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Abstract—How well can we locate events using infrasound?
This question has obvious implications for the use of infrasound
within the context of nuclear explosion monitoring, and can be
used to inform decision makers on the capability and limitations of
infrasound as a sensing modality. This paper attempts to answer
this question in the context of regional networks by quantifying
current capability and estimating future capability using an
example regional network in Utah. This example is contrasted with
a sparse network over a large geographical region (representative
of the IMS network). As a metric, we utilize the location precision,
a measure of the total geographic area in which an event may occur
at a 95 % confidence level. Our results highlight the relative
importance of backazimuth and arrival time constraints under different scenarios (dense vs. sparse networks), and quantify the
precision capability of the Utah network under different scenarios.
The final section of this paper outlines the research and development required to achieve the estimated future location precision
capability.
Key words: Infrasound, event location, nuclear explosion
monitoring.

1. Introduction
Infrasound has been used for decades as a sensor
modality to monitor atmospheric nuclear tests.
Within the last ten years, the deployment of the
international monitoring system (IMS) infrasound
network under the comprehensive nuclear-test-ban
treaty (CTBT), in addition to successes from prototype regional networks, is highlighting the additional
value of infrasound as a supplemental tool for monitoring underground tests. With the drive towards
monitoring low yield tests at regional distances,
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infrasound has the potential to play a key role in
identifying mining blasts and other manmade events
that become prevalent at these low seismic magnitudes. In addition, infrasound can provide constraints
on source depth, which can be critical for reliably
estimating the yield from seismic data and for source
identification purposes.
Within the context of treaty monitoring, it is
important to communicate to decision makers the
capability of different technologies. Recent papers
(LE PICHON et al. 2009; GREEN and BOWERS, 2010) have
quantified the detection capability of the IMS infrasound network in terms of yield thresholds. However,
there has not yet been any attempt to quantify what is
achievable with regional networks of infrasound
arrays, or to formally quantify localization uncertainty. With the recent deployment of a prototype
infrasound network in Utah, it is possible to provide a
preliminary assessment of the capability. While the
capability will depend on the network configuration
(e.g., number and density of stations), which will differ
from network to network, there is value in providing an
assessment of the Utah network for decision makers as
an example scenario. The results will both quantify the
current state-of-art capabilities in localization, as well
as project what might be achievable in the future by
leveraging research advances.
The purpose of this paper is to outline a formal
approach for assessing network location precision for
decision makers. Previous studies at IMS scales have
assessed location accuracy using some measure of the
azimuthal gap. However, in treaty monitoring applications the question of more relevance is how large a
geographic area a given test is constrained within. For
onsite inspection activities, areas of up to 1,000 km2
are permitted. We discuss a methodology for estimating location precision for a regional infrasound
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network, then illustrate both existing capability and
an estimate of future capability using the Utah
infrasound network as an example. Finally, we outline the research needed to move from the first to the
second scenario.
This paper uses the Bayesian infrasound source
location (BISL) (MODRAK et al., 2010) to formally
assess location precision. The advantage of BISL as
compared with other techniques for this purpose is
that both measurement error and model error are
formally accounted for, and prior constraints can be
readily folded into the solution. As a forward method,
BISL contrasts with the standard inverse approach
that is used for infrasound location (BROWN et al.,
2002a; CERANNA et al., 2009). Such inverse techniques are based on Geiger’s method (GEIGER, 1912).
For using azimuthal information in addition to arrival
time constraints, BRATT and BACHE (1988) outline a
formulism that has been used by researchers in the
infrasound community (CERANNA et al., 2009). BROWN
et al. (2002b) and EVERS et al. (2007) implemented
methods where bearing intersections were weighted
by the sine of the angle of intersection. An innovative
approach for event location that uses a space–time
approach has also been developed (SZUBERLA and
ARNOULT, 2011; SZUBERLA et al., 2009) but is not
considered in this study because it is applicable for
near-source recordings and not to events recorded at
regional and global distances.
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rðhÞtotal ¼ rðhÞmeasured þ rðhÞmodel
rð/Þtotal ¼ rð/Þmeasured þ rð/Þmodel
where, h represents back azimuth and / represents
arrival time.
As a crude estimate of the total uncertainty in back
azimuth, r(h)total, we can make no correction for back
azimuth deviation due to wind bias, and simply resort
to empirical observations of back azimuth deviations
to define the uncertainty. As a first order enhancement
we can expect that propagation modeling would allow
us to correct the azimuths for wind bias and reduce the
corresponding model uncertainty. For arrival times,
we may assume that phase is unknown and different at
each array; therefore r(/)model should be sufficiently
large to capture the range of possible arrival times at
the arrays. Similarly, as a first-order enhancement, we
can utilize a distance-dependent probability density
function on group velocity, with additional levels of
sophistication that may include azimuthal and temporal dependence. Such an approach is currently
being explored by MARCILLO et al. (2012). These
choices and level of sophistication affects the
subsequent model error.
These uncertainties are implemented in the
calculation of the likelihood, assuming Gaussian
distributed errors, over all possible locations (latitude,
longitude), origin times (t0), and group velocities (v).
Following MODRAK et al. (2010), the likelihood is
calculated from:

2. Methodology

Pð d j m Þ ¼

n
Y

Hi ðhi jmÞUi ðti jmÞ

i¼1

2.1. The Bayesian Infrasonic Source Locator:
A Recap
MODRAK et al. (2010) introduced the Bayesian
infrasonic source location (BISL) method for localizing infrasound events using a regional network of
infrasound arrays. BISL uses both arrival time and
back azimuth constraints to provide credibility
bounds (analogous to confidence bounds in frequency
statistics) on event location. This probabilistic
approach accounts for uncertainties in both measurement and model error relevant to the infrasound
location problem. We can represent the uncertainties
associated with each parameter by:

where,
"
 #
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represent the individual likelihood components for
the backazimuths and arrival times, respectively.
With di = di(x0, y0, xi, yi) as the distance from each
hypothetical source to the i’th array, and for Cartesian
coordinates, the residual terms are:
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Location solutions are computed from the multivariate posterior probability distribution of location
parameters. A uniform prior on the group velocity is
used in our initial development of BISL (that is, the
group velocity can vary over some range, typically
chosen to represent the possible range of infrasonic
group velocities at a particular distance scale). The
limitation of the initial development, as outlined
in MODRAK et al. (2010), is the assumption that the
group velocity is the same for each array in the
model. In practice, different phases will typically be
observed in different directions due to wind, which
introduces anisotropy not accounted for in our
preliminary model. At present, we account for the
model anisotropy through the standard deviation in
arrival time, which is implemented in the likelihood
equations. As long as this standard deviation is set
sufficiently large to capture the possible range of
arrival times for different phases, the model error is
adequately accounted for. Future development of
BISL will include construction of source-path specific priors for group velocity including priors based
on atmospheric predictions of group velocity with
associated errors. These improvements should better
account for model error through explicitly accounting
for anisotropy and by incorporating different priors to
different stations (this is discussed in the last section
of this paper).
2.2. A Location Metric
Event location capability should ideally be estimated by the precision of a location estimate (this is
the area of uncertainty of the location ellipse or
polygon). If both measurement and model errors are
adequately estimated, the location ellipse or polygon
should enclose the actual event location on most
occasions (the credibility or confidence level at which
the ellipse or polygon is estimated should define the
percentage of times the solution will not enclose the
location). Previous studies of infrasound location
capability, which have focused on the IMS network,
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have represented location capability by an estimate of
the accuracy based on the azimuthal separation
between arrays for a given source location (e.g.,
LE PICHON et al., 2009; GREEN and BOWERS, 2010).
Location accuracy (expressed in km) can be differentiated from precision (expressed in km2). Within
the context of the CTBT, where onsite inspection
activities can occur inside an area of 1,000 km2,
precision is a more useful measure (assuming, of
course, that the model uncertainties are appropriately
defined).
Using BISL as our location technique, precision
can be calculated in a straightforward manner by
calculating the area enclosed by a location polygon at
a specified credibility. These polygons are derived
from the posterior distribution of location parameters,
where the posterior integrating constant is derived
with numerical integration, with the initial model
formulation. In this study, we use a credibility of 0.95
for calculating the polygons, because this corresponds to a typical level at which confidence regions
are calculated. Three different scenarios are considered: (1) a best case scenario where each event is
detected at every array, (2) a ‘typical’ northern
hemisphere winter scenario where the stratospheric
wind jet blows towards the east, and (3) a ‘typical’
northern hemisphere summer scenario where the
stratospheric wind jet blows towards the west. For
scenarios 2 and 3 we assume that no arrivals are
observed at distances greater than 200 km in the
counter-wind direction (i.e., no stratospheric arrivals
are observed in the counter-wind direction). However, within 220 km, tropospheric arrivals are
observed 50 % of the time, regardless of direction.
Although these assumptions are simplistic, the resultant maps provide a more realistic assessment of the
location capability than the simulation shown in
Fig. 1, and also provide a sense of the effect of
seasonal variations.

3. The Utah Infrasound Network
The Utah infrasound network was deployed in
two phases. In 2006, three infrasound arrays were
installed around Great Salt Lake to record infrasound signals from rocket motor detonations at the
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Figure 1
Simulation results showing location uncertainty (in km2) as a function of location for the Utah infrasound network. Based on the arguments
outlined in the paper, these values are representative of current localization capability

Utah Test and Training Range (UTTR) (STUMP et al.,
2007). In 2008–2009, the network was extended to
include six new arrays in order to study infrasound
from small earthquakes in the intermountain seismic
belt. The full 9-array network is an excellent test bed
for research into the capability of high-density
regional infrasound networks. The locations of the
arrays in the network are provided in Table 1 and
shown as black triangles in the figures.

Table 1
Locations of arrays in the Utah infrasound network
Array name

Latitude

Longitude

BGU
BRP
EPU
FSU
HWU
LCM
NOQ
PSU
WMU

40.9204
39.4727
41.3901
39.7196
41.6071
37.0109
40.6526
38.5332
40.0795

-113.0309
-110.7409
-112.4099
-113.3900
-111.5642
-113.2444
-112.1186
-113.8555
-111.8310

4. Results
4.1. The Utah Infrasound Network
The location precision estimates have been computed for two scenarios. The first scenario represents
an estimate of current capability. The second scenario
attempts to assess what might be possible in the
future given further research (we discuss the research
that is required to fulfill these goals as outlined in the
following section). Each scenario is tested and
applied on the Utah infrasound network (representative of a spatially-dense network).
Under the first scenario (current operational
capability) the following assumptions are made. First,
for back azimuth we assume that the existing sum of
measurement and model error, r(h)total, at any given
array can be represented by a standard deviation of
3°. This value is consistent with recent empirical
observations of tropospheric and stratospheric signals
from ground-truth explosions at the Hawthorne Army
Ammunition Depot in Nevada (Negraru, Pers.
Comm.) in addition to azimuth deviations observed
from measurements of earthquakes in the western
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USA (MUTSCHLECNER and WHITAKER, 2005). Second,
we assume that the identification of phase is nonunique, and therefore that group velocity could vary
from 0.28–0.34 km/s (neglecting thermospheric
returns). For the size of the Utah network this could
result in a spread as large as *180 s (this value is
calculated from the maximum distance between all
pairs of arrays and the subsequent difference in travel
time for the mean group velocity of 0.31 km/s and the
slowest group velocity of 0.28 km/s). Setting r(h)total
equal to 100 s, it is clear that, for this network
configuration, back azimuth dominates the location
capability (Fig. 1). On this basis, the most significant
improvements to current capability can be made by
reducing the back azimuth model error. The measurement error for back azimuth, typically quoted as
*0.5° but dependent on the array configuration and
processing parameters, is small in comparison to
model error (SZUBERLA and OLSON, 2004). Of course,
this conclusion is based on the Utah network, which
is a relatively dense infrasound network. For sparse
networks, the importance of arrival time on the
solution should be greater.
As shown in Fig. 1, location precisions of 50 km2
are possible in the densest portion of the network. The
whole network region is enclosed by the 400 km2
contour, indicating that any event within this region
will have a location precision better than this value.
As one moves away from the region spanned by the
network, the location precision degrades as expected.
Most notably, the location precision does not improve
by adding arrival time constraints with the large
model error used. For comparison, under the second
scenario (future capability), we assume that a realistic
attainable improvement in the total back azimuth
uncertainty is r(h)total = 1.5° and that a realistic
attainable improvement in arrival time estimation is
20 s (HEDLIN et al., 2011). We expect that these
improvements will be primarily driven by the reduction of model error. The resultant simulations, shown
in Fig. 2, can be compared with the simulations
shown in Fig. 1. The improvement in localization
precision is dramatic, with the network now enclosed
by a precision of 50 km2. Additionally, it is clear that
although the dominant effect is back azimuth, the
inclusion of arrival times does improve the location
capability at these smaller model errors.
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The simulations of typical summer and winter
scenarios, using estimates of present capability, are
shown in Fig. 3. These plots represent averages of ten
realizations for each season (as discussed above, each
realization has a random distribution of observations,
with 50 % of arrays detecting signals inside 220 km).
These results provide a more realistic estimate of
location precision, and how it differs at different
times of the year. Location precisions of \400 km2
are possible close to individual arrays, with a more
typical location precision of *800 km2 surrounding
most of the network. During the summertime, since
the stratospheric winds blow towards the west in the
northern hemisphere mid-latitudes, the network does
not detect events at distances greater than 220 km to
the west. This scenario is reversed during winter
when the stratospheric winds at these latitudes blow
towards the east.
4.2. The IMS Network: A Test for the European
Region
For comparison to small regional scales, consider
a large region with spatially limited stations. For this
case, arrival times are much more important, as is
illustrated for the two example events in Fig. 4. The
top panel in Fig. 4 represents current operational
capability (r(/)total = 1,000 s to account for any
phase at any array, and r(h)total = 3°) while the
bottom panel represents future capability (r(/)total =
100 s to account for any phase at any array, and
r(h)total = 1.5). We note that by operational capability we refer to automatic or real-time methods. The
improvements suggested by the future scenario maps
require enhancements to the BISL algorithm, in
addition to enhancements in propagation models, as
outlined below.

5. Research and Development Needed for Location
Improvements
This paper argues that, for dense deployments like
the Utah network, key enhancements to location
capability will come through propagation modeling
that can reliably predict the azimuthal deviation
caused by the propagation of infrasound from source
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Figure 2
Simulation results showing potential localization uncertainty (in km2). Based on the arguments outlined in the paper, these values are
representative of potential future localization capability

Figure 3
Summer (left) and winter (right) maps using r(h)total = 3° and r(/)total = 100 s. Colors represent the location precision in km2. Areas
shaded white denote regions where B1 station would detect an event, and therefore localization using BISL is not possible

to receiver. The prior on azimuth is constructed by
embedding physical azimuthal predictions into the
appropriate error model. For sparse network configurations, however, enhancements to the localization

algorithm are needed that can incorporate physicsbased priors and account for propagation anisotropy.
The steps required to meet these enhancements can
be broken down into three categories, which are
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Figure 4
Location simulations for two hypothetical events in Europe with four IMS arrays

discussed separately below. A final major enhancement can be made through combining seismic and
infrasonic data for the combined geolocation of
seismo-acoustic events; this is discussed as a fourth
category.
5.1. Improvements to the Mathematics
of the Location Framework
The current implementation of BISL assumes the
same group velocity to each array in the network.

Although the Bayesian prior accounts for the
unknown group velocity, it does not adequately
account for different phase arrivals at different arrays;
this scenario is currently accounted for by increasing
the standard deviation in arrival times to include a
model error component. Model anisotropy may be a
second-order effect at global distances where stratospheric returns are the predominant arrival, and such
arrivals are typically observed along similar azimuths
in the direction of stratospheric wind. However, at
regional distances, where tropospheric returns are
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common, model anisotropy is more pronounced.
Further research and development of BISL is required
to enable the inclusion of more sophisticated model
predictions, incorporating state-of-the-art propagation
models and atmospheric specifications, in the form of
Bayesian priors (MARCILLO et al., 2012). The Utah
network simulations suggest that back azimuths are
the dominant effect on the location precision; however, for global scale monitoring using the IMS
network, where perhaps only two arrays will detect an
event, the inclusion of arrival times will be essential.
In this scenario, refinements to the existing BISL
framework are expected to lead to dramatic improvements in location precision. The key refinement
needed is the inclusion of an array-specific group
velocity; in other words ei in the likelihood equation
would equal:


di
ei ¼ t i  t 0 þ
:
vi
Included in this framework advance is the development of BISL-specific algorithms to derive the
multivariate posterior distribution of location parameters, specifically a Gibb’s sampling algorithm
(CASELLA and GEORGE, 1992). This development will
enable the use of BISL in a near-real-time operational
setting.
Another case where travel time information has a
large impact on performance is sparse or poorly
distributed networks, regardless of their spatial
extent. Poor azimuth-only localizations occur when
the arrays are grouped along similar azimuthal
directions with respect to the source. The resulting
localization uncertainty ellipse is very narrow along
its major axis, elongated along the direction to the
arrays. The quantification of this effect is achieved
using geometric dilution of precision (GDOP)
(YARLAGADDA et al., 2000; LEVANON, 2000). GDOP
metrics are derived by quantifying the sensitivity of
source localization to array measurements, and good
GDOP is supported when the arrays span a variety of
azimuthal directions.
In the case of poor GDOP, travel time information
can supplement the azimuthal data and result in
significantly improved localization precision. This
improvement occurs because the uncertainly ellipses
for travel-time only localizations are elongated
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orthogonal to that for azimuth. Therefore, when the
two measurements are combined, the localization is
more tightly constrained, with an uncertainty ellipse
that is more circular in nature. [As an example, see
NORRIS and GIBSON (2002)].
5.2. Improvements to Propagation Models,
Atmospheric Specifications
For predicting arrival times and back azimuth
deviations at regional distances (\2,000 km), 3D ray
tracing is state-of-the-art. To first order, existing
implementations do a reasonable job at predicting
arrivals beyond the zone of silence with state-of-theart 4D atmospheric specifications (e.g., the Groundto-Space model, DROB et al., (2003)). There are
however, improvements to the propagation models
that would increase the fidelity of the predictions by
accounting for additional physics.
As ray tracing is a geometrical approximation, it
does not account for frequency dependent effects.
The model is applicable as long as the acoustic
wavelength is small in comparison with the physical
scales of the medium (KINSLER et al., 1982; JENSEN
et al., 1994). As this assumption breaks down, the
resulting effect for infrasound propagation is that
we begin to observe geometric dispersion. Each
frequency component takes a slightly different propagation path and there is a spreading of the wave
packet as observed at the array. Time-domain parabolic equation models (TDPE) (NORRIS et al., 2007)
can be applied along a given azimuth to predict this
effect. Higher fidelity travel time predictions could
then be made by comparing the observed and
predicted waveforms, where the same phase arrival
(peak picking) algorithm would be applied.
Although the TDPE approach can be used for
travel times, it does not account for deviations along
a given azimuth, which the 3-D ray model quantifies
with the azimuthal deviation metric. Research could
be pursued to account for these effects using fullwave models. The approach could either be based on
exploring 3-D implementations, or in developing
hybrid N by 2D solutions.
Another area of research is in the prediction of the
propagation paths (phases). The well-established
paths of interest are capped at the top of the
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troposphere and stratosphere. Quantifying their stability, strength, and evolution can be captured with
the high-resolution atmospheric specification proposed below, coupled with Monte Carlo simulations.
An additional propagation path may also be relevant:
infrasonic energy gets trapped in the stratopause and
‘‘rides’’ this height for an extended distance before
ultimately escaping and refracting back down to the
ground. The trapping occurs as the energy bounces
between layers of inhomogeneities driven by gravity
waves. This path is significant because the group
velocities are much larger than those for a stratospheric path. More research is needed in further
quantifying the condition needed and frequency to
which this additional propagation path occurs.
For the atmospheric specification, at distances
inside 200 km, the addition of fine-scale structure is
typically required in order to predict observed
arrivals. The key research required, associated with
improvements to propagation models and atmospheric specifications for location purposes, is
related to the incorporation of this fine-scale structure
and its effect on the prediction of travel times and
back azimuth deviations. Research is needed on the
implementation of such methods for the prediction of
Bayesian prior PDF’s on azimuthal deviations and
arrival times.
Recent work has illustrated the value in incorporating spectral models for gravity waves in
propagation simulations (KULICHKOV, 2004; GIBSON
et al., 2009). With the use of such stochastic models,
Monte Carlo methods are needed to adequately
sample the solution space. Due to the dynamic nature
of the atmosphere, the solution space is spanned both
spatial and temporally. Predictions that capture the
relevant scales are on the order of 0.1–1 degree in
space and hourly in time. Obviously this modeling
fidelity must be balanced with the resulting payoff
and computation loads they introduce. The modeling
turn-around time for analysis and operational groups
must also be considered. With these issues in mind,
research in optimization of the front-to-end modeling
chain would also be beneficial.
In all cases, these more sophisticated group
velocity and back azimuth models are predictions of
stochastic atmospheric processes and therefore
have error. Embedding these predictions into the
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appropriate error model provides the priors for the
advanced framework.
5.3. Validation of Propagation Models, Atmospheric
Specifications
Perhaps the most neglected area of research to
date has been the adequate validation of propagation
models using large ground-truth datasets (comprising
1,000’s of arrivals). In part, this has been a result of
the limited infrasound data openly available to
researchers. Recent work with USArray data has
illustrated how spatially-aliased most infrasound
networks are, and how USArray is enabling such
validation for the first time (HEDLIN et al., 2010).
Unfortunately, USArray comprises single acoustic
elements and therefore cannot be used to validate
model predictions of back azimuth deviations. To
address this limitation, research deployments like the
Utah network are essential for gathering sufficient
ground-truth data with which to properly test models.
Such deployments are in their infancy, and little
research has been done to date on this aspect.
However, based on the findings presented in this
paper, such work is critical to validate the model
implementations, which will ultimately improve the
localization capability that can be obtained using
regional infrasound networks.
5.4. Seismo-acoustic Location
The complementary nature of infrasound and
seismic data argues for combining both datasets for
simultaneous localization of seismo-acoustic events.
Seismic data provide better traveltime constraints
whereas infrasound back azimuths are superior owing
to the relatively low lateral heterogeneity in the
atmosphere. CHE et al. (2009) demonstrate the
advantage of combining both technologies by demonstrating how a combined seismo-acoustic location
is more accurate, compared to both seismic and
infrasound locations, for a ground-truth mining
explosion in Korea. PINSKY et al. (2012) report on
highly accurate seismo-acoustic locations for a series
of explosions in Israel. These papers show promise
but there has been little research on how to best
combine seismic and infrasound data for localization.
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Towards this goal, we plan to explore an extension of
the BISL framework discussed in this paper through
the inclusion of seismic traveltime constraints.

6. Conclusions and Future Research
We have discussed metrics for regional infrasound monitoring, and how these might be improved
with improvements to existing atmospheric specifications and propagation models. Similar metrics are
needed to guide the development of atmospheric
specifications and infrasound propagation models
(e.g., how well one can predict the arrival times and
amplitudes of signals), but these are not the focus of
this paper. Ultimately, for the CTBT monitoring
problem, the key parameters are detection, location,
and yield estimation. The authors are currently
developing acoustic/infrasonic yield estimation
methods that require good source location for path
corrections. By providing metrics to quantify the
capability of infrasound technology in estimating
these parameters, the community can better provide
decision makers with the tools they need to understand both existing and potential capability.
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