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ABSTRACT

In complex environments the modelling of outdoor sound propagation implies to take into account the
mixed influence of ground characteristics (topography, obstacles, impedance, etc.) and atmospheric
conditions (refraction and turbulence). During the last decade significant progress has been made in the
modelling of sound propagation over distances ranging from hundreds meters to kilometres, and the
agreement between calculated and measured fields has been greatly improved. New devel opments appear
in the parabolic-equation method. In this paper we present a method which evaluates the propagation of
an acoustic wave above uneven terrains including realistic meteorological parameters. In our approach
the effects of the topography are modelled using appropriate rotated co-ordinates systemsin order to treat
the non-flat ground as a succession of flat domains. We also examine the influence of scale resolution on
numerical simulation of long range sound propagation through the turbulent atmosphere. Currently, we
generate the turbulence using a Random Fourier Modes technique, such that the turbulent fluctuation at
any point in the medium (either scalar or vectorial in nature) is calculated from the sum of a chosen
number of modes. Our model of outdoors sound propagation is validated both with classical humerical
benchmark cases and recent outdoor experiments.

1.0 INTRODUCTION

In complex environments the modelling of outdoor sound propagation implies to take into account
the mixed influence of ground characteristics (topography, obstacles, impedance, etc.) and atmospheric
conditions (refraction and turbulence). These phenomena have been studied in the literature ([1]). Sound
waves are influenced by two principal characteristics: the sound speed (celerity) of the medium, and the
velocity of the medium. For numerical simulations of outdoors sound propagation, parabolic equations have
been derived using the approximation of the effective sound speed. In this conventional approach the real
moving atmosphere is replaced by a hypothetical motionless medium with the effective sound speed

C4 =C+V, wherev, is the wind velocity component along the direction of propagation between source

and receiver. When the source and receiver are close to the ground, the preferred direction of sound
propagation is nearly horizontal, and standard parabolic equations can be used to predict sound pressure
levels. However, in many problems of atmospheric acoustics, refracted sound waves and those scattered by
turbulence propagate in directions which may significantly differ from the horizontal axis. A rigorous way

to incorporate the effects of a velocity field is to begin with the fundamental equations of fluid mechanics
and derive a wave equation which includes the velocity. In the limits of linear acoustic theory, such a wave
equation can be derived as the sum of a d'Alembertian operator and additional terms depending on the
nature of the velocity field. From such a wave equation, a corresponding ““vector" parabolic equation can
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be derived for monochromatic sound waves. Recé&hashev & al. ([2]), Dallois & al. ([3]derived new
wide-angle parabolic equations which do maintaie ¥iector properties of the velocity of the medium.
Significant progresses have been made in the niogelf sound propagation over distances ranginmfro
hundreds meters to kilometers, and the agreememtebe calculated and measured fields have been
greatly improved ([4], [5]).

In this paper we present a method which evaludtesptopagation of an acoustic wave above an
uneven terrain using a PE method and which inclueakstic meteorological parameters. In our apghoa
the effects of the topography are modelled using@wiate rotated co-ordinates systems in orderetat
the ground as a succession of flat domains. Weendamine the influence of scale resolution on nicaer
simulation of long range sound propagation throtighturbulent atmosphere. Currently, we generate th
turbulence using a Random Fourier Modes technifftie [6]), such that the turbulent fluctuation atya
point in the medium (either scalar or vectoriahature) is calculated from the sum of a chosen rurab
modes. Our model of outdoors sound propagatioraiglated both with classical numerical benchmark
cases and recent experiments done in St-Berthelvmenacoustical and meteorological measurements are
performed simultaneously.

20 THEORETICAL BACKGROUND

During the last decade, propagation of sound alptasee and heterogeneous grounds, including or
not meteorological effects, has been extensivelgist analytically, numerically and/or experimelytal
Different numerical approaches such as Fast-FimddrBm without [7] and with turbulence [8], Boungdar
Element Methods [9,10, 11,12] and more recentlyteddBEM [13] have been successfully compared to
analytical solutions and experiments for severahusituations. Nevertheless, when considering ¢exnp
environments, mixed influence of terrain topogra@md atmospheric conditions has to be taken into
account. In those particular situations where trapg@gation medium is not stationary with creatidn o
mean motion or velocity fluctuations, numerical Eggerhes based on parabolic equations seem to be wel
adapted to the problem. Different methods of rdg&muhave been investigated. The main ones are: the
Split-Step Fourier Method [14], the Crank-Nicholsscheme (CN-PE) [15, 16], the Green Function
Parabolic Equation (GF-PE) [17, 18], the Generdlizeerrain Parabolic Equation (GT-PE) [19], the
Mean-Wind and Turbulent-Wind Wide-Angle Parabolguition (MW-WAPE, TW-WAPE) [2, 4].

In the recent years several authors have developegrical simulations of sound propagation in
the atmosphere taking into account atmospheric teodle model sound propagation in the atmospheric
boundary layer the basic idea recently introdusdd use a mesocale atmospheric model to simdeté |
wind and temperature profiles in an area with caxpbpography of the terrain. This atmospheric rhode
is couple with an appropriate model for sound pgapian ([20, 21, 22]. Recently a different approaels
been considered to improve the modelling of souogggation in an inhomogeneous moving atmosphere
([23, 24]). These new numerical simulations areedaen time—domain calculations performed with
linearized equations of fluid dynamics. The inte@sthese finite-difference time-domain techniqaes
their ability to deal with complicated phenomenaoutdoor sound propagation such as scattering by
turbulence, 3D effects by buildings and topogragi,42]). However a high computational effort is
necessary to run these solvers and this approacbt iget appropriate to deal with long distancensbu
propagation problems. Among these techniques, a&dnixethod called "Split-Step Padé" has been
validated [2, 25, 26]. It appeared to be reliablhwespect to its obvious advantages in termsnglikar
aperture, CPU time and its capability to consider tmain phenomena: from flat and homogeneous
grounds to complex situations including mixed andimeven grounds.

2.1 Parabolic equation

The PE based methods seem to be the most appeopoiasolve the problem of acoustic
propagation above a mixed ground with topographicaularities in a both refractive and turbulent
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atmosphere. For numerical simulations of outdoarndopropagation, parabolic equations have been
derived using the approximation of the effectiversb speed to take into account the vectorial efbéct
the wind. In this conventional approach the realvimgp atmosphere is replaced by a hypothetical
motionless medium with the effective sound spegdceav,, where y is the wind velocity component
along the direction of sound propagation betweeuwrcg and receiver. This approach is convenient
because both source and receiver are close torthumdy and the preferred direction of sound is iearl
horizontal. However, in many problems of atmosphexdoustics, refracted sound waves propagate in
directions which may significantly differ from thérection of propagation ([5,27,28]). We use a #pec
PE developed by Ostasheival. ([2]) and Dalloiset al. ([3]) which does maintain the vector properties of
the velocity medium.

We consider bi-dimensional (X, z) propagation ofn@nochromatic acoustic wave in a
homogeneous and moving medium. If the length safathke medium L is much greater than the acoustic
length scaleA<<L, an exact wave equation for this situation inftleguency domain is given by Ostashev
et al. ([2]):

vuU, 0°
+
¢’ 0,0

X

A+Kk*@1+¢€) -1+ £2|—kU.D
C

z

}p(f) =0, Eq 1)

where: p is the acoustic pressuiEs2rt, f is the frequency, kalc, e=(cy/c(r))>-1 is the variation of the
standard refraction index, x and z are respectitleyhorizontal vertical directions, amdstands for the
velocity of the medium. Whew=0, this equation is reduced to the Helmholtz équat

4+ K2 (1+)|p(r.@)=0. g2

The additional terms in Eq. (1) compared to Eq.c(®)tain the effects of the moving medium. Ostasev
al. ([2]) and Dalloiset al. ([3]) reduced Eq. (1) to wide-angle parabolic émra The first step is to write
the 2D equation for forward propagation ([2,3]):

[i k\/ﬁ} p(r,w)=0., (Eq. 3)

=i
0x

From here, the pseudo-opera@is simplified using a Padé approximation to yield:

1+ pL
= , (Eq.4
\/_ 1+qL (Ea. 4)

where L=Q-1, p=3/4 and g=1/4. Considering the espelof the pressure field defined @g)=p(r)exp(-
ikx), the parabolic equation turn to mean-wind wadwle parabolic equation (MW-WAPE):

, o0
1+qF, —ipkM, - gk®M 2|22
[ g, —IpKM; —Q l]ax (Eq.5)
=ik|(p- q)F, +ik(p—g)M, —ikM,F, + gk?M 2],

where:
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v, d c’-vi g’
F,=———|c5+2c,-2—+ L — |-
' vz{o koz  Kk? 622}

2V, . v, 0
k(c® —vy) k 0z

If all velocities in Eq. (5) are set to zero, tkiguation is reduced to the classical Padé (1, 1\VPAPE)
derived from Helmholtz equation (2):

1+ qL]ag—S)ﬂko[(p —q)L)r), (Eq.6)

where:

62

L —, (Eq.7
72 (Eq. 7)

I
)
e
+
x|

with

E4 =N5 —1=c2/ci -1.(Eq.8)

Eqg. (3) and Eq. (5) are discretized on a unifornsim@\x, jAz) using a standard finite difference method.
z-derivatives are evaluated by centered differeapproximations, and Crank-Nicholson scheme is
implemented as a marching algorithm which takegdatewing form:

A¢(x + AX, z) = B¢(X, 2), (Eq. 9)

where A and B are pentadiagonal (MW-WAPE) or trizajo( WAPE) matrices. In our computations, the
ground is modeled as a locally reacting surfacé fiftite complex impedances calculated using the on
parameter approximation from Delany and Bazley]jj2Reflexions at the top of the numerical grid are
controlled by introducing a thin artificial absdiat layer in the upper part of the computation dioma
The uneven terrain is treated as a successiorabfifimains ([26, 30, 31]). After each flat domdie t
coordinate system (x,z) is rotated so that the i asmains parallel to the ground ( figure 1) .The
calculation above each domain needs an initialteoluThe values of the initial solution for therdain
n+1 are obtained from the interpolated values effhessure field of the domain n, except for tingt fi
domain where the source is initialized by a Gausstarter which has an adjustable width and tahkies i
account the image source weighed by a complexctaftecoefficient.

In order to validate the method, we consider ttipagation above a wedge. A reference solution
can be established analytically as the sum of angé&cal field and a diffracted field ([26]). Wensider
the case of a positive slope and of a negativeesife chose d1=60 metres, d2=40 meters and alpha=20
degrees. The unit point source is located at 2 nnetigove the ground. The acoustic frequency ist40
On figures 2 and 3 we compare two analytical sohgiand the PE solution. We evaluate the pressure
amplitude on the same benchmark case on a linepepdicular to the slope at 40 meters of the bottom
discontinuity.
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Initial solution ] I

Domain 2

Dommain 1

Figure 1 - Definition of the computational domains.

¢;=7E—¢ % analytical solution (geometrical field)
[ |— analytical solution (geometrical field + diffracted field)
+ parabolic equation

0.03

11 (divect) + 12 (reflected)
=02

424103 +14

0.02

pressure amplitude (Pa)

0.01

height (m)

Figure 2: Sound propagation for an upslope wedge (hs =2 m.;d1=60 m. , d2=40m.).

The first analytical solution is the geometricaltpaf the pressure; the second is the total arcallti
pressure field (geometrical plus diffracted). Tlgee@ment between the PE solution and the firstytioal
solution (geometrical plus diffracted field) is edent in both cases (upslope and downslope). The
difference between the two analytical solutiondug to diffracted part of the pressure field. Waatode
that the rotated PE method calculates accuratelyiffracted part of the field above the wedge heds
numerical comparisons in the cases of the curvethses have been done ([26,30]) : the rotated PE
method gives accurate results until a angle ofefreks and for frequencies between 100 and 3200 Hz.
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[ | » parabolic equation
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s

i L | i
0 10 20 30
height (m)

Figure 3: Sound propagation for a downslope wedge (h s=2 m. ,d1=60 m., d2=40 m..)

2.2. Atmospheric model

There are several ways of modelling the verticaldvand temperature profiles near the ground: linear
logarithmic, multi-linear, linear-logarithmic, hyidr etc. As first order approximations, temperatanel
wind profiles are set constant with distance (nange dependent) on each flat domain. Likewise the
profiles are slightly rotated with each correspagdiiomain, since the angles between the rotatadrsgs

of coordinates are very small (inferior to 5°). Mover, following Panofsky & Duttofi32]) and Gilbert

& White ([15]), temperature and wind profiles assamed to be logarithmically shaped and expressed a

T(@=T(z+d)+a In2-9),
d (Eq. 10)

=a In(—),
V@) =a,in(* %

where d is the displacement length,iz the roughness parametey,and @ are refraction parameters
related to temperature and wind respectively. Tfextve sound speedscused in the classical Padé (1,1)
PE [Eq. (8)] is defined from wind and temperatueddt as:

_ 1. T(2)
Cy (Z)=Cp |1+ ——— 27315 +Vv(z)cos( ), (Eq. 11),

8+ cos@)avj né %), e 12

Car (2) =G (1 +—

273 1 ( 227318

where g is the sound speed for T=273.15%381m/s) andd is the angle between wind direction and the
direction of sound propagation. We can define &céfe refraction parametegsaas follow:
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_1 g
Fer 2273.15
This effective refraction parameter is used with FEAwhile temperature and wind refraction parameters
are used with MW-WAPE. Our MW-WAPE code needs aataipropagation conditions as input data for
calculations. Vertical sound speed profiles coutd determined from wind and temperature profiles
through data post-processing of experimental ddiase profiles can be also numerically synthesired

a micrometeorological model. This has been cardetin the context of road traffic noise using an
atmospheric code called SUBMESO ([22]). MW-WAPE @adso deal with turbulence; we generate the
turbulence using a Random Fourier Modes technigjueh that the turbulent fluctuation at any pointhie
medium (either scalar or vectorial in nature) iegkated from the sum of a chosen humber of modds w
an amplitude distributed according to a prescrigeergy spectrum ([4, 6, 33]).

a; +cos(f)a,. (Eqg. 13)

2.3  Sound scattering in an upwar d-refracting turbulent atmosphere

In an upward-refracting atmosphere, acoustic enggscattered into the shadow zone due to
temperature and wind fluctuations. The strengththa$ scattering not only depends on turbulence
parameters (i.e. turbulence scales and variancefigfctive-index fluctuations) but also on the atmu
frequency and geometry (range, source and rechigights) considered. As shown in previous studies
([33,34,35,37]), there is a coupling between tuebak parameters, acoustic frequency and geometry,
which means that the turbulence scales involvetierscattering of acoustic energy into the shadae z
also depend on acoustic frequency and geometry.siffalest turbulent structures involved in acoustic
scattering into the shadow zone can be found uBnagg’s relation, which links angle of diffractiaf
acoustic energy with acoustic frequency and turdulgtructure/eddy size. The range of acoustic
frequencies of interest is thus relatively largertf 50Hz to 4kHz), and the range relatively long {a
1km). To predict sound pressure levels given tlesstraints, numerical simulations are realizedgisi
wide-angle PE code including turbulence effects34, 33]. Turbulence is generated using a Random
Fourier Mode (RFM) technique assuming frozen twebtfluctuations. Mode orientations and phases are
independent random variables chosen to yield homemes isotropic fields. For each realization,
temperature (or velocity) fluctuations are obtaifgdsumming over a limited number of random Fourier
modes. In the simulations the sound pressure isva@leraged over 30 realizations, which is enowagh t
obtain accurate results [4]. In this paper the &tmns are done in a two-dimensional space, arig on

temperature fluctuations are considered. Temperatirdecomposed into a mean par=T, and a

fluctuating partT': T =T, +T". The turbulent thermal energy spectrén is modelled by a modified
von Karméan spectrum of the form [4, 33, 40]:

-11/6 2
GaD(K):47'ACT2K2|:K2 +|_12:| EX[{—EZJ ’ (14a)
0 m
— -1/ ) (14b)
GZD(K)=§%K K2+ 2| exg-r |,
3L, 0 Ka

in three- and two-dimensions, respectively, wikh the turbulent wave numbek , = 5.9%O , L, and

|, the outer and inner scales of turbulence, resmeyfi A= 0.0330, and C,% = 191T"%/L2? |
Expressions can also be written in terms of themindf refractionn, n=n+ 4, where i is the
fluctuating part. For small fluctuationa is written as:x =T'/2T, . In the PE code, the spectrum given
by Equation (14b) is used for consistency with tliimensional geometry. Turbulence parameters for all
simulations are, =5m, |, = 005m, and ? =10 (corresponding to a temperature standard
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deviation of 1.8K).

2.3.1. Scattering cross-section

The scattering cross-section characterizes the mimofl acoustic power scattered by a volume of
inhomogeneities (or scattering volume) per unitident acoustic intensity and per unit volume:
o®® =r214/1,V, with the notations of Figure 1, the mean scattered acoustic intensity, &pche

incident acoustic intensity. The scattering crassion characterizes the angular dependence ofktcou
scattering by turbulence; it has the dimension 6f m/hen considering temperature and velocity
fluctuations, the scattering cross-section for hgemeous turbulence is written [36]:

o® = 27k* coszﬂ( Lo (k(m, - M)+ 20 o (k(m, - m))] , (15)
4T, c2

where k is the acoustic wave numbef, and c, are the mean temperature and sound speed,

respectively, and®3® and ®° are the three-dimensional spectral densities of fthctuations of
temperature and of thd" iand |' components of velocity, respectively. This expi@sss obtained
assuming that the propagation distangesnd r are large with respect to the scale of themogeneities
L, and L is large with respect to the acoustic iewgthL. Writing o; the scattering cross-section only

due to temperature fluctuations, it comes for hoemegus and isotropic turbulence in three- and two-
dimensions:

3D(0)_ k? cos @

= —— = G*(2klsing/2
3272 sin? 62 (2sing/2) , (162)

(16b)

o (m_ K* 0S8 s .
( )_8T02 g a° (2Kisingy/2)) .

Figure 4: Geometry of source S, receiver R, scatteri  ng volume V and scattering angle 6.

Equations (16a) and (16b) show that scatterinhethgled only depends on spectral components of the
turbulence with wave numbe2#r/L = 2k sing/2. This can be rewritten:

A =2Lsing/2 , (17)

which satisfies Bragg’s condition . Bragg's relatigiven in Equation (17) is useful since it estiesathe
main turbulent structure size L responsible fordbattering at the angbefor a given acoustic wavelength

21-8 RTO-MP-SET-107
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L. Several authors already used this relation terfmet numerical results of acoustic scattering by
turbulence [33, 34, 35, 37]. In Figure 5 we compaeescattering cross-sections in 2D and 3D cdiedla
at two different acoustic frequencies. The scattpdross-sections are seen to reach their maxinium a
equal to zero (forward-scattering). For the higheoustic frequency of 1600Hz, small scattering esg|
(below 5 to 10 degrees) contain most of the s@adtenergy. This is less pronounced at the lowenstim
frequency of 100Hz. It also appears that 2D exjassare lower than 3D ones, although there isnplsi
relation of proportionality between the two. Asesult the normalized scattering cross-sectionstare
same in the two- and three-dimensional case.

\ | | | | | ' ‘ :
| 3D
o I | | | | | o, a100Hz
10 fFr----1——-——- [ [ [ [ -
'y | | | | |
) | | I I I —_— = ciD a 100Hz
\ I I I I I
\ I I I I I
S ; ; ; ; 03" 2 1600Hz
I I I I
P ‘ | | .| 6% a1600Hz
E£10 ----- [ R =t Teepe - : ***********************
> o ‘
I I I
l l l l ‘
I I I I I I
I I I I I I I I
I I I I I I I I \
10 I I I I I I I I \
10 F----- - [ o - - - 4o oo I :
l l l l l l l l
I I I I I I I I \
L L 1 L 1 1 L L )
0 10 20 30 40 50 60 70 80 90

Figure 5: Scattering cross-sections at 100Hz (black) and 1600Hz (red) in three- (solid lines) and
two- (dashed lines) dimensional space. Temperature fluctuations are modeled with the modified
von Karman spectrum .

2.3.2. Influence of cut-off turbulent wave numberson sound propagation

Let AL=10IoglO(p2/pfree) be the relative sound pressure level, whereis the acoustic pressure
calculated, andp,, is the acoustic pressure in free space and in bengous propagation conditions. In

order to obtain the third octave band spectrunhefsound pressure level between 50Hz and 1600Hz, 46
frequencies are calculated to have a 1dB maximuor.ekll simulations are run with a source height o
2m, a porous ground with an effective flow resisfivof 200kN.s.nf, typical of grassland, and a

logarithmic sound speed profile(z) =Cy+ 3, In(1+ z/zo), with ¢, =340m/s, a,, =-21m/s, and

z, = 0.dm. This sound speed profile is representative df@ng sound speed gradient. We focus on the

influence of the small turbulent structures. Pdrthe approach presented here follows Weerdl. [33].
From the scattering cross-sections plotted in Edyrwe expect that only small scattering angle® lza
significant effect on scattering into the shadowezoUsing Bragg's relation of Equation 17, smadlad
smaller structures are likely to be involved whée tacoustic frequency increases. This qualitative
reasoning is confirmed by numerical simulationstie PE simulations, different maximum turbulent

wave numberk from 1m"* to 32n, are considered. Figure 6 shows the differencéhén800Hz

Cmax '
third octave band relative sound pressure leveléet simulations wittK ., equal to 32rii (taken as

the reference simulation) and 2nClearly in the latter case the sound pressura iavthe shadow zone is
smaller, which shows that turbulent wave numbets/éen 2 and 32rhare important.
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height [m]

100 200 300 400 500

height [m]

100 200 300 400 500

range [m]
— -1 — -1
Figure 6: Relative sound pressure level AL for Kema =32mM (top) and Kema =2M
(bottom) on the 800Hz third octave band.
(ro,zo) = (500m,1m)
_ -1
K =32M
—_ _ -1
[} O Kax=16m
° 1
4 —A—K =8m
Q Cmax
P
KCmax_4m
. ol
KCmax_zm
K im™

Cmax

AL (dB])

1/3 octave band central frequency (Hz)

Figure 7: Third octave band spectrum of the relativ e sound pressure level AL at a receiver

located at (r0,z0) (as given on top of each plot) w ith K max as given. A black vertical line is
plotted at 400Hz.

To be more specific, we compare the third octavedlepectra of the relative sound pressure leveh fro
the simulations with differenK ., at a range of 500m and at two heights in FiguBélow 100Hz

approximately, the receiver is still located in tHeminated region and all simulations give thenga
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results. When acoustic frequency increases abo@Z,0K. .. needs to be increased to reach the
reference simulation. For instance in the 400Hzdbésee the black vertical lines in Figure 7), only
simulations withK >8m™ are acceptable at a height of 1m. At a heightOof,lthe simulation with

Kema €qual to 4rit is also acceptable. At greater heights the recésveot as deep in the shadow zone,

thus sound pressure levels are higher and the ttcmmain the maximum turbulent wave number is not as
critical as at a lower height. These results shbat the maximum cut-off turbulent wave number

increases with acoustic frequency. From the 1mtteitpt we see that simulations witk ., equal to

1m?', 2m', 4mi* |, 8m', 16ni' are roughly valid up to the 63Hz, 125Hz, 250Hz01E8 and 1kHz third
octave bands, respectively, where validity is ustterd here as closeness to the reference simulation

Thus there appears to be a more or less lineandepee between the two quantitid§;. ..., L] f . This

is consistent with Bragg's relation considering aximum scattering angle that is constant with resfme
acoustic frequency.

C max

3.0 SOUND PROPAGATION IN A COMPLEX REALISTIC ENVIRONMENT

An outdoor site near Saint Berthevin (France) hagnbselected to study the influence of
meteorological conditions on sound propagation.sTdifers the possibility of simultaneous detailed
measurement of meteorological and noise propagatida as indicated on figure 8. The meteorological
data are collected on towers M1 to M7 and the sqaedsure levels are measured on towers Al to Ab5.
Meteorological data and sound levels at the recgigee recorded simultaneously. (Additional detaits
available in [22, 26]). This survey provides a @iatse of noise level variations in a complex envirent
(non flat terrain, mixed ground) and thus allowtaivalidate our numerical simulation of outdoorsirsd
propagation.

Fs
Mé! [N
%145.%\\ Vo

Yoo \
TN
A \ \280m
\ \

NG

Figure 8 View of St Berthevin and schematic illustra  tion of the experimental set-up

The terrain is modelled using a succession oflabdibmains with finite complex impedance Z. Z is
calculated using the one-parameter formula of DeBazley ([29]):
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f -0.754 f -0.732
Z= ,ooc{1+ 0.057{’)O j ¥ i0.087(’0° j ] (Eq. 18)
g g

where f is the frequency aral is the flow resistivity. A broadband source isdtad at 2m from the
ground, the reference level is calculated in fimfrthe source at a distance of 1m (see figuren9rder to
evaluate the micrometeorological conditions, weduaa equipped tower located on the slope but far
enough from the measurement line not to disturbusti® propagation. The tower is equipped with
ventilated air thermometers (YOUNG 41342VC) anduaate wind direction and wind speed sensors
(YOUNG 05305AQ), using a YOUNG 26700 station. Theewmacy is about 0.1°C, 2° and 0.1m/s
respectively. The sampling rates of the temperatum@ wind measurements are too low as to derive
turbulence parameters. These sensors are locatedlifferent heights: 1, 3 and 10m. Temperature and
wind profiles are modelled following Eqg. (10), wheg and @ are deduced from micrometeorological
measurements (10min average). For each acousteadurement, the signal has been averaged over 10
gun shots, which is a sufficient number to detegranreliable average value for acoustical measurtme
Results are given in terms of relative Sound Pres&evel coming from the difference between the
spectrum at microphone M1, M2, M3, M4 or M5 and $pectrum at the reference microphong.M

Source ©)

{270°) i90°)

Meteo tower

(180°)

12.5m

25m

B m Source

Figure 9 Experimental set-up .The source and the re  ceivers R1 — R5 are located 2 m above the
ground, the angle between the wind direction and th e axis of propagation is 20°

Figure 10 gives a comparison between experimerd#h dneasures at St Berthevin and numerical
simulations calculated with PE. In the results enésd here, the micrometeorological parametersadetiu
from experimental data are : the angle between wirettion and the direction of sound propagation
=20°, the refraction parameters related to tempegand wind respectively=0.20 and &0.65 , and the
effective refraction parametega0.73. The characteristic impedance value of eachaih of the ground
surface has been determined according to the gramgidence technique developed by Bérengier and
Garai ([38]). This measurement technique requiresteof two microphones located 4 m away from an
impulse source. The estimation of the airflow gty value of the ground to be qualified is olrted
through a Levenberg-Marquardt inverse fitting alidon applied to the experimental narrow-band excess
attenuation between the two microphones ([39]). Témults of the fitting procedures for downslope
propagation arec = 600 Pasm® around the source,= 90 Pasm™ around M10 = 160 Pesm* around

M2 ando = 200 Pasm around M4. The distances of propagation are réisedc 25 m for the receiver
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R2 and 75m for the receiver R5. At the receivepRised down the hill we clearly observed the infice

of the wind (see figurel0). If the mean wind pmi$ not taken into account in the numerical sirtnomha

we noted large differences between the measuredatat the estimated sound pressure level; at large
distance of propagation (R5) and for high frequesdiabove 500 Hz) the difference is of the order of
15dB. When the mean velocity profile is taken iatzount in the PE simulation, the agreement between
calculated and measured values is reasonable. iffeeedces could be attributed to the variationghef
local impedance, and to the fluctuations of theemetlogical parameters (mainly the wind directiowl a
the turbulence). Concerning the back-scattered d@mergy by slopes, Blairon ([26]) showed that the
ratio between the scattered and the total acoesgcgy is less than 0.1 % for a frequency of 50@ktk a
slope of 40 degrees.

Méasurémenté
10~ a PE with wind
4 4 PE without wind |

-10

Relative sound pressure level (dB)

Receiver R2
30|~ i
| | L |
0 500 1000 1500 2000
Frequency (Hz)
I T |
o Measurements | o

__ PE with wind
A 4 PE without wind 4

roe Ty

40| Receiver R5 |

Relative sound pressure level (dB)

L 1 | | | | L |
0 500 1000 1500 2000
Frequency (Hz)

Figure 10 Relative sound pressure levels measured a  t two receivers R2 and R5. Comparisons
with numerical estimated calculated using the PE meth od: influence of the mean wind.
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4.0 CONCLUSION

In this paper we have presented a method whichueted the propagation of an acoustic wave
above an uneven terrain using wide-angle paralegliations which do maintain the vector properties o
the velocity of the medium and which includes &tadi meteorological parameters. In our approach the
effects of the topography are modelled using apjatrotated co-ordinates systems in order td trea
ground as a succession of flat domains. We alsmieeathe influence of scale resolution on numerical
simulation of long range sound propagation throtighturbulent atmosphere. Currently, we generate th
turbulence using a Random Fourier Modes technifftje[6]), such that the turbulent fluctuation atya
point in the medium (either scalar or vectoriahature) is calculated from the sum of a chosen rurab
modes. An outdoor site near Saint-Berthevin (Frarttes been selected to study the influence of
meteorological conditions on noise traffic. Acoaatiand meteorological measurements are performed
simultaneously. This survey provides a databaseisie level variations in a complex environmentno
flat terrain, mixed ground). The agreement we olgdibetween our numerical simulation based on a PE
model and the measured data can be consideredyapreeising. Work is currently in progress to stud
over long time periods the statistical effects eft@orology on long range sound propagation.
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