
Toward Prediction of Tornado Noise within the Turbulent
Atmosphere using Theory, Wind Tunnel Measurements, and

Field-Tests

Tianshu Zhang∗ and Steven A. E. Miller†
University of Florida, Gainesville, FL 32611

A tornado creates infrasound that propagates over long distances. Triangulation of the
formation position via infrasound measurement will allow for early warning systems to be
developed. Infrasound propagation is altered by atmospheric turbulence, which must be ac-
counted for to detect tornadoes. We are conducting a joint prediction, wind tunnel experiment,
and field-test program to accurately model the alteration of infrasound propagation. We de-
velop a numerical prediction solver for tornadic infrasound propagation in inhomogeneous
moving media. Propagation is modeled with the generalized Burgers’ equation and ray trac-
ing. The solver captures the effects of nonlinearity, refraction, attenuation, and dispersion.
We define a coefficient to capture the effects of atmospheric winds on the nonlinearity of the
broadband infrasound signal. We demonstrate the approach with numerical examples con-
sisting of an infrasound signal at 140 dB and 3 Hz within several regions of the United States.
Propagation of broadband signals that are representative of real tornadoes demonstrate the
validity of the solver. The solver is dependent on data from wind tunnel tests of acoustic
propagation through turbulence and field-measurement data of measured tornado noise. We
present an overview of the results from field test measurements of an EF2 category tornado in
Lynn County, Texas. We also present representative wind tunnel results, which are used for
calibration of the propagation solver.

Nomenclature

Symbols Description
A Wave action
B Nonlinear coefficient
c Local speed of sound
cvα Specific heat of component α at constant volume
∆cα Speed of sound difference between component α and atmosphere
K Wave number
KN Simulated pulse signal
k Velocity potential gradient
q Fourier Galerkin integral coefficient
T Local temperature
p Pressure
s Entropy
Tα′ Acoustic temperature perturbation of component α
t Time
uM Truncated acoustic variable
ũ Fourier Galerkin acoutic variable
W Windy coefficient
cg Group speed
N Normal vector
N i Normal vector in convective volume
u Local wind speed
X i Coordinates in convective volume
X Location coordinate

Greek Symbols
α Component of air
Γ Attenuation and dispersion coefficient
γ Specific heat ratio
δ Thermal viscosity
ε Scale factor
η Scaled length variable
ν Convective volume
ξ Position on the propagation ray path
Ξ Wave length
ρ Ambient density
ρ′ Acoustic density perturbation
σ Non-dimensional shock formation distance
τα Relaxation time of component
φn Fourier base function

Abbreviations
BBF Blackstock bridging function
CFD Computational fluid dynamics
KZK Khokhlov Zabolotskaya Kuznetsov
PSD Power spectral density
RPM Revolutions per minute
SPL Sound pressure level
STP Standard temperature and pressure
UFBLWT University of Florida Boundary Layer Wind Tunnel
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I. Introduction

Tornadoes radiate infrasound during their formation and their lifespan. These low frequency sounds propagate
hundreds of kilometers without significant atmospheric absorption [1]. Through distributed measurement of

the tornado noise, we can improve our early warning systems [2] via triangulation of the source. Akhalkatsi and
Gogoberidze [3] characterized the tornadic infrasound through an equivalent source by using Lighthill’s acoustic
analogy. Recently, Schecter et al. [4] conducted numerical simulations of the adiabatic generation of infrasound by
tornadoes, and Akhalkatsi and Gogoberidze [5] analyzed the spectrum of a simulated infrasound source related to
tornadoes. Besides numerical simulation of tornadic sounds, acoustic observations of tornadoes (such as Elbing et al. [6]
and Bedard [7]) gives us more confidence in regards to predicting tornadoes via acoustic detection. Based on recorded
tornado noise, a mathematical model to represent the tornadic sound pattern was developed by Frazier et al. [8].

Our objective is to improve the prediction fidelity used for the infrasound detection of tornadoes through a combined
theoretical, experimental, and field-measurement program. The theoretical portion of this program involves the
development of an advanced infrasound propagation code that relies on newly developed models to connect acoustic
propagation coefficients with the properties of the atmosphere. Measurements in an atmospheric boundary layer wind
tunnel are conducted with source sounds to ascertain diffraction effects due to turbulence. These tests capture what is
essentially the transfer function or Green’s function for a wide range of roughness conditions and turbulent boundary
layer profiles. In a combined program with Texas Tech University (TTU), we are capturing the noise, radar data, and
atmospheric data of tornadoes within the United States. These field-measurement data from tornadoes are being used to
create the models for the propagation code, calibrate the code, and provide validation data.

Infrasound Propagation in the Turbulent Atmosphere
Long-range propagation of acoustic waves often involves steepening of the wave form, shock formation, and

other nonlinear effects. Nonlinear propagation has been widely studied in the community, and there are two major
methodologies for predicting nonlinear propagation. The first uses a parabolic equation, and the second uses the
generalized Burgers’ equation with a ray tracing method [9]. One popular parabolic approach uses the Khokhlov-
Zabolotskaya-Kuznetsov (KZK) equation [10]. Blanc-Benon et al. [11] numerically evaluated the KZK equation to
analyze the effect of nonlinear distortion of the acoustic signal by turbulence in the atmosphere. They found that high
intensity turbulence can sufficiently enhance the nonlinear distortion. Stout et al. [12] showed how turbulence can
affect an N-wave by analyzing the Perceived Level and the Indoor Sonic Boom Annoyance Predictor metrics [13].
Aver’yanov et al. [14] investigated propagation in moving inhomogeneous media by using an extended KZK solver,
which accounts for diffraction, nonlinearity, absorption, and scalar inhomogeneities. The parabolic equation method
can capture phenomena caused by turbulence by solving the governing equation in the entire domain. However, the
parabolic equation methods have some significant drawbacks. To resolve turbulent effects, a computational domain with
many grid points is required, which has considerable computational expense. Compared with the parabolic equation, the
generalized Burgers’ equation requires relatively less computational resources and can be applied to three-dimensional
domains with ray tracing methods [9]. Crighton [15] and Blackstock [16] described the generalized Burgers’ equation
and it is used to model nonlinear acoustic propagation. One successful numerical solver was developed by Saxena et al.
[17] to solve the generalized Burgers’ equation in the frequency domain. Lee et al. [18] improved the solver of Saxena
et al. [17] by applying a Lanczos filter to eliminate the Gibbs’ phenomenon. With this numerical generalized Burgers’
equation solver, Miller [19] investigated nonlinear effects of propagating waves in the context of an acoustic analogy.

Acoustic ray tracing is widely used in underwater [20], architectural, and atmospheric acoustics. The wind speed in
the atmosphere at high altitude can easily reach 80 m/s. This alters the propagation characteristics of the infrasound of
tornadoes relative to a quiescent atmosphere. The effect is non-negligible for weather detection. Thus, a numerical ray
tracing method in the moving medium was developed by Hallberg et al. [21]. A general expression of ray-acoustic
intensity is derived by Thompson [22, 23]. In PCBoom, the ray tracing method was implimented to successfully capture
atmospheric effects on noise propagation by Plotkin et al. [24].

Sound propagation through the atmosphere is highly dependent on the choice of the atmospheric model. Refraction,
attenuation, dispersion, and diffraction are considered as major atmospheric effects for acoustic propagation [9]. By
treating the atmosphere as a multilayer medium, Pierce [25] showed that stratified wind and temperature causes
refraction. Attenuation and dispersion can be captured by employing atmospheric models such as Sutherland and Bass
[26] and Bass et al. [27]. The nonlinear and attenuation effects at high altitude were studied by Lonzaga et al. [28].
Averiyanov et al. [29] investigated diffraction with a two-dimensional generalized KZK solver. Their results showed that
the turbulent-related diffraction phenomenon increases the mean shock rise time by almost 100%. Other factors such as
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ground effects must be incorporated within the solver. We use the approach of Aumann et al. [30] to integrate ground
effects within our solver.

Present Approach
Warning the public of a tornado undergoing formation requires a near real time acoustic propagation solver. The

solver must resolve and capture the effect of the turbulence on the noise propagation. Though the parabolic equation
approach captures these effects, they are too computational expensive to be feasible for an early warning detection
system. Also, the most common implementation of KZK with the N-slices method is a two-dimensional solver, which
precludes it from being a true three-dimensional solver [9]. Using the generalized Burgers’ equation with a ray tracing
method is an efficient method for near-real-time prediction. By considering acoustic waves as rays, we reduce the
three-dimensional problem to a series of one dimensional problems. All rays connecting the sound source and observer
are discovered by the shooting method. We then propagate the source signal along each ray and superimpose the results
to find the observer signal. By including atmospheric models applied in conjunction with the generalized Burgers’
equation, attenuation, dispersion, and nonlinearity are accounted for. To connect the ray tracing method and generalized
Burgers’ equation, the geodisc elements method is employed to capture refraction induced by atmospheric velocity and
temperature variation. To account for diffraction effects, we adjust the coefficients in the propagation equation with
wind tunnel measurements.

In this paper, we present our numerical solver based on the generalized Burgers’ equation with a ray tracing method.
Effects of nonlinearity, attenuation, dispersion, and refraction are examined.

II. Methodology
The propagation solver is divided into three parts: ray tracing, calculation of geodisc elements, and solving the

generalized Burgers’ equation. The acoustic ray tracing method is employed to find all ray paths connecting the
sound source and observer. These rays now represent a series of one-dimensional propagation paths through the
three-dimensional atmosphere. We then apply the geodisc elements method as a bridge to connect our ray tracing solver
and generalized Burgers’ equation solver. The results of the geodisc elements solver are arguments of the generalized
Burgers’ equation solver as a function along each ray path. We then superimpose all solutions of the generalized Burgers’
equation to predict the total acoustic signal at the observer.

Ray Tracing
In this section, the equations for the numerical ray tracing solver are introduced. In most situations, the ray tracing

method is only valid for high frequency problems. However, in our case, the propagation length (more than 100 km)
is long relative to the acoustic wavelength, thus ray theory is appropriate. We assume the sound waves are generated
as an infinite number of rays, and we track the rays to ascertain their propagation path. We find multiple trajectories
generated by advancing wave fronts and those trajectories are the rays used by the propagation solver. These equations
are developed through use of differential geometry. The first is the equation that describes the wave front location X [31]

dX

dt
= c · N + u = cg; (1)

where c is local speed of sound, N is the normal vector of the wave front and is equal to KK−1, K is the wave number,
K is the wave vector, t is time, and u is local wind speed. Our objective is to predict how refraction alters the wave
vector. We perform the material derivative of the wave vector and find

dK

dt
=
@K

@t
+

�
cg · ∇

�
K : (2)

We then use the dispersion relation to find the local derivative,

@K

@t
= −∇

�
cg · K

�
= −∇

�
cg

�
· K − (∇K ) · cg : (3)

The last term in Eqn. (3) is expanded as

(∇K ) · cg =
�
cg · ∇

�
K + cg ∧ ∇ ∧ k = ∇

�
cg

�
· K; (4)
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where ∧ is the cross product. Simplifying Eqns. (2) and (3) we find,

dK

dt
= −∇cg · K = −K∇c − ∇u · K : (5)

Finally, we use the relation K = K · N to obtain the wave front

dN

dt
=

1
K

�
dK

dt
−

�
N ·

dK

dt

�
N

�
: (6)

Equations (1), (5), and (6) are the governing equations for the acoustic ray tracing solver. For our problem, cg varies
due to the variation of the speed of sound, c, and wind speed, u in the horizontal direction, which causes refraction.

Geodisc Elements and Convective Volume
The volume dependent parameters of the rays are non-existent because we reduced our propagation problem to

one dimension. In this section, we introduce the geodisc elements method and convective volume to overcome this
limitation. First we introduce the concept of the ray tube before we define the convective volume. A ray tube is formed
by a central ray’s surrounding rays. The shape of ray tubes are influenced by the wind condition and local speed of
sound. The effects of turbulence in the atmosphere twist and bend the ray tubes. One example of a ray tube is shown in
Fig. 1, where the cross-section of a ray tube is constructed by vectors X1 and X2. The volume of the ray tube is the
convective volume, and the definition is

� =
|X1 ∧ X2 |

|K |
=
|X1 ∧ X2 | · �

2�
; (7)

where � is convective volume and � is wave length. The shadowed section in Fig. 1 is an example of a convective
volume.

Xi is governed by

dXi

dt
= (Xi · ∇c) N + (Xi · ∇) u + cNi; (8)

and

dNi

dt
= (N · V ) Ni + (Ni · V ) N − (Vi − (N · V pi) N ) ; (9)

where V and Vi are

V = ∇c + ∇ · N; (10)

and

Vi = ∇u · Ni + Xi · ∇∇u · N + Xi · ∇∇c: (11)

The subscript of Xi and Ni denotes the local coordinate system of the convective volume. We calculate the convective
volume using Eqns. (8) and (9).

Discrete System and Atmosphere Model
We use a discrete grid system to store weather conditions within the propagation solver. The data storage system is

shown in Fig. 2. The blue dashed lines represent the grid, and all atmospheric data is located at the red nodes. The
black dot within the black cell is the location of the current wave front. The green nodes are data nodes that are used
for the wave vector calculation. We obtain the wave front point via its coordinates, which are dependent on the local
cell. By using a second order b-spline interpolation, we obtain the interpolated wind speed, local speed of sound, and
temperature at the wave front. Then we apply these parameters to our governing equations (Eqn. 8 and Eqn. 9) to
obtain the convective volume.

We model the atmosphere as an ideal gas and use the models HWM93 [32] and NRLMSISE-00 [33] for horizontal
wind and temperature variations. These models are useful for the prediction of wind velocities and temperature variation
in areas relevant to infrasound propagation from tornadoes. One example of the modeled wind and temperature profiles
are shown in Fig. 3.
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Generalized Burgers' Equation
The density perturbation about the mean turbulent atmosphere within ray tubes is

� �
c

� 1
2

�
@
@t

+ cg � r
� �

c
�

� 1
2

� 0+
1
2

�
r � cg + n � ¹n � r º cg

�
� 0

= �
c
�

k
�
1 + 


2

�
� 0@�0

�
+ � � 2� k2 @2� 0

@�2
+

k
2cT

@p
@s

�
�
�
�
0

Õ

�

� � 1cv�
@T0

� 1

@�
;

(12)

where� 0 is the acoustic density perturbation,k is the gradient of velocity potential,� is the scaled length variable
(� = �

� ), � is the magnitude scale factor,� is the length along the ray,� is thermal viscosity, subscript� represents
components of the air,cv� is constant volume speci�c heat capacity of the component� , T is local temperature, and
T0

� is the temperature perturbation of the component� .

To simplify Eqn.(12), we normalize the density perturbation� 0as an acoustic pressure perturbationp =
�

K �
� c

� 1
2

� � 0,

which we informally call the term
�

K �
� c

� 1
2

the windy-coe�cient, which is

W =
�
K �
� c

� 1
2

: (13)

We simplify Eqn. (12) with the acoustic pressure perturbation and obtain

@p
@t

= � K2 @2p
@�2

+ BKp
@p
@�

+ K
Õ

�

¹� cº�
@p�

@�
; (14)

where� c� is the di�erence of the speed of sound between component� and the ambient speed of sound. The nonlinear
coe�cient B is

B =
�
1 + 


2

� �
K �
� c

� 1
2

: (15)

Equation(14) is a one-dimensional propagation equation. The term on the left hand side is the partial time derivative
of the acoustic pressure signal. The terms on the right hand side are attenuation, nonlinearity, and dispersion, respectively.
By using the Fourier Galkerin spectral method (see Blackburn and Sherwin[34] for details), we solve Eqn.(14) in the
time domain while matching points along the previously predicted rays. The Fourier Galerkin method also reduces high
frequency oscillations in the solution. The Fourier base of this method is

� n ¹� º = e2� in � • � ; (16)

where� is wave length. Then we obtain our approximated equation with variableuM ,

pM ¹�; tº =

M
2 � 1Õ

n=� M
2

~pn ¹tº � n ¹� º ; M = 0;� 1; � 2:::: (17)

The integral over the wavelength is

1
�

� �

0

 
@pM

@t
� � K2 @2pM

@�2
+ K

B
2

@
�
pM � 2

@�

!

� n¹� ºd� = 0; M = 0;� 1; � 2:::: (18)

Our �nal propagation equation is

@~p
@t

= � � ~p + i
1
2

B¹ ~pº2 ; (19)

and we assemble attenuation and dispersion terms. The combined coe�cient� is

� = � K2q2 + iKq
Õ

�

¹� c� º
1 � iKq� � c

: (20)

5



We are evaluating various models for the attenuation and dispersion terms. Currently we use Sutherland and Bass
[26]. With the time marching scheme, the wind conditions from the discrete system, and the convective volume from
geodisc elements method, we predict the sound propagation by applying the generalized Burgers' equation along each
ray from source to observer.

Acoustics Tests within the Boundary Layer Wind Tunnel
Wind tunnel tests at the University of Florida are critical for calibration and validation of the solver. Our main

goal for the wind tunnel tests is to connect the model coe�cients to the turbulent statistics and alteration of acoustic
waves within the wind tunnel. In our ray tracing and propagation solver, we use a time-invariant �ow-�eld. We use
experimental data and simulation results to adjust or introduce certain models that are dependent on the turbulent
statistics for varying atmospheric conditions. These conditions can be created at a smaller scale within our wind tunnel.

Figure 4 shows the test section of the University of Florida Boundary Layer Wind Tunnel (UFBLWT) and the
microphone in the test section. The con�guration of the UFBLWT is shown in Fig. 5. The wind tunnel has a 6 m wide
by 3 m high cross-section, and the total length is 30 m. There are eight axial fan vanes with 55.93 kW (75 hp) AC
motors that can provide up to 30 m/s wind at maximum revolutions per minute (RPM).

We play acoustic tones and pulses within the tunnel and measure the propagation e�ects through the turbulence via
a test section microphone. We have detailed turbulence statistics for a wide range of atmospheric boundary layers that
were measured previously in the tunnel [35]. These correspond to tunnel conditions when acoustic measurements are
conducted. Figure 6 shows the fan bank of the UFBLWT. The base of this fan bank is a honeycomb wall. Small fans are
installed in each honeycomb hole and each fan can be individually controlled. This fan bank is used to create shear or
gusts within the tunnel, that mimic turbulent weather in the atmosphere. The elements on the wind tunnel �oor can be
adjusted and controlled individually. By changing their height and angle, a large range of boundary layer pro�les can be
generated in the wind tunnel. Within the wind tunnel, we introduce a sound source that is both tonal and transient in
nature. We measure this signal with a microphone in the test section. Because the wind tunnel is not anechoic, we
need to consider sound wave re�ection by the sides and ceiling. The �rst sound is a pulse that is constructed by a

series,KM ¹� º =
sin¹M + 1

2 º�

sin 1
2 �

, whereM = 1;2;3:::, and� is the phase angle of the signal. By monitoring the microphone

pressure time history, we ascertain the �rst peak of the signal, which has not undergone a re�ection from the tunnel wall.
The transient sound allows us to calculate the direct wave path from source to observer through the turbulent boundary
layer. The second source signal in the tunnel is a tone.

Field Measurements of Infrasound and Weather Data from Tornadoes
Our research program involves �eld tests of tornadoes in the American south east and south. The goal of the �eld

measurements is to capture infrasound from tornadoes while simultaneously capturing weather and radar data. This
way, we completely capture the sound source, weather, radar, and other thermodynamic conditions of actual tornadoes.
This portion of the research program is conducted by a joint team at TTU. With two Ka radars and Sticknet weather
monitor station, TTU is able to capture the formation and movement of tornadoes.

The infrasound measurement system contains 2 G.R.A.S. 46AZ 1/2" CCP free-�eld Microphone sets (Fig. 7a).
These microphones can measure frequencies in the range of 0.5 Hz to 20 kHz with� 3dB precision. Our data collection
system is shown in Fig. 7b. A BNC cable from each microphone connects to a KRYPTONi-1xACC DAQ, which is
powered by an AC power battery. The signal is transferred to the DAQ system and recorded by a surface laptop with
DEWEsoft X3 software. This whole data collection system is self-contained within a water proof case.

III. Results

Numerical Simulation

Ray Tracing Validation
The ray tracing governing equation can be solved analytically [21] for a two-dimensional ray tracing problem with

linear speed of sound and temperature pro�les, and the analytical solution is used for our ray tracing solver validation.
Figure 8 shows a comparison of the ray tracing solver predictions and a two-dimensional solution of Hallberg et al.[21].
Because an interpolation method is employed in our ray tracing solver, the precision of the ray tracing solver is dependent
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on the grid point spacing. Figure 9 shows an example result of three rays with di�erent horizontal launching angles.
The source location is 10 km high, and the vertical launching angle is 45� . X andY coordinates are pointing eastward
and northward. The simulation zone is a rectangular area from -82.3248262� W, 29.6516344� N to -81.2923423� W
30.1007900� N, which is a northeast region of Florida. In Figs. 9 and 10, the refraction e�ects due to the vertical
temperature variation are observed. Figure 10 shows three rays with di�erent vertical launching angles of 0� , 15� , and
30� along latitude 29.6516344� towards the east. With westward wind, a shadow zone appears at approximately 100 km
from the source.

Propagation Solver Validation
The validation of our propagation solver is divided into two parts, the nonlinearity validation and the attenuation

validation. Our nonlinear propagation solver is compared with the Blackstock bridging function (BBF) [19]. In the
comparison, attenuation and dispersion terms are set to zero so that we may �rst analyze the nonlinear e�ects. Figure 11
shows the sound signals of a 5 Hz sinuous propagating wave at three di�erent locations, where� is the non-dimensional
shock formation distance. The red dash signals are the predictions, and the black signals are the BBF. Figure 11a shows
the signal before shock formation at� = 0:5. We observe nonlinear e�ect in Fig. 11. Figure 11b shows the same
comparison as the previous �gure at� = 1. Figure 11c shows that the amplitude is reduced due to nonlinear attenuation
of the wave at� = 3. Our propagation solver matches the BBF at various values of� for this case. Figure 12 shows a 3
Hz sine wave propagated by the newly developed solver.

To validate our attenuation model, the Sutherland and Bass [26] model is applied and compared with the results
from the original paper. The test condition is set to Standard Temperature and Pressure (STP), and the test frequency is
3000 Hz. The result is shown in Fig. 13. The Sound Pressure Level (SPL) of 2s-received signal is 110.535 dB, and the
5s-received signal is 102.818 dB. The attenuation for 1 km is 7.683 dB, which matches the results from Sutherland and
Bass paper [26].

Ray Tracing Results for Di�erent Areas
A series of test cases are simulated with our ray tracing solver. The GPS coordinates of the test regions' airports

are used as the starting points for our ray tracing computational domains. The �ve locations are Kansas City (MCI),
Oklahoma City (OKC), Dallas (DAS), Havana (HAV), and Anchorage (ANC). The �rst three are typical tornado regions,
and the last two are the extreme cases to test the e�ects of di�erent temperature and wind conditions. For this section,
the MCI case and HAV case are used for our analysis. In Figs. 14 and 15, the refraction e�ect is captured, and the wind
transportation e�ect and shadow zone phenomenon are captured. The black lines in the �gures are the rays connecting
the sound sources and receivers. For these cases, the receiver is located at 200 km away from the source for downwind
propagation and 220 km for upwind propagation. By solving the generalized Burgers' equation along these black rays,
the propagation solver predicts the received signals.

Propagation Results for Related Ray Paths
The propagation along the black connecting rays from the previous section are simulated with our propagation solver.

As Fig. 16 shows, we set the SPL of the 3 Hz test signal to 140 dB to amplify the nonlinear e�ect. From the bottom to
top, the spectra represent propagation in MCI, OKC, HAV, and ANC areas. The high altitude wind for MCI is western,
and for HAV and ANC is eastern. Nonlinear e�ects are clearly captured for westward propagation in MCI and eastward
propagation in HAV and ANC, while no harmonic appears for the opposite propagation cases. The wind in the OKC
area is northwestern, and the nonlinear e�ect is apparent in both propagation cases.

An explanation for the di�erence of nonlinearity between upwind and downwind propagation is that the upwind
propagating signal experiences longer time inside the intense nonlinear e�ect region. Figure 17 directly shows that the
nonlinear coe�cient for upwind propagation is more than 100 times higher after propagating for 10 seconds.

The fundamental frequency for a tornado with 40 m radius is 5 Hz [36], and the acoustic power can be107W [5],
therefore we set a 5 Hz test signal with 120 dB for the next simulation to simulate this speci�c tornado infrasound
propagation. In Figure 18, a propagation case in the MCI area is demonstrated. The propagation is a linear spherical
propagation with a attenuation e�ect. There are no apparent nonlinear e�ects in all 120 dB source signal cases. We
reconstruct a broadband signal to simulate the infrasound generated by a tornado described in Elbing et al.[6]'s report.
Figure 19 shows the broadband signal propagating westward in the MCI area. The attenuation e�ect appears, and the
higher frequencies decay faster than the lower frequencies, which changes the wave form.
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Wind Tunnel and Field Measurements
We �rst characterize the background noise of the wind tunnel. The background noise is shown in Fig. 20 a through

d. The tunnel operates at 240, 480, and 720 RPM, respectively. The mean velocities are 3.474 m/s, 6.853 m/s, and
10.619 m/s, respectively. The four spectral measurements within the tunnel test section show signi�cant broadband SPL
increases from low RPM to high RPM. The peaks at 3 kHz, 6 kHz, and 9 kHz are captured and these peaks stay nearly
at the same level. The background noise of the tunnel is primarily due to the turbulence within the tunnel, the electric
motors, and the fan blades (compressor).

We introduce tones and pulse sounds at the tunnel entrance and record the signals at the tunnel test section. These
signals are recorded at various roughness heights and tunnel velocities. The roughness heights are altered to simulate
di�erent terrains that are present within the Earth's atmosphere. Figure 21 shows one example extracted signal from our
experiment. The red spectrum is simulation noise we recorded and the black spectrum is the received signal. For each
signal, we subtract the measured spectrum from the corresponding background spectrum. In this �gure, we clearly
capture the 3 kHz source sound. Figure 22 is a scalogram �gure of our wind tunnel data. The base frequency of the
pulse signal is 150 Hz and the tonal frequency is set to 3 kHz. By applying the wavelet analysis, we clearly capture the
pulse signal arrival time and the tonal signal starting time.

The TTU �eld team successfully measured data from a tornado in Lynn County, Texas. A second Tornado nearby
was captured on May 28th, 2019. Figure 23 shows that at the point of maximum damage the tornado reached EF2. The
�eld acoustics deployment is shown in Fig. 24a, and the radar and weather system is shown in Fig. 24b.

IV. Summary and Conclusions
In this paper, a nonlinear propagation solver is developed and modi�ed with atmospheric models. The generalized

Burgers' equation solver is validated with the BBF. The attenuation and dispersion implementation is validated with
Sutherland's paper [26]. For demonstration purposes, a series of near-realistic simulations are conducted. The ray
tracing solver shows satisfactory agreement relative to the benchmark two-dimensional solver. We have completed
a series of wind tunnel tests to measure the alteration of sound through a scaled turbulent atmosphere with varying
velocity and roughness e�ects. Our team has also gathered measurements from two tornadoes in Texas that include
noise, radar, weather, and other atmospheric quantities.

The results in this paper show that the nonlinear e�ect mainly exists in the near-�eld. The nonlinear e�ect
dramatically vanished with the spherical decay of the acoustic intensity. Attenuation is the major factor that in�uences
the propagating signal. The high altitude attenuation is dominant, which is the primary reason why infrasound energy
decreases. For a high intensity infrasound source, as the 140dB source cases demonstrated in the results section, the
wind direction is signi�cant for nonlinear e�ect. An explanation for this phenomenon is that the upwind propagating
signals experienced more time within the near-�eld.

In the future, the turbulent attenuation model developed by Lighthill[37] will be integrated into our solver to analyze
turbulent scattering e�ect. We will modify this model with our wind tunnel measurements.
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Fig. 1 Ray tube and convective volume.

Fig. 2 Grid system and integration method.

(a) Latitudewind (b) Longitudewind (c) Temperature

Fig. 3 Wind speed and temperature pro�les at longitude: -82.3248262� W and latitude: 29.6516344� N.
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