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Abstract: A method for estimating the yield of explosions from shock-
wave and acoustic-wave measurements is presented. The method exploits
full waveforms by comparing pressure measurements against an empirical
stack of prior observations using scaling laws. The approach can be applied
to measurements across a wide-range of source-to-receiver distances. The
method is applied to data from two explosion experiments in different
regions, leading to mean relative errors in yield estimates of 0.13 using prior
data from the same region, and 0.2 when applied to a new region.
[VEO]
Date Received: March 8, 2017 Date Accepted: May 7, 2017

1. Introduction

Accurate characterization of the explosive yield of human-related or natural blasts pro-
vides important information on the size, mechanism, and time evolution of the event.
For example, seismoacoustic methods have been used to determine the yield of a gas
pipeline explosion (Evers et al., 2007) and to discriminate between events during an
attack on a munitions dump in Baghdad (Aleqabi et al., 2016). The explosive yield of
volcanic explosions reflects both the fundamental physics of eruptions as well as the
type and range of the resulting hazards (e.g., Johnson and Miller, 2014; Spina et al.,
2015). In addition, estimating the yield of explosions from shock wave or acoustic
wave measurements has important applications for explosion forensics. Current meth-
ods for yield estimation that use shock wave or acoustic measurements are based on
using one of two parameters: overpressure (e.g., Kinney and Graham, 1985; Koper
et al., 2002) or impulse (e.g., Koper et al., 2002; Ford et al., 2014; Kim and Rodgers,
2016). A major challenge of these methods is that these parameters are also sensitive
to propagation effects. Static propagation effects include the transition from the non-
linear shock wave to the acoustic wave regime and ground properties (e.g., terrain and
acoustic absorption). In addition, acoustic waves are sensitive to meteorological effects
over short temporal and spatial scales. These localized variations in atmospheric prop-
erties are difficult to capture even with state-of-the-art meteorological models. Thus,
even pressure wave propagation models that incorporate terrain effects can be difficult
to implement under real-world conditions. In this paper, we describe a yield estimation
technique that is applicable over a large range of source-to-receiver distances and
works for both shock waves and acoustic waves.

Most practical methods for estimating the explosive yield using blast waves or
acoustic waves have been developed for observations over limited source-to-receiver
ranges (or more precisely, over limited scaled ranges, where the scaled range adjusts
the absolute range to account for differences in yield). For example, the scaling laws
defined in Kinney and Graham (1985) are only applicable to shock waves. Semi-
empirical models such as the ANSI model (ANSI, 1983) and the blast operational
overpressure model (BOOM) (Douglas, 1987) are fit to observational data at very spe-
cific scaled ranges in specific locations. Thus, they do not work well for observations
outside those ranges and/or locations. Methods that utilize full waveform modeling
(Kim and Rodgers, 2016) suffer from problems related to under-parameterization of
local atmospheric effects. The high-resolution atmospheric data necessary to predict
full waveforms is rarely available in the field, particularly for unexpected events.

The approach introduced in this paper utilizes the full pressure waveform,
avoiding the reduction of information content that parametric methods make. The
method relies upon recent high-density deployments of acoustic sensors for ground-
truth explosion experiments, which are described below. The method is only now possi-
ble because of such data-rich experiments, which significantly extend the observational
record of pressure data from explosions.
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2. Methodology

The method described in this paper exploits a rich dataset of shock wave and acoustic
observations from explosions of known yield. The method is based on the fact that
observations from multiple surface explosions, with known but different yields, can be
plotted on a single scaled-time/scaled-range plot (e.g., Fig. 1). Prior to estimating the
yield of a new explosion, observations from previous ground-truth experiments are
stacked by averaging sampled pressure observations in scaled time and scaled range
bins. In this study, we generated stacks by averaging pressure observations from 0 to
700 m/kg1/3 and �0.005 s/kg1/3 to 0.03 s/kg1/3 in bins of 20 m/kg1/3 and 0.0001 s/kg1/3

(Fig. 1). The minimum and maximum scaled times and ranges were chosen to capture
the full set of pressure-time measurements from the observational dataset used in this
study. The bin dimensions used are a compromise between scaled time and scaled
range resolution and noise reduction through averaging. This was achieved through
visual inspection by the analyst.

Following Kinney and Graham (1985), scaled time and distance (tsc; rsc) are
defined relative to the observed time and distance (t; r), by

tsc ¼
ft

W 1=3

� �
t; (1)

rsc ¼
fd

W 1=3

� �
r; (2)

where W is the explosion yield in kilograms (TNT equivalent), and

ft ¼
Pobs

Pref

� �1=3 Tobs

Tref

� �1=6

; (3)

fd ¼
Pobs

Pref

� �1=3 Tobs

Tref

� �� 1=3ð Þ
; (4)

scale for the observed ambient pressure (Pobs) and temperature (Tobs) to reference pres-
sure Pref ¼ 1013:25 mbar and temperature Tref ¼ 15 �C. The use of temperature and
pressure in these scaling equations relates to the source term (the efficiency of the
acoustic source) and not to path terms (the propagation of the signal).

To estimate the yield of a new explosion, we perform a grid search whereby
observed data at a given range are converted to scaled range by assuming a trial yield.
This waveform is compared against the corresponding stack record, with data

Fig. 1. Picture of the stack showing raw waveforms for HRR-1, HRR-4, HRR-5, and HRR-6 (left panel), aver-
aged waveforms (center panel), and peak overpressure amplitudes of the averaged waveforms (right panel).
Scaled times are plotted relative to analyst-derived arrival time picks. The stack in the middle panel was used to
estimate the yield for HRR-3.
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transformed into units of scaled time relative to an arrival time pick. The estimated
yield is thus the trial yield that results in the minimum normalized root-mean-square
residual over all observations. The residual from M sensors, where each sensor is at a
different geographic location, can be defined as

c Wð Þ ¼ 1
M

XM
i¼1

1
N

XN

j¼1

pj � �p Wð Þj
� �2

= pmax
i � pmin

i

� �2
4

3
5

1=2

; (5)

where p ¼ ½p1; p2; :::; pn� are scaled-time binned pressure observations at a given station,
�pðW Þ ¼ ½�p1; �p2; :::; �pn� is the empirical stack for the scaled range closest to the true
scaled range for the trial yield, and pmax

i and pmin
i are maximum and minimum values

of the pressure at the ith sensor. The factor of ðpmax
i � pmin

i Þ normalizes each root-
mean-square (RMS) residual to ensure that near-field and far-field observations have

the same weight. The residual defined by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1=NÞ

PN
j¼1 ðpj � �pðWÞjÞ

2
q

in Eq. (5) effec-

tively provides the RMS difference between an observed waveform, converted into
scaled-time for a trial yield and averaged in each scaled-time bin, and the average
binned reference waveform for the corresponding scaled-range. The total residual in
Eq. (5) is thus the mean of these RMS differences, with each RMS difference normal-
ized by absolute amplitude.

3. Dataset

The Humming Roadrunner (HRR) experiment was a series of chemical explosions
conducted at the White Sands Missile Range (WSMR) in New Mexico (these events
were also studied by Kim and Rodgers, 2016, and Bonner et al., 2013 and a more
complete description of the dataset is provided in these references). Five shots (Table 1
and Fig. 2) were conducted at or above the ground-surface and provide the primary
testing dataset for this study. For each shot, a dense network of overpressure and
acoustic sensors were deployed, and digitized at 1000 Hz (Fig. 2). The five shots were
conducted in different locations and at different times in a region of mountainous
topography and thus include complex meteorological and terrain effects. Notably,
HRR-3 occurred at a time when a strong storm moved through the study region
(Table 2). The waveforms associated with HRR-3, discussed in detail below, are dis-
tinct from the waveforms associated with the other shots.

The Humming Tarantula (HTA) experiment was a series of much smaller
explosions detonated at the Energetic Materials Research and Testing Center near
Socorro, New Mexico, in January and February of 2015 (Fig. 2). The HTA experi-
ment comprised several explosions of different height-of-burst and depth-of-burial and
was designed to understand the effects of these parameters on the relative coupling of
energy into seismic and acoustic waves. Here, we only use the above-ground shots,
HTA1–HTA3, which were conducted at height-of-bursts ranging from 0.6 to 4.8 m.
For each shot, a network of overpressure instruments and infrasound sensors were
deployed (overpressure were deployed in the near-field to measure shock waves, while
infrasound sensors were deployed in the far-field).

The method described here assumes that an explosive event has been detected
and located, and that the onset times of shock wave or acoustic wave signals at each
station have been determined, since waveforms are aligned by arrival time pick for

Table 1. Comparison between estimated and true yields for each HRR and HTA shot. HTA estimated yields
are evaluated using a stack formed from HRR data.

Shot number
TNT equivalent

yield (kg)
Estimated
yield (kg)

Estimated
yield (Kim and

Rodgers)

Relative
error

(this study)
Relative error

(Kim and Rodgers)

HRR-1 18 144 21 210 17 300 0.17 0.05
HRR-3 9072 6870 9300 0.24 0.03
HRR-4 9072 9700 12 100 0.07 0.25
HRR-5 45 359 49 400 61 000 0.09 0.34
HRR-6 45 359 49 400 58 800 0.09 0.30
HTA-1 227 355 — 0.36 —
HTA-2 227 233 — 0.03 —
HTA-3 227 175 — 0.23 —
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calculating the residual in Eq. (5). In this study, arrival times have been picked by an
analyst, although in principle they could be determined automatically. For the purpose
of this short letter, we do not consider the effect of errors associated with the arrival
time picks, or of errors associated with event locations, since we assume that arrival

Fig. 2. Maps of the source and sensor locations for the HRR (top) and HTA (bottom) experiments. In the top panel,
colored symbols represent sources (cyan circle¼HRR-1, red triangle¼HRR-3 and HRR-4, blue square¼HRR-5
and HRR-6) and open symbols represent sensor locations (circles¼HRR-1, triangles¼HRR-3 and HRR-4, and
squares¼HRR-5 and HRR-6). Stations to the NW and SE of HRR-3 used in the analysis presented in Fig. 3 are
filled red and yellow, respectively. In the bottom panel, the circle is the source location for each shot, and open circles
show sensor locations. In each panel, topography is shaded with a light source.

Table 2. Meteorological data acquired at the time of each shot. Wind speeds for HRR shots were taken at 10 m
above the ground.

Shot number Wind speed (m/s) Wind direction (deg.) Pressure (mbar) Temperature (C)

HRR-1 2.5 29.7 848.5 31.6
HRR-3 11.9 121.2 856.8 23.9
HRR-4 0.3 194.2 856.9 25.2
HRR-5 3.1 54.2 855.8 32.5
HRR-6 3.3 188.3 856.5 29.7
HTA-1 4.5 — 817 3.3
HTA-2 2.7 — 818 2.6
HTA-3 0.0 — 813 0.7
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time picks are accurately determined by an analyst and that the event location is
known from other means.

4. Results

To assess the method described above on the HRR data, we performed a leave-one-out
test whereby we estimated the yield for each of the five HRR explosions in Table 1 using
the other four HRR explosions to generate the empirical stack. The stack was then used
to estimate the normalized RMS residual for a set of 50 trial yields, logarithmically
spaced from 100 to 100 000 kg, with the estimated yield taken as the yield resulting in
the minimum residual. The resultant yield estimates, shown in Table 1, result in similar
relative errors, jðWest �WtrueÞ=Wtruej, to the results published by Kim and Rodgers
(2016) which was based on finite difference modeling—our yield estimates were closer
for three shots, while the results of Kim and Rodgers were closer for two shots.

To further explore the method, we apply the technique separately to observa-
tions taken along two profiles to the NW and SE of HRR-3 (the stations used are col-
ored red and yellow in Fig. 2). The observations of this shot exhibited very strong
azimuthal effects that are caused by a storm front that passed through the study region
at the time of the event. Radiosonde measurements, taken 30 min before the shot,
show quite different propagation environments to the NW and SE (Fig. 3). These dif-
ferent propagation environments are manifest in the overpressure observations, which
decrease with range to the NW but remain steady to the SE due to a strong directional
wind-driven waveguide (Fig. 3). Despite such strong azimuthal differences, our method

Fig. 3. Application of the template matching method to HRR-3 observations to the NW (red triangles in Fig.
2) and the SE (yellow triangles in Fig. 2) of the shot. (a) Effective sound speed profiles to the NW (dashed line)
and the SE (solid line) from a radiosonde that was launched adjacent to the shot site 30 min prior to launch. (b)
Overpressure measurements taken along the NW (circles) and SE (triangles) profiles. (c) A comparison between
the observed data (solid lines) and stack data (dashed lines) along the NW profile, with observations scaled by
the true yield. (d) As (c) for the SE profile.
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results in yield estimates of 8697 kg when using only the stations to the NW (a rela-
tive error of only 0.04) and 6135 kg when using only the stations to the SE (a relative
error of 0.32). For reference, using all the data to estimate yield for this shot results
in a relative error of 0.24 (Table 1). As shown in Fig. 3, in addition to having very
different overpressures in opposite directions, the stack waveforms and waveforms
measured from HRR-3 exhibit strong differences. However, despite there being
strong differences in waveforms, the RMS residual between the observed and stack
waveforms is minimized when using a trial yield close to the true yield. This suggests
that our method is sensitive to the long-wavelength properties of the signal, with
high-frequency effects averaged out. Because the method is based on a differential
measurement, rather than an absolute measurement (like overpressure), the template
matching method continues to give reasonable results for HRR-3, despite the strong
propagation effects.

To assess the sensitivity of the method to the number of observations, we per-
formed a Monte Carlo analysis, focusing on HRR-4. By sampling Mi stations at
random (where Mi ranges from 3 to 20) from the 68 observations of HRR-4, and
repeating the experiment 20 times for each value of Mi, we estimated the mean and
standard deviation of the resultant yield estimate from the 20 trials. The results (see
supplemental figure1) indicated that the mean yield estimate is insensitive to the num-
ber of observing stations because the mean yield estimate shows no systematic trend
with the number of observing stations and is consistently higher than the true yield
with a relative error ranging from 0.07 to 0.12. However, the standard deviation of the
estimates decreases from about 2800 kg with only three stations, to about 1400 kg with
20 stations. These results suggest that the method works well for even small numbers
of observations; increasing the number of observations improves the consistency of the
result obtained through multiple Monte Carlo trials.

To test the transportability of the method, where a stack formed using experi-
mental data in one region is applied to estimate yields using data from a different
region and time of year, we used a stack of HRR shot data to estimate the yields of
the HTA shots. The results, shown in Table 1, indicate that the stack generated for the
HRR experiment can be successfully transported to estimate yields for the HTA exper-
iment (which has a different set of source-receiver paths with different terrain effects,
and occurred at a different time of year with different meteorological effects). This
result suggests that stacks formed from datasets in one region, or across multiple
regions, may be transportable to new regions. However, it is important to note that
the datasets used in this study do not include shots performed under unusual condi-
tions such as temperature inversions, although the analysis of HRR-3 shows strong
wind focusing to the SE.

5. Conclusions

The method outlined in this paper uses the full pressure time-series recorded from
explosions to estimate yield. The method can be applied to pressure measurements
over a large range of source-to-receiver distances that include shock wave and acoustic
wave measurements, thus mitigating a major limitation of existing empirical methods.
Because we were able to use an empirical stack developed for set of source-receiver
paths during the summertime, and apply it to successfully estimate yields given a
completely different set of source-receiver paths during the wintertime, we suggest that
the method may be less sensitive to specific source-receiver effects than conventional
parameter-based methods. Empirical evidence has found that impulse, a more averaged
property of the blast wave, may be less sensitive to atmospheric conditions than instan-
taneous measurements such as overpressure (Ford et al., 2014). Through a detailed
analysis of HRR-3 data, we suggest that using the full waveform, as we do in this
paper, further mitigates the effects of meteorology on yield estimates.
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