)]
highlight these effects clearly, showing that the power at the
frequency of peak energy concentration was nearly identical
between the two sensors, with a difference within 3 decibels
(~50%) for the FAE and nearly imperceptible for the HE.

In contrast to the rectangular or cocoon-like shape of
the STFTs, the STs have a cone-like shape with two high
energy regions separated by a lower-energy region around
20 to 30Hz for the FAE and 40 to 50Hz for the HE.
Although this gap in the high-energy region is also present
in the STFTs, the power of the higher frequency high-
energy region relative to the maximum was smaller, espe-
cially for the B&K, for which the power in the higher fre-
quency region did not make the —12dB threshold [Figs.
4(a) and 5(a)]. The cone-like shape is an inherent character-
istic of the ST for transient signals (i.e., shock waves), as the
time windows get broader for lower frequencies. Comparing
the difference plots, we see that the STs contain more
regions of similarity (power difference of <3 dB) since they
have much higher resolution in the time domain, due to the
shape of the time-frequency bins varying with frequency.
Because of this increase in resolution in the time domain for
higher frequencies and in the frequency domain in the lower
frequencies, STs may be more beneficial in this case, despite
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FIG. 4. (Color online) The normalized STFT of the FAE waveform, shown in decibels relative to the maximum of (a) the B&K microphone data, (b) the
smartphone microphone data, and (c) the difference between the two STFTs. The normalized Stockwell Transform of the FAE waveform, shown in decibels
relative to the maximum of (d) the B&K microphone data, (e¢) the smartphone microphone data, and (f) the difference between the two STs.
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FIG. 5. (Color online) The normalized STFT of the HE waveform, shown in decibels relative to the maximum of (a) the B&K microphone data, (b) the
smartphone microphone data, and (c) the difference between the two STFTs. The normalized Stockwell Transform of the HE waveform, shown in decibels
relative to the maximum of (d) the B&K microphone data, (e) the smartphone microphone data, and (f) the difference between the two STs.

their greater computational cost compared to STFTs. D. The other sensors and smartphones

Overall, the TFRs of the explosion signals for the co-located

sensors show, like the PSDs, greater similarity than the The FAE and HE signals captured in the smartphone
waveforms for both the FAE and the HE. Unlike the PSDs,  arrays from the various sensors are shown in Figs. 6 (FAE)
however, TFRs have the added benefit of the time informa- and 7 (HE), with each timeseries normalized to the largest
tion, which is more useful in analysis methods that require ~ amplitude among all the stations. The smartphones are
concise arrival times. listed, from top to bottom, in descending distance to the
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FIG. 6. (Color online) Plots of the FAE waveforms collected by each of the deployed smartphones’ (a) microphone, (b) normalized microphone, (c) barome-
ter, (d) x axis accelerometer, (e) y axis accelerometer, and (f) z-axis accelerometer. Amplitudes in each panel, except (b), are shown relative to the maximum
value of all the waveforms to highlight attenuation effects. Amplitudes in panel (b) are shown relative to each waveform’s maximum value. The left-hand y

axis ticks show the scaled distances of the smartphones and the right-hand y axis ticks show the smartphones’ IDs. The effects of propagation can be seen to
affect the pulse shape in the (b) normalized microphone graphs.
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FIG. 7. (Color online) Plots of the HE waveforms collected by each of the deployed smartphones’ (a) microphone, (b) normalized microphone, (c) barome-
ter, (d) x axis accelerometer, (e) y axis accelerometer, and (f) z-axis accelerometer. Amplitudes in each panel, except (b), are shown relative to the maximum
value of all the waveforms to highlight attenuation effects. Amplitudes in panel (b) are shown relative to each waveform’s maximum value. The left-hand y
axis ticks show the scaled distances of the smartphones and the right-hand y axis ticks show the smartphones’ IDs. The effects of propagation can be seen to

affect the pulse shape in the (b) normalized microphone graphs.

source and are equally spaced on the y axis regardless of
their scaled distance. Focusing on the microphone data, we
see the effects of propagation, namely differences in ampli-
tude [Figs. 6(a) and 7(a)] and pulse shape [Figs. 6(b) and
7(b)], increasing as we move away from the source as
expected. Additionally, for the FAE [Figs. 6(a) and 6(b)],
we can see a precursory signal from the HE initiator before
the main onset.

For the barometer, we have a clear signal from the
source up to phone 25 for the FAE (scaled distance of
1741 m/kg'®) and up to phone 22 for the HE (scaled dis-
tance of 564 m/kg'”). The barometer sensor’s uneven sam-
pling rate averages to about 25 Hz, which is much lower
than the sampling rates of the other sensors. This contributes
to the lower level of detail in the shape of the pulse since the
higher frequency components of the signal are not present.
This also means that without the presence of infrasound, we
do not expect the barometer to record a signal, which
explains the discrepancy between the FAE [Fig. 6(c)] and
HE [Fig. 7(c)] at similar scaled distances since the fre-
quency concentration of the HE signal is higher. Like the
barometer, the accelerometer is also unevenly sampled,
however its sampling rate is faster, averaging to about
420 Hz.

The motions captured in the accelerometer are from the
same time as the microphone data, so they are most likely
from the air-to-ground interaction of the acoustic pressure
wave and not the ground waves generated by the explosion.
Phone 24 was placed near a concrete structure supporting a
flagpole that may have resonated with the low frequency of
the signal, which would explain the larger amplitude and
period seen in the FAE and slightly less in the HE. The
smaller amplitude in Phone 23 compared to 22 for the FAE

1516  J. Acoust. Soc. Am. 156 (3), September 2024

signal may be due to 23 being placed inside a tent and/or
from the difference in stability of the ground, as phone 22
was placed in an area with coarser gravel compared to
phone 23.

The STs of the microphone data from all nine smart-
phones are presented in Fig. 8 for the FAE and Fig. 9 for the
HE. As in Figs. 4 and 5, each ST is scaled to decibels rela-
tive to its maximum value with a mask applied for any val-
ues less than —12 dB. At a quick glance we see that the STs
have a clear cone shape up to phone 26 for the FAE and up
to phone 24 for the HE after which they are distorted due to
the aforementioned attenuation effects. This agrees with
what we see in the microphone waveforms and is expected
as the FAE has greater energy and a lower central fre-
quency. For the STs of the mid-range phones (phones 25 to
27), we see the expected greater effects of the attenuation on
higher frequencies as the greatest concentration of power
appears to be shifting to a lower frequency. However, look-
ing at the farthest phones (phones 28 to 30) we see that the
greater concentration of power is higher in frequency than
the other STs. This could be due to the frequency response
of the phones and/or propagation effects, although a more
thorough investigation including detailed propagation
modeling would be required to state this conclusively.

E. Atmospheric conditions and propagation of the
explosions

The hourly atmospheric profiles of the temperature and
wind containing the time of each explosion along with the
effective sound speeds calculated with the temperature and
wind data are shown in Figs. 10 and 11. Comparing the tem-
perature profiles for the FAE and the HE [Figs. 10(a) and
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FIG. 8. (Color online) The ST of the FAE signals captured on the smartphone microphones. The individual figures are organized from (a) closest to (i) far-

thest from the source.

11(a)], we see that temperatures for the FAE were near ver-
tical for lower elevations since event took place later in the
morning and the temperature inversion was waning.
Although the hourly snapshots of the temperature profiles
are not quite inverted for the FAE, the atmosphere can
change rapidly on a short time scale and affect the expected
amplitude (Bush et al., 1997; Kulichkov, 1998; Kulichkov
and Bush, 2001; Carmichael er al., 2022; Averbuch et al.,
2022). However, determining the extent of its effect is
beyond the scope of this paper.

Moving to the wind profiles for the explosion events
[Figs. 10(b), 10(c), 11(b), 11(c)], we see that it was a rela-
tively calm day with wind speeds not exceeding 5 m/s. This
is more apparent when looking at the calculated effected
sound speed profiles [Figs. 10(d), 10(e), 11(d), and 11(e)],
as it closely follows the temperature profile with slight var-
iations. To investigate the extent of wind effects on arrival
times, the smartphone waveforms were vertically stacked by
distance to source along with sound speeds calculated by the
temperatures recorded by the nearby weather station (Fig.
12). Looking closely at phone 22 for the FAE [Fig. 12(a)],
we see that intersection between the onset of the explosion
pulse and the sound speed line is not as close as the other
phones in the network. Since phone 22 is the only phone
located north of the explosion source, this delay in arrival
time could be due to the north-south winds, as it would cre-
ate an effective sound speed difference around —4 m/s. If
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this were the case, we would expect to see phone 22’s
arrival time to be earlier than the other phones for the HE,
since the wind direction had reversed creating an effective
sound speed difference around +4m/s. However, upon
inspection of the HE propagation [Fig. 12(b)], we find that
onset of the explosion pulse for phone 22 and sound speed
line to be near and not earlier for phone 22. Additionally,
phone 22’s discrepancy in arrival time could be affected by
local terrain, as it is the only phone located below the source
in elevation. Thus, whether winds caused the delay in arrival
time of the FAE explosion pulse for phone 22 would be
inconclusive. However, looking at the sound speeds and
explosion waveform onsets in the other phones for both
explosions we see a close match. Hence, the overall effect
of the wind on the arrival times of the explosion pulse are
most likely negligible when looking at the additional
phones.

F. Source localization of the fuel air explosive

The source locations estimated using 2D MLAT from
all possible sets of three stations are seen in Fig. 13(a), along
with the associated hyperbolas. Although most of the esti-
mates are near (<1km) the actual source, there are a few
dozen that scattered farther out, including some estimates
beyond the scope of the figure (>100km). Limiting the esti-
mates to be within 15km (local range) of the smartphone
network, the mean of the source estimates would be located
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462 m from the source and the median would be located
127 m from the source. However, the standard deviation of
the estimates would be 1218 m in the east-west direction
and 2064 m in the north-south direction, which would be too
large to be a confident result. These widely varying source
estimates are likely a side effect of how the smartphones
were deployed. Many of the sets form a straight line, which

affects the performance of 2D MLAT by having the hyper-
bolas overlap each other in many locations. To improve
both accuracy and confidence, we utilize geometry and the
aforementioned inverse distance law to exclude the “bad”
estimates using the three phones (22, 23, and 24) with the
largest amplitudes in the microphone and barometer. By
computing the amplitude ratios of the microphone data and
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barometer data across the phones, we were able to set
bounds for possible locations of the source.

The computed ratios between phones 22 and 23 were
2.00 for the microphone and 2.18 for the barometer with
phone 23 being the larger of the pair. Using these values, we
set boundaries for an amplitude ratio of 1 and 3. The larger
boundaries for the amplitude ratios were selected to accom-
modate for the uncertainty in the calculated values and for
potential variations in the frequency response across the
smartphones (Asmar et al., 2019). By taking the inverse of
the amplitude ratios, we set the distance ratio boundaries to
be 1 and 1/3. The distance ratio of 1 forms the green line
and the distance ratio of 1/3 forms the green circle (by
Apollonius’s definition) seen in Fig. 13(b). The region
within these boundaries is shaded with vertical green lines.
Similarly, we computed the amplitude ratio to find the dis-
tance ratio between phones 23 and 24. The amplitude ratios
were 4.20 for the microphone and 2.97 for the barometer,
which we used to set bounds for amplitude ratios of 2 and 5,
forming the two purple circles in Fig. 12(b). The region
within these boundaries is shaded with horizonal purple
lines. Using these four boundaries, the 84 estimates were
reduced to the 31 seen in Fig. 13(c). The mean east north
coordinates of the final estimates were found to be 160 m
from the source and the 95% confidence ellipse (dashed) has
a semi-minor axis of 231 m and a semi-major axis of 389 m,
giving an area of 0.28 km?. The 99% confidence ellipse (dot-
ted) has a semi-minor axis of 346 m and a semi-major axis
of 582 m giving an area of 0.63 km”.
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IV. DISCUSSION AND CONCLUSIONS

An array of nine smartphone sensors in an open field
spanning 0.87 to 10.99km from the source captured
signals from a fuel air explosive and a high explosive. The
closest smartphone to the source was accompanied by an
infrasound microphone to compare the waveform and its
representations.

We found that the co-located smartphone microphone
data recorded a filtered explosion pulse compared to the infra-
sound microphone due to the smartphone microphone’s
diminishing frequency response and associated phase shift at
low frequencies. This filtered waveform makes explosion
analysis using explosion features such as peak overpressure,
positive pulse duration, or impulse difficult without correcting
for the smartphone’s frequency response. In the context of
mobile crowdsensing (MCS), this may prove difficult as every
phone in the network would need to be tested for their fre-
quency response as they can vary by phone model and even
between individual phones of the same model. Additionally,
the average smartphone user would likely not have the equip-
ment or knowledge necessary to perform such test.

Looking at the frequency representations, we saw that the
overall shapes of the PSDs match, but the magnitudes differing
in the infrasound range (below 20 Hz), aligning with previous
smartphone microphone studies. Similarly, the TFRs of the
explosions showed clear visual similarities in shape despite the
expected difference in power. Both frequency and time-
frequency representations could prove useful by analyzing the
similarities between these representations and those of

Takazawa et al.

82:6€'81 ¥20T 1890100 L0


https://doi.org/10.1121/10.0028379

traditional explosion data. The time-frequency representations
(STs) have the additional benefit of finer time resolution com-
pared to the frequency representations.

Comparing multimodal data from the additional smart-
phones, we saw that the microphone signal was clearly
recorded for all phones in the network, and both the acceler-
ometer and barometer had recorded signals associated with
the explosion pressure wave arrival for the closer phones.
These additional sensors could prove useful as additional
verification for explosion detection. However, future investi-
gation would be required to verify this. Although the accel-
erometer did not seem to capture ground motion associated
with the explosion for either the FAE or the HE, further
research using below surface explosions may be fruitful as
they create stronger ground motion. The STs of the acoustic
waveforms showed similarity between the phones for the
closer stations for both the FAE (<6km) and the HE
(<2km). The farther phones (>8km) showed either an
amplification of higher frequencies or an attenuation of the
lower frequencies in the STs, depending on the phone. This
phenomenon requires further investigation using methods
such as propagation modeling and attenuation modeling.

We also presented an example of source localization for
the FAE with the smartphone network using a 2D MLAT
method, which is ideal for real-time applications due to its
simplicity and low computational cost. The majority of the
source estimates were within 1 km of the actual source with
the mean and median estimates being 462 and 127 m away
from the source, respectively, however the standard devia-
tion of the estimates was significantly larger creating a low
precision result. To address this issue, the collection of
source estimates was further refined using amplitude decay
relations and the three phones with the largest amplitudes,
resulting in a 95% confidence ellipsis with an area of
0.28 km” and mean value 160 m from the source. However,
the presented source localization methods did not consider
the propagation effects from atmospheric conditions or local
geometries. Since TDoA methods depend on having precise
constant sound speeds and there was some wind present,
this could affect the accuracy of the source estimate.
Furthermore, the methods using amplitude ratios to refine
the source estimates may not be viable under different atmo-
spheric conditions or at locations with complex local geom-
etries (i.e., urban areas). Thus, implementing accurate
source localization on real time applications would require
more research and will be investigated in future works.

All in all, compared to the infrasound microphone data,
the smartphone microphone data captured a high-passed
waveform of the explosion pulse due to its diminishing fre-
quency response below 20Hz. Although it is possible to
deconvolve an unfiltered signal from the smartphone micro-
phone data, it would require accurate knowledge of the
individual microphones’ responses. Additionally, the simi-
larities between the infrasound microphone data and the
smartphone microphone data in the frequency and time-
frequency domain may be sufficient for explosion detection
and analysis without deconvolution. The smartphones’
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additional sensors may also provide opportunities for new
methods to be developed. Although having a permanent
dense infrasound microphone network in key locations
would be ideal, the associated costs may be too great to
overcome. In contrast, a smartphone network could be
deployed and maintained at significantly lower cost. In con-
clusion, having a dense network of smartphones could be
beneficial in key locations, and would add to the current
arsenal of sensors used for explosion monitoring.
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