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Motivation

Infrasound

Seismic

Seismo-Acoustic

• Natural and man made sources at regional distances

• Seismic and infrasound propagation

Historic images 
provided by 
Laslö Evers



Example Explosion the Solid Earth -
Atmosphere Boundary

FSU - 160 km
Order of magnitude difference 

in Propagation Velocity

Seismic - Pn, Pg, Lg

Infrasound

Missile destruction by 
explosion ~ 50,000 lbs



Overview

• History

• Propagation and the Atmosphere

• Instrumentation and Arrays

• Infrasound Sources

• Combining Seismic and Infrasound

• Large-N Demo



Krakatoa, 1883

Simpkin and Fiske, 1983.

Evers and Haak, 2010 History



WWI Sounding

Evers and Haak, 2010 History



Monitoring Atmospheric Nuclear 
Explosions

McKisic, 1997 History



Comprehensive Nuclear Test Ban 
Treaty - 1996

History



Types of Infrasound Arrivals

• Seismic and Infrasound frequency (f) bands similar (1-10 Hz)
• Infrasound velocities  are at least 10 times slower than seismic ~ 330 m/s
• Infrasound Wavelengths are at least 10 times shorter (10s-100s m)

𝝀 =
𝑽
𝒇 = 𝑽	 & 𝑻

Propagation & AtmosphereArrowsmith et al., 2010



Atmospheric Path Effects -
Temperature

Skinner, Porter 
and Botkin, 1999

Propagation & Atmosphere



•Atmospheric wind direction and velocity 
perturbs velocity of propagation

• Weather patterns can introduce 
propagation ducts

• Propagation model is time dependent

Bedard and Georges, 2000

𝐶)** = 𝐶+ + n & v
		𝐶+: velocity from temp 
n: direction of prop
v: velocity of wind

Type	equation	here.

Atmospheric Path Effects – Plus Wind

Propagation & Atmosphere



Winds Parallel to Propagation

Propagation & AtmosphereArrowsmith et al., 2010



Winds Perpendicular to Propagation

Propagation & AtmosphereArrowsmith et al., 2010



Zone of Silence ?

Propagation & AtmosphereArrowsmith et al., 2010



Primary Focus on Two Complementary Paths
Zone of Silence?

Two arrays are 181 km 
(CHNAR) and 169 km 
(ULDAR) from mine along one 
continental path and one 
oceanic pathOrigin time and location constrained 

by in-mine instrumentation

Propagation & AtmosphereChe et al., 2011



Seasonal Variations in Travel-Times and 
Backazimuths

• Strong seasonal variation in travel time to CHNAR
• Larger variation in travel-times to ULDAR (much faster)
• Small variation in backazimuth
• Seasonal Detectability

CHNAR 260 to 289 m/s, 
characteristic of 
stratospheric returns

ULDAR 322 to 361 m/s, 
characteristic of 
stratospheric returns

Propagation & AtmosphereChe et al., 2011



Ray Tracing 2007-2009

• White Dots – Height of Balloon Data
• Black Dots – Height where atmospheric velocity is higher than velocity at 

surface
• White Circles – Turning points in atmosphere of predicted eigenrays

CHNAR ULDAR

Propagation & AtmosphereChe et al., 2011



Seasonal Variation of Zonal Winds

Summer

Winter

Propagation & Atmosphere



Observations

Winter Propagation & Atmosphere



Observations

Summer Propagation & Atmosphere



Seismometers Capture Infrasound
Summer

Winter

Propagation & Atmosphere



Integrated Seismo-Acoustic Array

Ingate and Berger, 2005 Bedard, 1999

SEISMIC INFRASOUND

Similar Frequency Bands but Order Magnitude Wavelength 
Differences

Instrumentation & Arrays



Noise Comparison
SEISMIC INFRASOUND

Large Difference in Slowness and Noise Characteristics

Instrumentation & Arrays



Noise and Wind Velocity

Instrumentation & Arrays



Seismic and Acoustic Characteristics
Seismic Acoustic

Scale km 50 meters
Site Hard rock Forest
Incoherent Noise High wavenumber Low wavenumbers 

during wind
Coherent noise Oriented with 

seismic sources
Oriented with wind 
or local sources

Sensor reliability High Moderate

Sensor cost High Moderate
Installation 
requirements

Moderate Low

Array Gain Moderate High

Instrumentation & Arrays



Decreasing Incoherent Noise from 
Turbulence at Free Surface

Foken, 2008



Array Designed for Wavelength 
Differences

Instrumentation & Arrays

𝝀 =
𝑽
𝒇 = 𝑽	 & 𝑻



Korea Infrasound Network

Nearly co-linear station distribution illustrates value of 
IMS resources to location

Che et al., 2017 Instrumentation & Arrays



Array Configurations Provide Source 
Detection and Back Azimuth Estimates

Detection on and around Korean Peninsula of Atmospheric Explosions 
• ~10 t of TNT for three-station coverage from June to 

September
• ~5–30 t of TNT from October to May 
• ~20t improvement over IMS stations

Che et al., 2017

Instrumentation & Arrays



Instrumentation & Arrays



Array Processing Seismo-Acoustic Event

• Backazimuth
• Phase Velocity
• Phase Identification ?
• Arrival Times ?

Initially acoustic array processing driven 
by seismic observation

Stump et al., 2001 Instrumentation & Arrays



Array Processing and Location
(1) Arrival Time, (2) Backazimuth to Source, (3) Phase Velocity Across Array

Data and Coherent Data 
Processing

Back azimuth model priors Group velocity model priors

Atmospheric 
Model 

Instrumentation & Arrays

Rost and Thomas, 2002

Blom et al., 2015



Infrasound 
Signals 

Detections and Location 
of Jan 2016 Explosion

Wind-corrected estimate
Uncorrected estimate
Source location

Signal DetectionSeismic Velocity (8km/s) Infrasound Velocity (0.4-0.2 km/s)

Instrumentation & ArraysPark et al., 2017



Seismo-Acoustic and Infrasound Sources

Infrasound Sourcesctbto.org



Regional Seismo-Acoustic Signals from Mines

Seismic
Seismo-Acoustic Signals

Che, 2008 Infrasound Sources



0.4 km

1 km

0.4 km

2.2 km

NK Presumed 
Nuclear 

Explosions

Source
s

IMS infrasound 
array

Seismo-Acoustic-
acoustic array

SMU + KIGAM

Test Site
seismic station

KIGAM

IMS seismic

KSRS

MDJ

Stations

1

2

3

4
5

Source location 
estimates by 
KIGAM

Infrasound Sources



NK Nuclear Explosions
Infrasound – 2006, 2009, 2013

Che et al., 2017 Infrasound Sources



Infrasound 
Signals 

Detections and Location 
of Jan 2016 Explosion

Wind-corrected estimate
Uncorrected estimate
Source location

Signal DetectionSeismic Velocity (8km/s) Infrasound Velocity (0.4-0.2 km/s)

Infrasound SourcesPark et al., 2017



Atmospheric Variations
October 9 2006 May 25 2009

February 12 2013

January 6 2016 September 9 2016

Park et al., 2017 Infrasound Sources

Predictions	- Atmospheric	Variations
October	9	2006 May	25	2009 February	12	2013

January	6	2016 September	9	2016
Detection

No	detection

Tropospheric								

Stratospheric								

Thermospheric	arrivals	

Ray	tracing	using	GeoAc

(Blom	and	Waxler,	2012)	

with	Ground-to-Space	

(G2S)	atmosphere	(Drob et	

al.,	2010).



Infrasonic Source Energy

• Empirical yield-scaling from Whitaker et al. (2003)
• Stratospheric phase at closest array (KSGAR)
• Stratospheric wind correction from G2S model
• Equivalent yields:

• No clear observations from 2006 explosion and no
stratospheric phase at KSGAR for 2016 (Sep)
explosion.

NKNE mb Date Tons of 
TNT

1st 3.9 10/09/06 -
2nd 4.5 05/25/09 0.6
3rd 4.9 02/12/13 23.5
4th 4.8 01/06/16 8.2
5th 5.0 09/09/16 -

Park et al., 2017 Infrasound Sources



Circleville, Utah Earthquake
ML 4.6, h ~ 9 km

Infrasound observations across arrays deployed in Utah

5 min

Infrasound SourcesArrowsmith et al., 2012



Infrasound Signals and Earthquake Source 
Location

PE Synthetics ~ 1 Hz, Stations with and 
without observations consistent with 
synthetics using the G2S atmospheric model

BISL Location

Infrasound SourcesArrowsmith et al., 2012



Modeling Earthquake Infrasound
Following Pierce (1989) 
the Rayleigh integral can 
be used to estimate the 
near field infrasound 
given the acceleration 
time history at the free 
surface, a(t)

3D Synthetics are scaled 
by ShakeMap Amplitudes Predicted and observed amplitudes ~ factor 2

Infrasound SourcesArrowsmith et al., 2012



Infrasound From Volcanoes

Sakurajima, Kyushu, Japan             Jeffrey Johnson, Boise State University

Infrasound Sources



Bolides

Chelybinsk, 15 Feb 2013

USArray Observations

De Groot Hedlin and Hedlin, 2014Infrasound Sources



On 12 August 2015, the city of Tianjin in Northern China was rocked by a 
series of explosions. The explosions occurred in a facility that housed 
hazardous chemicals.

Data from local stations in China are not available.  The explosions, however, 
were large enough to be recorded at regional stations in China and Korea.

Goal – Perform an analysis (location, depth, yield) of the explosions using 
multi-phenomological observations (seismic, acoustic, craterology) using only 
regional data since local data may not be for future events.

Pasyanos et al., 2016 Combining Seismic and Infrasound



Origin Time
Seismic Velocity (8km/s)
Infrasound Velocity (0.4-0.2 km/s)
Signal Detections

Array Arrival 
Time

Back Az

BRDAR 16:13:41 280.5°

KMPAR 16:25:31 290.0°

CHNAR 16:27:02 274.6°

TJIAR 16:33:04 295.9°

KSGAR 16:34:37 275.4°

IS34M
N

16:46:10 135.9°

Infrasound waveforms
0.1-2 Hz

Regional Infrasound Picks

Pasyanos et al., 2016 Combining Seismic and Infrasound



Seismic and acoustic signals are combined through BayesLoc
Infrasound used as a prior for seismic solution

Pasyanos et al., 2016 Combining Seismic and Infrasound



150 tons @ 2 m DOB
150 tons @ surface

= max likelihood
= max likelihood @ 
surface

Pasyanos et al., 2016
Combining Seismic 

and Infrasound



URBAN INFRASOUND 1
NASCAR Race

10 Seismic Sensors
11 Infrasound Sensors

Seismo-Acoustic 
Array

1100 Feet

Combining Seismic and Infrasound



Time is GMT (5 hours ahead of local time)

Engines 
start?

Race Scheduled 
Start

Driers 
working the 
track?

Yellow 
Flag

Green Flag

Car moving 
through 
grass

Combining Seismic and Infrasound



Jet Drier 
on track

Helicopter 
monitoring

No helicopter 
during fly over

Oklahoma 
Earthquake

Yellow Flag 
laps

Green flag 
laps

More Yellow 
Flag laps

Details Just Before and After Race Start

Combining Seismic and Infrasound



Conclusions

• Infrasound signals have been used for over 
100 years to ID natural and human sources

• Infrasound wavelengths are a factor of 10 
smaller than typical seismic wavelengths.

• Infrasound propagation is time dependent.  

• Arrays are critical to separating infrasound 
signals from noise.

• Many opportunities for combining seismic and 
infrasound observations.



Future


