A parametric study of long-range atmospheric sound propagation using underwater
acoustics software

Hammad Hussain, and Guillaume Dutilleux

Citation: Proc. Mtgs. Acoust. 41, 022001 (2020); doi: 10.1121/2.0001321
View online: https://doi.org/10.1121/2.0001321

View Table of Contents: https://asa.scitation.org/toc/pma/41/1

Published by the Acoustical Society of America

ARTICLES YOU MAY BE INTERESTED IN

Acoustical Fatigue Test Procedures
Noise Control 6, 11 (1960); https://doi.org/10.1121/1.2369402

Train Noises and Use of Adjacent Land
Sound: Its uses and Control 1, 10 (1962); https://doi.org/10.1121/1.2369546

Electron correlation effects and magneto-optical properties of yttrium iron garnet
AIP Advances 10, 045029 (2020); https://doi.org/10.1063/1.5130147

Detection of femtosecond spin voltage pulses in a thin iron film
Structural Dynamics 7, 065101 (2020); https://doi.org/10.1063/4.0000037

Propagation of a second sound waves in a resonator with a deuterium gel
Low Temperature Physics 46, 1057 (2020); https://doi.org/10.1063/10.0002147

Range and Energy Deposition Enhancement of a Fast Electron Beam by External Electric Fields
Journal of Vacuum Science and Technology 10, 1000 (1973); https://doi.org/10.1116/1.1318452

Proceedings
of Meetings
on Acoustics

Turn Your ASA Presentations
and Posters into Published Papers!



https://images.scitation.org/redirect.spark?MID=176720&plid=1085526&setID=418004&channelID=0&CID=358532&banID=519827671&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=5c58d8e19b7ba12ab2ec6787bee0c2ad0f1b444c&location=
https://asa.scitation.org/author/Hussain%2C+Hammad
https://asa.scitation.org/author/Dutilleux%2C+Guillaume
/loi/pma
https://doi.org/10.1121/2.0001321
https://asa.scitation.org/toc/pma/41/1
https://asa.scitation.org/publisher/
https://asa.scitation.org/doi/10.1121/1.2369402
https://doi.org/10.1121/1.2369402
https://asa.scitation.org/doi/10.1121/1.2369546
https://doi.org/10.1121/1.2369546
https://asa.scitation.org/doi/10.1063/1.5130147
https://doi.org/10.1063/1.5130147
https://asa.scitation.org/doi/10.1063/4.0000037
https://doi.org/10.1063/4.0000037
https://asa.scitation.org/doi/10.1063/10.0002147
https://doi.org/10.1063/10.0002147
https://asa.scitation.org/doi/10.1116/1.1318452
https://doi.org/10.1116/1.1318452

Proceedings of
Meetings on Acoustics

Volume 41 http://acousticalsociety.org/

oo Long o 18th International Symposium on
< Long Range Sound Propagation
3-4 August 2020

Computational Acoustics: LRSP 2020

A parametric study of long-range atmospheric sound
propagation using underwater acoustics software

Hammad Hussain and Guillaume Dutilleux
Department of Electronic System, Norwegian University of Science and Technology, Trondheim,
Trondelag, 7491, NORWAY; hammad.hussain @ntnu.no; guillaume.dutilleux@ntnu.no

In the context of a research on the measurement of long-range attenuation of noise from terrestrial sound
sources, a parametric study of atmospheric sound propagation channel characteristics as a function of
source height, ground characteristics and meteorological conditions is presented in this paper. The study
relies on ray-tracing. The Bellhop ray tracing model which is well known in underwater acoustics has been
used here. In this paper, the accuracy of Bellhop’s predictions in the atmosphere is first addressed by
comparison with results from Salomons's ray model and published benchmarks cases by Attenborough et
al. No significant discrepancy was noticed with respect to these references. The second part of the paper
presents a parametric study for source heights ranging from 0.05m to 200m, a grid of receivers at ranges
between 200m and 2km from the source and between 2m and 50m height. A homogeneous flat absorbing
ground described by a complex reflection factor is assumed. For the atmospheric conditions, a subset of five
different classes in the wind and stability classification from ISO-standard 1996(2)2017, was considered.
The results are analyzed from the point of view of the receiver and discussed in terms of attenuation,
number of arrivals and number of reflections.
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1. INTRODUCTION

The way sound propagates in the atmosphere and underwater has been exciting the curiosity of scientists
for centuries.! But the interest for sound propagation in the atmosphere really increased during the xx
century and especially after the Second World War, due to the growing problem of noise pollution.*” Atmo-
spheric sound propagation is more complicated than geometrical spreading above a rigid flat ground. It deals
with spatially and temporally varying media. Sound propagation in the outdoor environment is affected by
several factors like topography (including natural and artificial obstacles), different atmospheric conditions
(stable or unstable atmosphere, turbulence). These factors lead to a number of frequency-dependent effects
(scattering, reflection, refraction, diffraction and medium attenuation). The impact of the atmospheric con-
ditions appears to increase with distance.?

Therefore, the knowledge of the atmospheric sound speed profile plays a vital role in outdoor sound
propagation modelling. This information can originate from empirical models, from in-situ measurements
or from computational flow simulation. To study outdoor sound propagation several numerical methods
have been developed like Fast Field Program (FFP),® Parabolic Equation (PE),” Finite-Difference Time-
Domain (FDTD)!? and Ray-tracing.!! But the main disadvantage of several of these numerical methods is
their high computational cost and their poor scalability with the volume of the simulation domain. As a
high-frequency approximation, ray-tracing appears to be one of the less computationally intensive, which
makes it convenient for parametric studies. However, at the beginning of our research we could not find any
freely available ray-tracing code for atmospheric acoustics that could handle arbitrary sound speed gradients
and non-flat terrain.

But the ray-tracing tool named Bellhop!? is widely used in the underwater acoustics community. It is
freely available, it has a good reputation and is being actively maintained. The purpose of our commu-
nication is (1) to show that Bellhop can be used in the study of outdoor sound propagation without major
modifications and (2) to present preliminary results of the parametric study of long-range atmospheric sound
propagation based on simulations with Bellhop. This paper focuses on (1). The preliminary results of the
parametric study are available elsewhere'> .

Our paper is structured as follows. Section 2 introduces Bellhop and describes Atmospheric-Bellhop.
Section 3 presents a validation of Atmospheric-Bellhop with respect to benchmark cases.

2. BELLHOP

A. BELLHOP FOR UNDERWATER ACOUSTICS

In 1987, Michael B. Porter designed an highly efficient ray-tracing tool named Bellhop for predicting
acoustic pressure field and ray trajectories in 2-D ocean environment for a given sound speed profile ¢(z)
with rigid or absorbing boundaries. Bellhop is available from the ocean acoustics library as part of acoustics
toolbox. !4

Bellhop implements the solution of ray equations!> to produce a variety of output including eigenrays,
ray coordinates, transmission loss or acoustic pressure, travel time and amplitude. Acoustic pressure cal-
culation is based on Gaussian beams™'® theory but other approximations can also be used like geometric
beams, beams with ray-centered coordinates, beams with Cartesian coordinates, Gaussian ray bundles!” ap-
proximation.
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In Bellhop, angle-dependent plane wave reflection factors can be used to specify boundary conditions at
the sea bottom and air/water interface.

The original Bellhop software was written in FORTRAN. Bellhop can be compiled for the target operat-
ing system via any available FORTRAN compiler and the resulting executable can also be called via Matlab
for post-processing and visualization. Matlab scripts are actually part of the current distribution of Bellhop.
Versions of Bellhop exist in other programming languages, but the FORTRAN version was used here.

Several input files are required to run Bellhop. In the simplest case, only a so-called environment file
(.env) is needed. It provides information about the topography, sound speed profile and bottom description
and also which type of output is required by the user. The structure of the general environment file is shown
bellow and a sample underwater ray profile is shown in Figure 1.

TITLE

Frequency (in Hz)

nmedia (dummy integer < 20)
OPTIONS1

SURFACE-LINE

nmesh sigmas z (nssp)

z (1) cp(l) /

z(2) cp(2) /

Ocean’s surface condition
Surface block

Sound speed (w.r.t depth)
block

z (nssp) cp(nssp) /

OPTIONS2

BOTTOM-LINE

nsources (number of sources)

source-depth (1) source-depth (nsources) / (in m)
nrd (number of receivers x depth)
receiver-depth (1) receiver-depth(nrd) / (in m)
nrr (number of receivers x range)
receiver-range (1) receiver-range (nrr) / (in km)

Ocean’ Bottom condition
Bottom block

Topography
block

OPTIONS3 Output Type
nbeams (number of launching angles) Output
theta(l) theta (nbeams) (launching angles in degrees) block

ray-step zmax rmax

Structure of the general environment file.

B. ATMOSPHERIC-BELLHOP

To customize Bellhop for atmospheric ray-tracing we needed to take the followings steps:

* Assume “surface block” as the boundary condition on the ground and ”bottom block” as the bound-
ary condition at the maximum altitude considered in the simulation.

* Provide the sound speed profile as a function of height.

* Provide the angle and frequency-dependent reflection factors corresponding to a suitable ground
impedance model and include this information by providing another input file specifying the ground
reflection factor (with .trc extension).

* A real atmosphere can be regarded as being vertically infinite therefore, the sound waves travel to a
point where their amplitude reaches zero. However, the computation in Bellhop assumes that vertical
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Figure 1: Sample underwater ray profile produced by Bellhop with reflections from the bottom and the
sea surface.

the extension of the fluid domain is finite. In order to avoid unphysical reflections from the upper limit
of the fluid domain, the boundary condition at the upper limit is defined by a reflection factor = 0 (per-
fectly absorbing boundary). This information is provided in another input file called bottom reflection
coefficient (with .brc extension) in the original Bellhop terminology. In Atmospheric-Bellhop, this
file will contain the reflection factor at the maximum altitude considered in the simulation.

There is no need to change Bellhop’s FORTRAN code. The Matlab post-processing routines provided
with Bellhop for visualisation purposes need however to be modified to take into account the different
coordinate system.

By default, Bellhop does not include attenuation due to the fluid medium. In our case atmospheric at-
tenuation can be added by post-processing after the calculation of transmission loss.

1000 [
900
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700 [
600 |-

500 [

Height (m)

400

300 [
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Figure 2: Sample atmospheric ray profile produced by Atmospheric-Bellhop.

The general environment file (.env) and reflection coefficient files (i.e. .brc and .trc) for Atmospheric-
Bellhop are shown below. Bottom and top reflection factors files are required in addition to the environment
file for atmospheric ray-tracing.
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TITLE

Frequency (in Hz)

nmedia (dummy integer < 20)
OPTIONS1

SURFACE-LINE

nmesh sigmas z (nssp)

z(1) cp(1) /

z(2) cp(2) /

Ground boundary condition
Ground block

Sound speed (w.r.t height)
block

z (nssp) cp(nssp) /

OPTIONS2 Top boundary condition

BOTTOM-LINE Top Block
nsources (number of sources)

source—-depth (1) source—-depth (nsources) / (in m)

nrd (number of receivers x depth) Topography
receiver-depth(l) receiver-depth(nrd) / (in m) block

nrr (number of receivers x range)
receiver-range (1) receiver-range (nrr) / (in km)

OPTIONS3 Output Type
nbeams (number of launching angles) Output
theta (1) theta(nbeams) (launching angles in degrees) block

ray—step zmax rmax

Structure of the Atmospheric-Bellhop environment file.

ntheta
theta (1) rmag (1) rphase (1) Description:
theta (2) rmag (2) rphase (2) ntheta: Number of angles.

theta: Angle.
rmag: Magnitude of reflection coeff.

\
\
\
\
. | rphase: Phase // // // // // (degree).
theta (ntheta) rmag (ntheta) rphase (ntheta) |

Structure of top and bottom reflection coefficient files.

3. ATMOSPHERIC-BELLHOP: VALIDATION

In order to check the accuracy of Atmospheric-Bellhop, Atmospheric-Bellhop’s predictions of ray-
trajectories and attenuation in an outdoor environment have been compared with results from Salomons’s!
ray model, for a logarithmic sound speed profile and with the benchmark cases defined by Attenborough
et al.'® | for a linear sound speed profile. Four different cases are chosen to present in this paper. The
parameters of the test cases are shown in Table 1.

A. SALOMONS’S RAY MODEL

Figure 3 shows the output ray profile from the Salomons’s ray model! and that from Atmospheric-
Bellhop. The between the two models in both downwind and upwind conditions is good.

B. ATTENBOROUGH et al.

The results for another benchmark case of downward refracting atmosphere'® is shown in Figure 4. This
atmosphere will lead to more reflections on the ground and more possibility for constructive and destructive
interference. In Figure 4a, the results match very well until the horizontal distance reaches 3000m. At
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Test case Sound speed profile Atmosphere Ground
Logarithmic Upward refraction; b = —1m/s Rigid

Salomons’s . . e
Logarithmic Downward refraction; b = 1m/s Rigid

f=500Hz; zg = 0.1m; Sg = 2m; Ry = 2m; Range = 300m & 150m

Attenborough’s  Linear Downward refraction; a = 0.1s~* Absorbing
f=10Hz Range = 10km Zg = 38.79 + 38.41
f=100Hz Range = 200m Zg = 12.81 +11.62¢

zo=0.1m; Sy =5m; Rg = 1m

Table 1: Acoustic and environment parameters for test cases in a refracting atmosphere.

Height (m)
Height (m)

0 50 100 150 200 250 300 0 50 100 150

Range (m) Range (m)
(a) Downward refracting atmosphere. (b) Upward refracting atmosphere.

Figure 3: Comparison with Salomons’s ray model’ . In black: the reference, in color overlay: the output
from Atmospheric-Bellhop.

longer ranges the ray pattern shows a much more complicated structure due to the larger number of ground
reflections. There are visible differences in the predicted rays but they occur at distances that are not relevant
for our purposes. Figure 4b presents the attenuation as a function of range. Atmospheric-Bellhop follows
the reference quite closely.

4. CONCLUSION

In relation to a parametric study of long-range attenuation of noise from terrestrial sound sources we in-
vestigated the possibility to use the freely available and actively maintained underwater ray-tracing Bellhop
software for atmospheric sound prediction. Bellhop appears to be quite usable in the atmosphere too.
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(a) Ray Profile for f = 10 Hz. (b) Attenuation for f = 100 Hz.

Figure 4: Comparison between Atmospheric-Bellhop and reference results'® . In black: the reference, in
color overlay: the output from Atmospheric-Bellhop.

There is no need to change the FORTRAN code, but we had to adapt the Matlab code for post-processing
and visualizing the results. Only minor changes to the input files are necessary. A comparison of Atmospheric-
Bellhop’s predictions to 3 published benchmark cases did not reveal any major discrepancy.

The preliminary results of the parametric study'? illustrate that (a) a shadow zone can be found in stable
downward refracting cases when source height is high (> 50m); (b) In the parameter range considered,
the number of ground reflections for 1% arrival at each receiver position is constant in downward refracting
conditions but it increases in range with increasing source height in upward refracting scenario; (c) In
downward refracting atmosphere, the number of arrivals at each receiver position decreases with increasing
height but increases in upward refracting atmosphere with increasing height. But it is observed the number
of arrivals in both conditions are overestimated and this warrants further investigation.

REFERENCES

UErik M Salomons, Computational atmospheric acoustics, Springer Science & Business Media, 2001.
ZK. Attenborough, K.M. Li, and K. Horoshenkov, Predicting Outdoor Sound, CRC Press, 2006.

3 Finn B Jensen, William A Kuperman, Michael B Porter, and Henrik Schmidt, Computational ocean
acoustics, Springer Science & Business Media, 2011.

4 Dorota Jarosifiska, Marie-Eve Héroux, Poonum Wilkhu, James Creswick, Jos Verbeek, Jordis Wothge,
and Elizabet Paunovi¢, “Development of the who environmental noise guidelines for the european region:
An introduction,” International journal of environmental research and public health, vol. 15, no. 4, pp.
813, Apr 2018, 29677170[pmid].

> World Health Organization et al., Burden of disease from environmental noise: Quantification of healthy
life years lost in Europe, World Health Organization. Regional Office for Europe, 2011.

Proceedings of Meetings on Acoustics, Vol. 41, 022001 (2020) Page 7



H. Hussain and G. Dutilleux =~ Parametric study long-range atmospheric sound propagation using underwater-acoustics software

6 Otto Hinninen, Anne B Knol, Matti Jantunen, Tek-Ang Lim, André Conrad, Marianne Rappolder, Paolo
Carrer, Anna-Clara Fanetti, Rokho Kim, Jurgen Buekers, et al., “Environmental burden of disease in
europe: assessing nine risk factors in six countries,” Environmental health perspectives, vol. 122, no. 5,
pp. 439-446, 2014.

" Decision No, “1386/2013/eu of the european parliament and of the council of 20 november 2013 on a
general union environment action programme to 2020 ‘living well, within the limits of our planet’,” OJ
L, vol. 354, no. 171, pp. 28-12, 2013.

8 Frederick R DiNapoli and Roy L Deavenport, “Theoretical and numerical green’s function field solution
in a plane multilayered medium,” The Journal of the Acoustical Society of America, vol. 67, no. 1, pp.
92-105, 1980.

9 Kenneth E Gilbert and Michael J White, “Application of the parabolic equation to sound propagation in
a refracting atmosphere,” The Journal of the Acoustical Society of America, vol. 85, no. 2, pp. 630-637,
1989.

10'y]adimir E Ostashev, D Keith Wilson, Lanbo Liu, David F Aldridge, Neill P Symons, and David Marlin,
“Equations for finite-difference, time-domain simulation of sound propagation in moving inhomogeneous
media and numerical implementation,” The Journal of the Acoustical Society of America, vol. 117, no. 2,
pp- 503-517, 2005.

! Richard M Jones, JP Riley, and TM Georges, “Versatile three-dimensional hamiltonian ray-tracing pro-
gram for acoustic waves in the atmosphere above irregular terrain,” vtdh, 1986.

12 Michael B Porter, “The BELLHOP manual and user’s guide: Preliminary draft,” Heat, Light, and Sound
Research, Inc., La Jolla, CA, USA, Tech. Rep, vol. 260, 2011.

13 H Hussain and G Dutilleux, “A parametric study of long-range atmospheric sound propagation using
underwater acoustics software,” 2020, 18th International Symposium of Long Range Sound Propaga-
tion (LRSP), National Center for Physical Acoustics, University of Mississippi, USA, Online; https:
//olemiss.app.box.com/s/6gbkgdwn8ptn3xcd097rxn6dumtkd6eof, accessed 20-Sept-
2020.

14 Michael B Porter, “BELLHOP is a Gaussian Beam Ray Tracing Model, Part of the Acoustic Toolbox.
Ocean Acoustic Library,” Online; https://ocalib-acoustics.org/, accessed 20-Sept-2020.

15 Michael B Porter, “General description of the BELLHOP ray-tracing program,” 2008, Online; http:
//oalib.hlsresearch.com/Rays/GeneralDescription.pdf, accessed 20-Sept-2020.

16 Michael B Porter and Homer P Bucker, “Gaussian beam tracing for computing ocean acoustic fields,”
The Journal of the Acoustical Society of America, vol. 82, no. 4, pp. 1349-1359, 1987.

17 Henry Weinberg and Ruth Eta Keenan, “Gaussian ray bundles for modeling high-frequency propagation
loss under shallow-water conditions,” The Journal of the Acoustical Society of America, vol. 100, no. 3,
pp. 1421-1431, 1996.

18 Keith Attenborough, Shahram Taherzadeh, Henry E Bass, Xiao Di, Richard Raspet, GR Becker,
A Giidesen, A Chrestman, Gilles A Daigle, A L’Espérance, et al., “Benchmark cases for outdoor sound
propagation models,” The Journal of the Acoustical Society of America, vol. 97, no. 1, pp. 173-191, 1995.

Proceedings of Meetings on Acoustics, Vol. 41, 022001 (2020) Page 8


https://olemiss.app.box.com/s/6qbkgdwn8ptn3xcd097rxn64umtkd6of
https://olemiss.app.box.com/s/6qbkgdwn8ptn3xcd097rxn64umtkd6of
https://oalib-acoustics.org/
http://oalib.hlsresearch.com/Rays/GeneralDescription.pdf
http://oalib.hlsresearch.com/Rays/GeneralDescription.pdf

