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Next Steps

Preliminary results
• We observe the characteristic phase delay between seismic
 and infrasound synthetic waveforms in the cross-correlation
 and phase-o-gram

• Synthetic acoustic and GCA data show coherence and
retrograde particle motion

• Pagan explosion shows coherence and phase between
the seismic and acoustic traces

• Pagan data show Rayleigh wave-like particle motion

• Test separation distances with synthetic data

• Add noise (white and pink) to synthetic data and test 
  method at various SNRs 

• Test methodology with other data sets: Chelyabinsk 
meteor; and Pagan, Cleveland, Pavlof and Calbuco 
Volcanoes

Application

Figure 15 Topographic map of Pagan 
Volcano, Northern Mariana Islands. Station
PGBF is noted by the red (seismic) and 
blue (infrasound) dots.

Figure 16 Forward Problem (a) Waveforms; (b) 
Infrasound spectrogram; (c) seismic spectrogram; 
(d) Cross-correlation between seismic and 
infrasound; (e) Cohere-o-gram; (f ) Corrected 
Phase-o-gram using volcano location.

Figure 17 Inverse Problem (a) Waveforms; (b) 
Cohere-o-gram; (c) Phase-o-gram; (d) Corrected 
Phase-o-gram.
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(a)

Station PGBF
Infrasound (red) and Vertical Seismic (black)

Filter limits: Highpass 0.05 Hz, Bandpass 0.5-5 Hz

(b)
Infrasound Spectrogram using Multitaper Method

Window length 10 sec, step 1 sec, nfft= 512
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(c) BB Vertical Seismic Spectrogram using Multitaper Method
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(d)
Cross-correlation between 2.5-24 Hz infrasound and seismic

Window length 5 sec, lag 0.5 sec, step 1 sec
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(e)
Coherence spectrogram of unfiltered infrasound and seismic

Window length 5 sec, step 1 sec, nfft = 512
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(f)
Phase spectrogram of unfiltered infrasound and seismic

Window length 5 sec, step 1 sec, nfft = 512
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Figure 19 Particle motion of synthetic data. (a) East versus North 
displacement; (b) East versus Vertical displacement; (c) North versus 
Vertical displacement; (d) East versus North versus Vertical displacement. 
Time is noted by the color.
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(a) Infrasound (red) and Vertical Seismic (black)

(b)
Coherence spectrogram of unfiltered infrasound and seismic

Window length 5 sec, step 1 sec, nfft = 512
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(c)
Phase spectrogram of unfiltered infrasound and seismic

Window length 5 sec, step 1 sec, nfft = 512
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(d) Corrected Phase spectrogram
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• Fig. 16: an example of a GCA from an 
explosion at Pagan with high coherence
and 90 deg. phase knowing the source
location  
• Fig. 17: Phase is corrected to 90 degrees
without source location
• Fig. 18: Rectilinearity, planarity and 
resulting azimuth and incidence angle
are inconclusive
• Fig. 19: Scatter in subplots suggest
Rayleigh wave-like particle motion, but
more investigation is needed
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Figure 6 Inverse Method

The Inverse Problem

Figure 7 Time slices of the simulation from Earth-atmosphere 3D �nite
di�erence code using topography from Pagan Volcano. At t = 2 s, the seismic 
wave passes and couples to the atmosphere. At t = 6 s, the acoustic wave 
passes and couples to the earth. 
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Figure 8 Synthetic waveforms for three components of particle velocity 
(red) and 1 component of pressure (blue) at 9 di�erence depths. Positive 
values are subsurface and negative values are subaerial. Station PGBF is 
at 21 m elevation.

Figure 9 Normalized, synthetic (a) infrasound and (b) 
vertical seismic traces. The seismic signal arrives �rst, ~4 sec,
and shows up on the infrasound trace as an air-coupled 
ground-wave (ACG). The explosion airwave arrives at ~9 sec 
in the infrasound and shows up on seismic trace as a GCA. 
Both the ACG and GCA have a phase shift from the seismic 
and infrasonic signals, respectively.
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Figure 10 (a) Infrasound and (b) seismic spectrograms. For 
both, most of the energy is below about 5 Hz. These were 
calculated using the multitaper method.
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Figure 11 Cross-correlation between seismic and infrasound.
At ~10 sec the time shift/phase between the infrasound and 
GCA is observed.

Figure 12 (a) Infrasound (red) and seismic (black);
(b) Cohere-o-gram (coherence spectra); (c) Phase-o-
gram (phase spectrogram); times with coherence 
below 0.7 are whited out. (d) This plots the di�erence 
between the phase-o-gram and 90 degrees. 
(e) ‘Corrected’ phase-o-gram. 

Figure 13 (a) Rectilinearity (blue) and Planarity (red) 
of synthetic seismic data through time. (b) Azimuth 
of wave propagation direction through time. 
(c) Angle of incidence through time. 

Figure 14 Particle motion of synthetic data. (a) East versus North displacement; 
(b) East versus Vertical displacement; (c) North versus Vertical displacement; 
(d) East versus North versus Vertical displacement. Time is noted by the color.
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Here we use synthetic seismic and acoustic data to investigate the inverse problem (Fig. 6). 
The synthetic data are generated by a coupled Earth-atmosphere 3D �nite di�erence code 
(Figs. 7 & 8) (Haney et al. [2009]). 0 2 4 6 8 10 12 14 16 18 20

(a)

Synthetic PGBF
Infrasound (red) and Vertical Seismic (black)

Filters: (top)Highpass 0.05 Hz, (bottom)Bandpass 0.1-2.5 Hz

(b)
Cohere-o-gram of highpass filtered infrasound and seismic

Window length 4 sec, step 0.2 sec, nfft = 4096
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(c)
Phase-o-gram of highpass filtered infrasound and seismic

Window length 4 sec, step 0.2 sec, nfft = 4096
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(d) Difference between phase spectrogram and 90 degrees
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(e) Corrected Phase spectrogram
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Highlights:
• Figure 7 shows air-coupled ground wave and 
  ground-coupled airwave

• Figure 11 shows characteristic lag in cross-correlation 
  of GCA and infrasound 

• Figure 12 highlights high coherence between GCA 
  and infrasound and shows the 90 phase between them

• Figure 13 Show high planarity and low rectilinearity 
  during GCA and an azimuth of ~45 deg

• Figure 14 shows Rayleigh-wave like particle motion 
  pointing in the direction of the synthetic source
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(c)

Figure 18 (a) Rectilinearity (blue) and Planarity (red) 
of synthetic seismic data through time. (b) Azimuth 
of wave propagation direction through time. 
(c) Angle of incidence through time. 
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Seismic

Infrasonic

ACG

GCA

Ground-coupled Airwaves (GCA) Primer

• Seismometers are sensitive to Rayleigh waves in the 
  vertical and radial components
• GCAs travel at the speed of sound in the atmosphere 
  ~343 m/s

Infrasonic

Seismic
Seismic

Seismic

Seismic

Seismic

Seismic

De Angelis et al. [2012]• Acoustic wave shakes the ground
• Ground shaking propagates as a Rayleigh 
  surface wave
• Rayleigh waves have retrograde particle 
  motion

Atmosphere
Subsurface

Transverse

Radial

Vertical

Figure 1 Figure 2

Determining signal from wind noise

Pðt; xpÞ ¼ pinðt; xpÞ þ Hwpwinðt; xpÞ þ Npðt; xpÞ

W ðt; xsÞ ¼ winðt; xsÞ þ Hpwpinðt; xsÞ þ Hn
pwNpðt; xsÞ

R½t;W ; P� � R½t; win; pin� þ R½t; win; Hwpwin� þ R½t; Hpwpin; pin�

Hpw ¼ e�ip=2ca
2ðlþ mÞ

lþ 2m
m

Pressure change on ground surface

Vertical velocity observed

Coe�cient for P to produce W

Cross correlation yields:

Incident
Rayleigh wave

Air-ground
coupling

Wind noise
coupled to 
ground

90˚ phase

Incident
pressure wave

Ground-air
coupling

Wind noise

Ichihara et al. [2012]

Infrasonic

Seismic

Running Mean
Amplitudes

5 s window
Cross-correlation

Figure 3

Ichihara et al. [2012]

The Forward Problem
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Matoza and Fee [2014]

• Knowns: Source, microphone and seismometer locations
• Use the known apparent distance, d0, to shift the seismic (or
infrasonic) waveform in time to account for additional travel time.
• After shifting the data, the characteristic 90˚ phase should appear 
in the phase spectrogram (or phase-o-gram) as in Fig. 5 f. 

Figure 4 Forward Problem: Method for shifting the data to correct for
apparent distance and highlight the 90 degree phase.

Figure 5 (a) Infrasound (red) and seismic (black) waveforms; 
(b) Infrasound and (b) seismic spectrograms; (d) Cross-
correlation between infrasound and seismic waveforms; (e) 
Cohere-o-gram; (f) Phase-o-gram; (g) Azimuth to source 
using array processing

• Determining the seismo-acoustic coherence through time
(a.k.a. cohere-o-gram) shows when and  at what frequencies 
the signals are similar.

Research Question
Can we �nd back-azimuth to an infrasonic source using seismo-acoustic data from a nearly collocated 
seismometer and microphone? How robust is the technique?

Motivation & Key Points
• A single seismo-acoustic station is more economical than an array of microphones or seismometers
• Deploying a microphone with a seismometer enables distinguishing subsurface from subaerial sources
• Separating the microphone and seismometer by 10s of meters makes the wind noise incoherent
• Infrasound and ground-coupled airwave traces have 90 degree phase
• Back-azimuth determined with 2 microphones produces non-unique solution. By replacing one microphone 
with a 3-component seismometer, we aim to determine a unique solution by integrating particle motion. 

Infrasound signal detection and characterization using ground-coupled airwaves on a single seismo-acoustic sensor pair
Kathleen McKee1 (kfmckee@alaska.edu), David Fee1, Matthew Haney2, John Lyons2, Robin Matoza3

1Geophysical Institute, Alaska Volcano Observatory, University of Alaska Fairbanks, 2Alaska Volcano Observatory, U.S. Geological Survey,  3Department of Earth Science, University of California, Santa Barbara

S11C - 2463


