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Relevance	  to	  Science	  of	  Signatures	  

•  Infrasound	  is	  a	  ‘signature’	  of	  energe2c	  events	  
in	  the	  atmosphere	  and	  shallow	  crust	  

•  Infrasound	  is	  the	  component	  of	  the	  CTBT	  
monitoring	  framework	  dedicated	  to	  
monitoring	  atmospheric	  explosions	  

•  Infrasound	  is	  also	  used	  by	  U.S.	  monitoring	  
agencies	  for	  source	  characteriza2on	  and	  yield	  
es2ma2on	  
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Accoun3ng	  for	  the	  dynamic	  atmosphere	  is	  the	  challenge	  we	  are	  addressing	  
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Stochas3c	  Models	  should	  be	  used	  for	  regional	  and	  global	  scales	  

•  Determinis2c	  methods	  can	  work	  at	  local	  scales	  
•  At	  regional	  and	  global	  scales,	  atmospheric	  propaga2on	  should	  

be	  modeled	  stochas2cally	  
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The	  U3lity	  of	  Global	  Stochas3c	  Models	  
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•  Global	  Stochas2c	  Models	  enable	  improvements	  to	  associa2on,	  loca2on,	  
discrimina2on,	  and	  yield	  es2ma2on	  using	  infrasound	  data	  

•  Our	  LANL-‐developed	  tool,	  InfraPy,	  and	  associated	  products	  are	  enabling	  
the	  CTBTO	  monitoring	  mission	  and	  the	  missions	  of	  mul2ple	  U.S.	  
monitoring	  agencies	  



2014	  Science	  of	  Signatures	  Pillar	  Review	  

Our	  LANL	  team	  is	  u3lizing	  regional	  and	  global	  networks	  
Interna2onal	  Monitoring	  
System	  (IMS)	  infrasound	  
network	  

Korea	  network	  
6	  
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What	  do	  we	  mean	  by	  a	  Stochas3c	  Model?	  
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Celerity	  (v)	  is	  representa2ve	  of	  
the	  ‘phase’	  or	  propaga2on	  path	   Pr

ob
ab

ilit
y 

of
 O

bs
er

vi
ng

 A
rri

va
l

Celerity [km/s]

Celerity Distribution

 

 

 

 

 

 

 

 

 

 

 0.2  0.22  0.24  0.26  0.28  0.3  0.32  0.34  0.36

For	  a	  given	  
observa2on,	  we	  
wish	  to	  
characterize	  the	  
PDF	  of	  observed	  
celerity	  

Previous	  capability	  
used	  a	  simple	  
uniform	  distribu2on	  

We	  are	  building	  improved	  
models	  that	  use	  atmospheric	  
and	  propaga2on	  models	  

A	  sta2s2cal	  model	  represen2ng	  the	  predic2on	  of	  an	  important	  propaga2on	  
property	  that	  formally	  captures	  the	  uncertainty	  of	  that	  property	  
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Associa2on	  for	  48	  hour	  period	  including	  erup2on	  of	  Kelud	  volcano,	  Indonesia	  on	  February	  13,	  2014	  

8	  

Arrivals	  from	  real	  
events	  have	  much	  
higher	  connec2vity	  

•  Associa2on:	  Iden2fying	  detec2ons	  at	  different	  arrays	  from	  the	  same	  causa2ve	  event	  
•  Current	  analysis	  using	  crude	  priors	  is	  good	  for	  big	  events	  but	  poor	  for	  small	  events	  

detected	  at	  <6	  arrays	  

LANL-‐developed	  associa3on	  method	  uses	  a	  
novel	  combina3on	  of	  physics	  and	  graph	  theory	  
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Loca3ng	  infrasonic	  sources	  with	  BISL	  

•  Bayesian	  loca2on	  
framework	  developed	  to	  
formally	  u2lize	  
probabilis2c	  models	  for	  
celerity	  and	  backazimuth	  
devia2on	  

•  Enables	  es2ma2on	  of	  
confidence	  intervals	  

Loca2on	  for	  erup2on	  of	  Kelud	  volcano,	  Indonesia	  

9	  

99%	  confidence	  interval	  

95%	  confidence	  interval	  
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Global	  Stochas3c	  Models:	  Enabling	  infrasound	  as	  a	  viable	  capability	  for	  the	  CTBT	  

Ray	  bounce	  points	  for	  one	  atmosphere	  over	  
UTTR	  in	  January	  2010	  

Catalog	  of	  propaga2on	  simula2ons	  for	  UTTR	  
during	  January	  over	  mul2ple	  years	  

Gaussian	  
Mixture	  
Model	  for	  
range/
azimuth	  bin	  
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Valida3ng	  Travel-‐3me/Velocity	  Models	  
Infrasound	  from	  UTTR	  explosion	  
recorded	  on	  USArray	  
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1156 A. Nippress et al.

Figure 1. (a) Number of events per month for the years 2004–2008 inclusive. (b) Location of USArray seismic stations (red triangles) and infrasound stations
(green triangles) used in this study to detect events at the UTTR (black star). Due to the rolling nature of the USArray from west to east, not all the stations are
available for all events.

Figure 2. Data for 2012 October 16 explosion at Camp Minden, Louisiana,
United States, from USArray station 140A, ∼22 km from the explosion.
Both the microbarograph recording (top) and the vertical velocity component
of the seismometer (bottom) are bandpass filtered at 1–5 Hz.

which arrival to pick. The answer is to combine these questions
and to simply pick the maximum peak-to-peak amplitude arrival
irrespective of how many arrivals are observed at a particular station
for a single event. This removes the difficulties of picking the onset
time in emergent arrivals and allows a pick to be made regardless
of the possible phase.

To confirm that maximum peak-to-peak arrival times of infra-
sound signals recorded on microbarographs are comparable to those
of air-to-ground coupled waves recorded on the vertical component
of seismometers, an example is taken from the Camp Minden explo-
sion in Louisiana on the 2012 October 16. This event was recorded
on the upgraded USArray (TA network), which now has a micro-
barograph colocated with every seismometer (Vernon et al. 2010).
Fig. 2 shows an example tropospheric arrival recorded ∼22 km from
the explosion and demonstrates that the two-data sets are compara-
ble in terms of the time of peak amplitude.

Although for both data sets the maximum peak-to-peak arrival
is used to pick the traveltime and therefore to calculate the celer-
ity given that the epicentral distance is known, the infrasound and
seismic data are processed slightly differently because the infra-
sound stations are arrays whereas the seismic stations are single-
instruments.

Table 1. Filters for the infrasound processing are chosen
from the following two-octave wide filter bands (e.g.
Green & Bowers 2010).

High pass (Hz) Low pass (Hz) Window length (s)

0.04 0.16 100
0.08 0.32 50
0.16 0.64 25
0.32 1.28 12.5
0.64 2.56 6.25
1.28 5.12 3.125

3.1 Infrasound recordings

For each event at each array, the pressure channels were beamformed
(delayed and summed) over combinations of different backazimuth
(true backazimuth ±10◦ at 1◦ intervals) and apparent velocity (0.3–
0.45 km s−1 at 0.005 km s−1 intervals). A range of 2-octave band
Butterworth 6-pole filters (Table 1; Green & Bowers 2010) were
applied to the beamformed data, to find the signal with the maximum
F-statistic (Blandford 1974). Window lengths were varied to keep
the time-bandwidth product constant. This ensures approximately
equal data degrees-of-freedom in the different filter bands, allowing
F-statistic values to be compared across filter bands. The values for
azimuth and apparent velocity of the maximum F-statistic signal
were then used to build the final filtered beam from which the
arrival time of the maximum peak-to-peak signal could be picked.

A data example demonstrating these processing steps for NVIAR
is shown in Fig. 3. Although in this example there are three signals
that can be identified, only one pick is made at the maximum peak-
to-peak arrival (the middle arrival in this example). The resulting
celerity is 0.31 km s−1, suggesting that this is a stratospheric ar-
rival (see Supporting Information – Infrasound_array_data.xls for a
complete table containing all the infrasound recordings processed).

3.2 Seismo-acoustic recordings

Although the seismic stations are part of the USArray, the 70 km
spacing is too large to be used as an array for infrasound signals
and therefore each station is treated individually. For stations up
to ∼60 km away from the UTTR, which are clearly recording high
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Comparisons	  with	  data	  iden2fy	  scenarios	  
where	  model	  improvements	  are	  needed	  

11	  

The	  data	  
valida2on	  is	  a	  
collabora2on	  with	  
AWE,	  UK	  
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Stochastic Models improve Association false alarm rate 

Slide 12 

3 

4 5 

Approx. daily # of 
detections on IMS array 

Approx. daily # of 
detections on IMS array 

Without Stochastic Models With Stochastic Models 

•  The 10-sensor false positive rate representing current capability is equal to that of 4 
sensors using stochastic models 
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Stochas3c	  Models	  Improve	  Loca3on	  Precision	  

13	  

With	  
stochas2c	  
models	  

Without	  
stochas2c	  
models	  
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Modeling	  Addi3onal	  Parameters	  will	  provide	  
further	  enhancements	  to	  capability	  

We	  are	  working	  on	  developing	  models	  for	  other	  parameters:	  
–  Backazimuth	  devia2on	  –	  would	  improve	  loca+on	  accuracy	  
–  Transmission	  loss	  as	  a	  func2on	  of	  frequency	  –	  would	  improve	  

associa+on	  false	  alarm	  rate	  and	  yield	  es+ma+on	  accuracy	  
–  Signal	  Dura2on	  –	  would	  improve	  associa+on	  false	  alarm	  rate	  and	  yield	  

es+ma+on	  accuracy	  
	  

14	  



2014	  Science	  of	  Signatures	  Pillar	  Review	  

LANL-‐developed	  framework	  for	  using	  infrasound	  data	  
to	  enhance	  Atmospheric	  Models	  

Winds	  at	  high	  al2tude	  
come	  from	  limited	  
ground-‐based	  
measurements	  

Itera2ve	  inversion	  
schemes	  account	  
for	  nonlinearity	  

•  Research	  conducted	  under	  LDRD-‐ER	  project	  
•  Key	  innova2on:	  Mathema2cal	  framework	  for	  using	  

infrasound	  from	  con2nuous	  sources	  with	  unknown	  
loca2on	  to	  update	  atmospheric	  models.	  

•  A	  ubiquitous	  con2nuous	  source	  is	  caused	  by	  
standing	  waves	  in	  the	  ocean	  (microbaroms)	  
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Exploring	  correla3ons	  of	  Microbaroms	  

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy�s NNSA 

U N C L A S S I F I E D 

Map of temporary network for studying microbaroms 
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Correlations (DLIAR and Santa Fe sensor, 35 km, 300o) 
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Our	  planned	  field	  experiment	  in	  Norway,	  2015	  
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Simultaneous	  Inversion	  of	  Source	  and	  Path	  
Simultaneous Inversion of Source and Path
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Gibbs Sampler

Multi-parameter PDF

Problem consists of a series of data 
(d) and model (m) parameters

For each possible model parameter, 
one can calculate the fit to the data

Model parameters include location, 
yield, and some representation of 
atmospheric state
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•  In	  principle,	  an	  inverse	  approach	  for	  upda2ng	  the	  atmosphere	  can	  be	  formulated	  in	  the	  BISL	  framework	  where	  
adequate	  measurements	  exist	  

•  Such	  an	  approach	  would	  enable	  the	  full	  quan2fica2on	  of	  the	  trade-‐offs	  in	  model	  parameters	  for	  the	  first	  2me	  
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Summary	  
•  Global	  stochas2c	  models	  are	  the	  only	  way	  
currently	  developed	  to	  incorporate	  the	  
dynamic	  atmospheric	  effects	  for	  automa2c	  
infrasound	  data	  processing	  

•  Our	  LANL	  infrasound	  research	  team	  is	  leading	  
the	  development	  of	  these	  models	  and	  their	  
prac2cal	  use	  

•  For	  more	  details,	  see:	  ‘Loca2ng	  Infrasonic	  
Sources	  at	  Regional	  and	  Global	  Distances’	  by	  
Blom	  and	  Marcillo	  
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