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Background

� Tornadoes radiate infrasound, which can
propagate hundreds of kilometers
without significant atmospheric
absorption

� An early warning system is feasible
with the acoustic detection equipment

� A method that combined the acoustic
ray tracing and the generalized Burgers’
equation is capable of real-time
prediction of the tornado Figure 1: Campo, Colorado tornado 31 May 2010 by Jason

Persoff Stormdoctor/ Getty Images
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Previous Research

There are previous investigations about tornadic infrasound and sound propagation in the
turbulent atmospheric boundary layer:

� Akhalkatsi (2009) characterized the tornadic infrasound through an equivalent source
by using Lighthill’s acoustic analogy.

� Elbing (2018) and Bedard (2005) recorded tornado infrasound.
� Frazier (2014) developed a mathematical model to represent the tornadic sound
pattern based on recorded tornadoes.

� Schecter (2008) conducted numerical simulations of the adiabatic generation of
infrasound by tornadoes.

� Hallberg (2005) developed a numerical ray tracing method in the moving medium.
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Previous Research

� Plotkin (1994) implemented the acoustic ray tracing for sonic boom propagation.
� Miller (2015) investigated the generalized Burgers’ equation for nonlinear
propagation.

� Gainville (2006) combined ray tracing and generalized Burgers’ equation for
infrasound atmospheric propagation.

� Sutherland (2004) and Bass (2005) developed models for attenuation and dispersion.
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Figure 2: Flowchart of the propagation solver

� Reconstruct tornado infrasound source recorded by field experiment
� Adjust and modify the coefficients with wind tunnel test
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Acoustic Ray Tracing

The governing equation for acoustic ray
tracing
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� Weather information grid
� Second order Bspline interpolation
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Figure 3: Grid system to store weather data
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Geodisc Elements Methods

The convective volume is

� =
|X1 ∧ X2|

|K|
=
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The governing equation for the elements Xi are

dXi
dt

= (Xi · ∇c)N + (Xi · ∇) u + cNi;

dNi
dt

= (N · V)Ni + (Ni · V)N− (Vi − (N · Vpi)N) ;

where V and Vi are

V = ∇c + ∇ · N;

Vi = ∇u · Ni + Xi · ∇∇u · N+ Xi · ∇∇c:
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Figure 4: An example of ray tube and convective
volume
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Generalized Burgers’ Equation

We start from the density perturbation about the mean turbulent atmosphere within ray tubes
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Generalized Burgers’ Equation

Apply the Fourier Galerkin method with Fourier base

�n (�) = e2�in�/�

Then we integrate the propagation equation on wavelength
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Field Experiment

Figure 5: G:R:A:S: low frequency with wind cap Figure 6: Data collection System

� Equipment for tornado infrasound recording (conducted by our partner in Texas Tech
University)
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Field Experiment

Figure 7: Field deployment of
infrasound microphone

Figure 8: Tornado activity in Lynn County, Texas.
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Wind Tunnel Test

Speaker Location

Microphone Location

Figure 9: University of Florida Boundary Layer Wind Tunnel
from test section

Microphone Location

Speaker Location

Figure 10: University of Florida Boundary Layer Wind
Tunnel configuration, by Fernandez-Caban (2017)

� A series of wind tunnel tests are conducted to help us analyze the effects of turbulent
structure
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Experiments Results
� Wind tunnel acoustic characterization
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Figure 11:Mean Velocity = 0 m/s
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Figure 12: Mean Velocity = 6:853 m/s
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Figure 13:Mean Velocity = 3:474 m/s
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Figure 14:Mean Velocity = 10:619 m/s
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Experiment Results
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Figure 15: Signal extraction of a 3 kHz tone with mean
tunnel velocity of 5.037 m/s.

Figure 16: Wavelet analysis of wind tunnel data
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Ray Tracing Validation
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Figure 17: Ray tracing solver validation with 2D solver
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Figure 18: Different radiation angles

� A previous two dimensional ray solver of Hallberg (2005) is validated with analytical
solution

� Shadow zone appears in test case
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Propagation Solver Validation
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Figure 19: Nonlinearity of a 3 Hz signal
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Figure 20: Attenuation Validation

� Shock formation and shock distortion are captured
� Attenuation effect is validated with Sutherland’s paper
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Propagation Solver Validation
We compared our solver with the Blackstock Bridging Function, and the σ is the
normalized distance that σ = distance

shock formation distance
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Figure 21: � = 0:5
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Figure 22: � = 1
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Propagation Solver Validation
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Figure 23: � = 3

� The propagation solver results match the BBF solution
� High frequency oscillation disappeared
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Ray Tracing Results
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Figure 24: Ray tracing result of the Kansas City region, eastward propagating, observer at 220 km.
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Ray Tracing Results
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Figure 25: Ray tracing result of the Kansas City region, westward propagating, observer at 200 km.
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Ray Tracing Results
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Figure 26: Ray tracing result of the Havana region, eastward propagating, observer at 220 km.
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