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Introduction Numerical Method

Physical Models

Reference

• To validate our numerical solver, a series of wind tunnel
tests are conducted by University of Florida Boundary
Layer Wind Tunnel to ascertain the effect of turbulence
on acoustic propagation .

Wind Tunnel Test

Field Test

• The governing equations of the acoustic ray tracing model 
are

!"
!# = %& ", # ( + *+ ", #

!(
!# = (,%& ", # − ,×/+ ", # 0 (

• The acoustic ray model is capable of tracing a wave front 
motion in a stratified moving media, which takes into 
account the refraction and wind effects.

• To simulate the real propagating medium, the atmospheric 
models, HWM93 and NRLMSISE-00, are employed for the 
wind and the temperature variations in the atmosphere.

• The acoustic propagation along the ray is governed by the 
generalized Burgers’ equation[4]
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• The terms on right hand side represent the effect of 

attenuation, nonlinearity, and dispersion.

• The Fourier-Galerkin method and RK4 time marching 
scheme are used for numerical implementation.  
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Ray Tracing Results Future work

• In order to obtain the realistic tornadic sound source data, a 
Texas Tech University team performed the field experiment to 
record the real tornadic infrasound. 

Solver Validation Propagation Results

Eastward propagation simulation (MCI), launching angle = 58 degree
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• To capture the effects of turbulence on propagation, the
turbulent absorption and scattering term need to be
added into our propagation solver.

• The propagation solver needs to be validated with our
wind tunnel data.

• Higher resolution of ray tracing near the sound source
should be used to satisfy the CFL number of the
propagation solver.

1. Akhalkatsi, M., and Gogoberidze, G., “Infrasound Generation by Tornadic 
Supercell Storms,” Quarterly Journal of the Royal Meteorological Society, 
Vol. 135, No. 641, 2009, pp. 935–940. doi:10.1002/qj.421.

2. Bedard, A. J., “Low-Frequency Atmospheric Acoustic Energy Associated 
with Vortices Produced by Thunderstorms,” Monthly Weather Review, 
Vol. 133, No. 1, 2005, pp. 241–263. doi:10.1175/mwr-2851.1.

3. Miller, S. A. E., “Toward a Nonlinear Acoustic Analogy: Turbulence as a 
Source of Sound and Nonlinear Propagation,” NASA TM-2015-218706, 
2015

4. Gainville, O., “Modeling of Atmospheric Propagation of Infrasound 
Waves by the Method of Nonlinear Ray Tracing,” Ph.D. thesis, Ecole
Centrale de Lyon, 2008.

• Tornadoes cause huge damages in the Southwest United 
States and internationally. Prediction of tornado formation is 
a major challenge in weather prediction.

• Tornadoes radiate infrasound during their formation and 
their lifespan. The tornadic infrasound carries 10F Watts of 
acoustic energy during its formation.[1]

• These low frequency, high intensity noises propagate 
hundreds of kilometers without significant atmospheric 
absorption.[2]

• The generalized Burgers’ equation [3] captures the 
nonlinearity, absorption, and dispersion effects.

• By using the triangulation method, we can build an early 
warning system and alert residents an hour before the 
tornado touches the ground. 

• SproTAC is our numerical solver created by combining the ray 
tracing and Burgers' equation solver.

• A grid system is applied to store the wind, temperature, and 
humidity parameters.

• The second order b-spline interpolation is employed for  
parameter approximation at the wave front.

Westward propagation simulation (MCI), launching angle = 127 degree

Wind tunnel test results
Pulse (150 Hz) and tone (350 Hz), wind = 0

Left: Power spectrum.  Right: wavelet scalogram

Downwind propagation signal received at 210km

Upwind propagation signal received at 200km

• By applying the acoustic ray tracing method, we obtain the 
propagation paths. 

• The black rays in both figures are the “connected rays” we 
need for propagation solver.

Field experiment setup

Grid system
• In order to validate our nonlinear solver, we compared

our pure nonlinear propagation results with the
Blackstock bridging function (BBF), which is an analytical
solution.

• σ is the non-dimensional shock formation, distance and
the acoustic pressure is the dependent variable.

• Our solver matches the BBF. At σ = 1, the propagation
solver catches the shock formation. At σ = 3 , the
nonlinear distortion is shown without significant high
frequency oscillation.
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Nonlinear Validation with the Blackstock bridging function

• From our simulation results, the down wind propagation
is a linear-like acoustic propagation without significant
nonlinear effects.

• The upwind propagation shows a bunch of harmonics,
which may caused by the longer traveling timespan inside
the high nonlinear region.


