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HIGHLIGHTS

« Comparison of results from a ray-tracing model and real aircraft noise measurements.
« Inclusion of coherence loss due to atmospheric turbulence scattering in ray-tracing model.

« Accounting for meteorological effects improves agreement with measurements.
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A ray-based numerical model for aircraft noise propagation that accounts for source motion, ground effects,
and atmospheric effects as recently proposed (Kayser et al., 2024, Acta Acustica, 8, 62) is evaluated against
measurements. Prior to this comparison, an extension of the model is introduced to incorporate coherence loss
due to atmospheric turbulence scattering. To capture realistic conditions, noise of aircraft flyovers was recorded
on-site, along with aircraft trajectory and meteorological data, including wind and temperature profiles. The

spectrograms at 1.2 m above the ground are extrapolated from the measured spectrograms at the ground level
using a transfer function computed from both the proposed ray-tracing model and an existing heuristic model
from the literature, which neglects refraction. Comparison with the spectrograms measured at 1.2 m shows that
both models are capable of reproducing the spectrograms with good accuracy. However, the ray-based model
demonstrates greater precision in capturing interference patterns, particularly when the aircraft is not directly
overhead relative to the receiver (i.e., for slant propagation), where refraction plays a more significant role.

1. Introduction

Aircraft noise prediction requires a precise description of the sound
propagation, in addition to source models. Indeed, propagation in the
atmosphere is strongly affected by ground reflection, atmospheric strat-
ification, and turbulence-induced scattering. For a moving acoustic
source, such as an aircraft, these environmental effects must be consid-
ered in addition to Doppler shifts and convective amplification, resulting
in complex propagation scenarios. Consequently, significant uncertain-
ties can arise in sound pressure level (SPL) estimations, particularly
when using simplified models that neglect certain propagation effects.

While aircraft community noise mostly relies on engineering mod-
els, recent studies [1-5] have sought to include meteorological effects
using ray-tracing approaches. For aircraft flyover auralization, it is also
important to rely on physical models to improve the accuracy of the
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generated signals. Thus, ray-tracing techniques have also been proposed
to simulate the perceptual rendering of aircraft flyovers in realistic en-
vironments [6-8]. In addition, the impact of atmospheric turbulence
has been addressed in terms of coherence loss between the direct and
reflected waves [9,10]. More recently, acoustic scintillation, which in-
duces random fluctuations in the sound pressure amplitude, has also
been accounted for via semi-empirical modeling [11].

Another application in which an accurate prediction of sound propa-
gation is critical is aircraft noise certification, where regulatory thresh-
olds impose a decibel-level precision [12]. In this framework, improved
modeling tools can support the design of more robust measurement pro-
cedures, for instance enabling noise measurements directly at ground
level [13-16], and numerically extrapolating the SPL at the standard
height of 1.2 m, using a computed transfer function. This approach

Received 30 June 2025; Received in revised form 25 November 2025; Accepted 27 November 2025
0003-682X/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


http://www.sciencedirect.com/science/journal/0003-682X
https://www.elsevier.com/locate/pacoust
https://orcid.org/0000-0002-3403-2540
https://orcid.org/0000-0002-7497-9130
mailto:bill.kayser@cerema.fr
https://doi.org/10.1016/j.apacoust.2025.111187
https://doi.org/10.1016/j.apacoust.2025.111187

B. Kayser and D. Dragna

allows bypassing the ground effect contributions in measurements,
making it possible to compute them a posteriori through numerical
models. As a result, the influence of ground properties can be better
controlled and standardized across measurements, ultimately reduc-
ing uncertainty and improving the repeatability of acoustic assessment
protocols. In order to overcome current model limitations, there is
a growing interest in developing more realistic numerical methods,
while maintaining low calculation costs, capable of accounting for the
combined influence of source motion and atmospheric conditions.

Early studies focused on the development of analytical formulations
for a point source moving rectilinearly above a ground surface in a ho-
mogeneous and quiescent atmosphere [17-20]. One notable approach is
the so-called Dopplerized Weyl-Van der Pol formulation, which allows
for a closed-form solution. In the general case of arbitrary motion above
a ground surface, no exact analytical solution is available in the litera-
ture. However, a heuristic formulation has been introduced in Ref. [21],
still for a homogeneous and quiescent atmosphere. To account for meteo-
rological effects on sound propagation, numerical methods are required.
While wave-based approaches can be used [22,23], they remain com-
putationally expensive when dealing with moving sources in complex
environments.

Recently, we have proposed a coupled formulation combining the
heuristic formulation of Ref. [21], which incorporates ground effects at
Doppler-shifted frequencies and convective amplification due to source
motion, with a ray-tracing (RT) model that determines sound paths
in the presence of atmospheric refraction [24]. The developed model
thus accounts for the main physical phenomena influencing sound
propagation, including source motion (Doppler shift and convective
amplification), ground reflection with admittance evaluated at Doppler-
shifted frequencies [25], and atmospheric refraction through ray-path
curvature and travel-time effects. As a ray-based method, the model
offers reasonable computational cost and simpler implementation com-
pared to full wave-based solvers, making it well suited for practical
applications. Furthermore, it provides a more physically consistent de-
scription of the sound field than quasi-static source models typically used
in industrial practice. While the model has shown good agreement with
numerical benchmarks in idealized configurations, its application to re-
alistic aircraft scenarios requires an assessment against experimental
data which is the purpose of this work.

In this study, we present an in situ validation of the RT-based model
using a dedicated measurement campaign. Aircraft performed repeated
flyovers along a controlled trajectory, during which acoustic signals
were recorded simultaneously at two microphone heights (z = 0 m
and z = 1.2 m) and complemented by meteorological data (wind and
temperature profiles) acquired via lidar and radiosonde-equipped drone
flights. We also integrate into the RT model coherence loss due to atmo-
spheric turbulence scattering, following a formulation recently proposed
for slant propagation [26]. The results of the ray-based simulations are
compared to the experimental data and also to predictions from the
heuristic formulation in Ref. [21] that neglects atmospheric refraction.
The comparison focuses both on the spectrograms recorded at the two
microphone heights and on the transfer functions between the micro-
phones. Three test cases under varying atmospheric conditions were
selected for detailed comparison.

The paper is organized as follows. Section 2 describes the measure-
ment campaign. The models including the heuristic and RT model are
presented in Section 3. Section 4 compares the acoustic recordings with
the numerical simulations. Finally, concluding remarks are provided in
Section 5.

2. Measurement campaign

A dedicated acoustic measurement campaign was conducted to char-
acterize aircraft flyover noise under realistic outdoor conditions at
Morén Air Base, Spain, in September 2021. The experiment involved
repeated flyovers of an aircraft (ATR 42-500) along a runway oriented
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20°/200° with respect to magnetic north (0°), with takeoffs heading
southward and landings northward. Aircraft trajectories, including po-
sition and speed, were accurately tracked using GPS throughout the
campaign.

To capture acoustic data, two 4192-L-001 1/2” Briiel & Kjeer mi-
crophones with Type 2669-L preamplifiers were deployed at the same
location but at different heights to assess ground effect contributions:
one microphone was flush-mounted at ground level z = 0 m, and the
other was positioned at a height of z = 1.2 m above the ground. The
microphones were placed on and above the runway, which extends sev-
eral meters around them. The nearest obstacle is a small house located
approximately 600 m away from the microphones.

In parallel, meteorological measurements were performed to esti-
mate atmospheric propagation conditions. A ZX 300 scanning lidar (ZX
Lidars) was used to obtain vertical wind profiles, providing information
on wind speed and direction from 10 m to 300 m above ground level.
For the ground level (z = 0 m), we assume that the wind speed is equal
to zero. A spline interpolation is applied to obtain a continuous vertical
profile between the measurement points. Above 300 m, the wind profile
is extrapolated up to 1 km by continuing the trend observed at the high-
est measurement points, ensuring a smooth transition without abrupt
changes in gradient.

To capture vertical temperature gradients, an instrumented drone
performed in situ ascents, providing radiosonde measurements from the
ground (z = 0 m) and up to z = 1000 m, with a 30 m discretization step.

The ground impedance was measured on site following the ANSI
standard [27] and fitted using the slit-pore model [28]. The resulting
values are a flow resistivity of 1057 kPa s m~2 and a porosity of 0.13.

The combination of acoustic, meteorological, ground impedance and
trajectory data yields a dedicated dataset for analyzing the influence
of atmospheric refraction, ground impedance, and Doppler effects on
aircraft noise reception. Fig. 1 shows the runway, the locations of
the microphones, as well as the lidar and the drone used during the
campaign.

2.1. Wind and temperature vertical profiles

Wind and temperature vertical profiles were recorded concurrently
with the acoustic measurements to characterize atmospheric propa-
gation conditions. Fig. 2 shows the temperature and wind profiles
measured respectively by the drone and by the lidar, as well as the wind
direction measured by the lidar (wind direction relative to north). The
colored curves highlight specific atmospheric conditions that will be ref-
erenced in Section 4 for comparison with numerical simulations from
the RT model presented in Section 3. These three test-cases are cho-
sen to span different propagation scenarios. The 19:20 case features low
wind shear and a wind direction nearly transverse to the source-receiver
axis, which is expected to reduce refraction effects in the source-receiver
direction. The 20:00 case is characterized by a wind shear in the ver-
tical profile, which may affect sound propagation. Finally, the 21:30
case exhibits the strongest wind speeds, with a wind direction aligned
with the runway axis, potentially enhancing propagation effects due to
wind. Regarding thermal conditions, it is important to note that temper-
ature gradient measurements are only available at 20:15. Temperature
remains nearly constant with height, varying by about 2 °C over 300 m.

2.2. Aircraft trajectories

Aircraft positions and velocities were recorded using onboard GPS,
enabling precise reconstruction of flight trajectories during the measure-
ment campaign. Fig. 3 displays the three-dimensional (3D) trajectories
of the aircraft for takeoff procedures along the 20°/200° runway axis,
while Fig. 4 presents the Mach number of the aircraft during the flight,
defined as the ratio of the aircraft’s velocity to the local sound speed.
These selected trajectories correspond to the closest-in-time meteorolog-
ical conditions shown in Fig. 2, and will serve as test-case trajectories in
the comparative analysis presented in Section 4. The three trajectories
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Fig. 2. Temperature profile measured by the drone ((a), left), wind speed profiles measured by the lidar ((a), right), and wind direction measurements from the lidar

(b). The black dashed line indicates the runway orientation.

span different flight geometries: the 19:17 and 20:04 trajectories fea-
ture a gradual climb while the 21:29 trajectory starts at a lower altitude
with a steeper ascent angle. This variety allows the analysis to encom-
pass a broader range of source-receiver configurations and propagation
conditions, including favorable and unfavorable meteorological situa-
tions (e.g., downward and crosswind propagation), as well as scenarios
involving acoustic shadow zones.

2.3. Acoustic recording example

The spectrograms associated with the 19:17 test case are displayed
in Fig. 5 for illustration. Time ¢ = 0 s corresponds to the beginning of
the recording. The audio signals acquired at a sampling frequency of
48 kHz are analyzed using a Hamming window of size 2048 points, with
50 % overlap between successive windows. The discrete Fourier trans-
form was computed using 8192 points, applying zero-padding beyond
the 2048-point window to produce a smoother spectrum and facilitate
the visualization of spectral features.

At ground level z = 0 m in Fig. 5(a), interference patterns due
to ground reflection are absent. At z = 1.2 m in Fig. 5(b), the inter-
ference minima and maxima can be seen in the measurements. These
spectrograms allow for a comparative analysis of the spectral content
and temporal evolution of the received noise at both microphone posi-
tions. Note that the displayed levels are normalized and do not reflect the
absolute sound pressure levels measured during the campaign. The spec-
trograms provide a quick visual insight into the spectral content of the

recorded acoustic signals. As expected, the acoustic energy is primarily
concentrated in the low-frequency range, with a clear maximum occur-
ring when the aircraft is perpendicular to the microphone (¢ ~ 38 s),
corresponding to the moment of closest approach. The signal exhibits
a broadband frequency content similar to pink noise, and no distinct
tonal components are observed. Atmospheric absorption is also evident:
high-frequency content is noticeably attenuated when the aircraft is far-
ther from the receiver, both at early and late times. Additionally, weak
stochastic variations are visible (for instance, at t = 17 s or 30 s) with
sudden fluctuations in the pressure level which may be attributed to at-
mospheric turbulence effects (scattering), as well as ambient background
noise. A narrowband component around 5 kHz is also noticeable on the
spectrogram and is attributed to insect noise (mainly crickets) present
during the measurements.

In addition to the time-frequency representations, the transfer func-
tion between the two microphone heights

(€Y

2 —_—
T(x,y.f,0 = 10logyg ('P (ryz=12m./, t)l)

[p2(x,y,z=0m, f,1)|

is also computed and presented in Fig. 5(c). If we assume that the aircraft
is a compact source and that the difference in directivity and emission
characteristics due to Doppler shift is negligible along the propagation
paths, this transfer function does not depend on the source properties
(directivity and frequency content) but on the aircraft trajectory and
propagation effects only.
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Fig. 3. Aircraft trajectories reconstructed from GPS data. The projection in each plane (xy, xz, and yz) is also plotted. The red dot shows the microphone position.
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Fig. 4. Speed of the aircraft represented as Mach number for each of the test-case
considered.
3. Models

3.1. Heuristic formulation for a monopole in arbitrary motion above a
ground

In this section, we summarize the heuristic model [21] and the RT
model, that were already introduced in Ref. [24]. We present equivalent
but slightly modified formulations, that are better suited for calculat-
ing spectrograms for a broadband source. Integration of coherence loss
due to atmospheric turbulence and scattering loss in the heuristic and
the RT models is then described. Atmospheric absorption has also been
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accounted for in both models following ISO-9613 standard [29]. As we
are primarily concerned with transfer functions between two closely
spaced microphones for which atmospheric absorption does not play
a role, the integration of atmospheric absorption in the models is not
detailed.

3.1.1. Heuristic formulation considering a homogeneous atmosphere

A heuristic formulation has been proposed in the literature [21] to
describe the sound field from a monopole in arbitrary motion above an
absorbing ground surface and for a homogeneous and quiescent atmo-
sphere. In this formulation, the ray paths are straight lines, as refraction
is not taken into account, which is the main limitation of this approach
(see sketch in Fig. 6). On the other hand, the heuristic formulation does
consider the source motion effects: Doppler frequency shift and convec-
tive amplification, as well as ground effects. Note also that the original
formulation of the heuristic model [21] includes acceleration terms that
are neglected in this study as we consider source motion at constant
speed in the following (see Section 3.2).
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Fig. 5. Spectrograms of the acoustic signals recorded at ground level z = 0 m (a) and at z = 1.2 m (b) for the 19:17 test case. The transfer function between the two

microphones is also plotted in (c).
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Source at time ¢ s

Source at emission time ¢, P

Receiver x(z,y, 2)

Fig. 6. Geometry considered for a moving monopole in arbitrary motion in a
homogeneous atmosphere above a ground.

We consider the Cartesian system x = (x,y,z) and denote by ¢
the time and by f the frequency at the receiver. We use the conven-
tion e~271/!, The source trajectory is known: its position is denoted by
x,(H) = (xg, ¥y, z,) and its speed by V¢ = dx,/dr. The source Mach num-
ber vector is Mg = V,/c, with ¢, being the sound speed which is here
assumed to be constant. We also introduce the image source position
x;(1) = (x4, y,,—z,) and its corresponding Mach number M;,. Note that
the z-component of the Mach number vector associated with the im-
age source is the opposite of that of the direct source, as the image
source travels along the z-direction in the opposite direction to the di-
rect source. We consider a broadband source with source strength S(f)),
where f is the source frequency. At the receiver, there are two contribu-
tions, the direct wave and the reflected wave. In the following, the index
1 refers to the direct wave and the index 2 to the reflected wave. The
acoustic pressure at the receiver in the heuristic formulation is written
as:

e 127 fpte

—i27 fo1t,
PO, f.0) = S(fm)e(—o”2 + S-S @

Ry (1= M,) R,(1 - M,)

el

with R,; and R,, being the distances between the source and the receiver
and between the image source and the receiver at the emission times
t,; and 7,,. Thus, for the direct wave, one has R,; = |R| with R, =
X — X,(t,1). Similarly, for the reflected wave, one has R,, = |Ry,| with
R, = X —X;(#,»). The emission time which is different for the direct and
the reflected waves has to be determined numerically as a function of
the time by solving the equation 1, =7 — R, /c,.

The terms (1 — M,)~2 with M,; = M;-R,;/R,; and M,, = MRz /R,
in Eq. (2) correspond to convective amplification effects, arising from the
motion of the source. Note that the exponent in the convective ampli-
fication term depends on the source type: it is two for a monopole and
a dipole but three for a quadrupole. As for atmospheric absorption, the
convective amplification terms are expected to have a minor impact on
the transfer function between two closely spaced microphones.

In addition, the term Q in Eq. (2) is the spherical-wave reflection
coefficient which depends on the source-receiver geometry and on the
normalized impedance of the ground Z. Specifically, one has:
O=R+(1-R)F(), F(u) =1 +iu\/;w(u), 3)
with w is the Faddeeva function. The plane-wave reflection coefficient
R and the numerical distance d are given by:

1 X 27 f R,
d=§(1+1) T(C05¢2+1/Z(f))~ 4

We note that the surface impedance has to be evaluated at the receiver
frequency and not at the source frequency [25].

_ OS¢y — 1/Z(f)
- cosp, + 1/Z(f)
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Receiver x(z,y, z)

Fig. 7. Geometry considered for a moving monopole in arbitrary motion in an
inhomogeneous atmosphere above a ground.

Finally, the source and receiver frequencies are related by the
Doppler equations f = fy, /(1 — M,;) and f = f,/(1 — M,). It should
be remarked that the component of frequency f at the receiver has not
been emitted at the same frequency for the direct wave and the reflected
wave because of the Doppler effect.

3.1.2. Ray-tracing formulation considering an inhomogeneous atmosphere

To simulate aircraft noise, it is necessary to consider a source in ar-
bitrary motion within an inhomogeneous and moving atmosphere and
above an absorbing ground. To achieve this, we have recently proposed
and validated a formulation [24] based on the coupling of the heuristic
formulation (Eq. (2)) that accounts for source motion and reflection from
an absorbing ground and a ray-tracing method that considers refraction
due to wind and temperature gradients.

Assuming that there are two rays reaching the receiver, the direct
ray and the reflected ray, the acoustic pressure is expressed as:

P, f.1) = S(fo)Aje 2 ortel 4 S(f,)QA e 2moer, 5

with A being the wave amplitude. We also introduce 7 the travel time
from the source at the emission time 7, to the receiver at the time 7, i.e.
T=1t—1,.

The rays and the travel times are determined by solving the equations
(see, e.g., [30-32]):

X,

T o _ q-mn—q, ®)

dr,

= cpoh +V0

with x, the ray position, n the local unit vector normal to the wavefront,
t, the travel time along the ray, V, the wind velocity profile, and q =
Veo + (VVy) - n, where (VVy) - n is the directional derivative of the flow
velocity vector. Note that ¢, can vary with space in this formulation.
The rays are such that x,(t, = 0) = x,(¢,) and x,(#, = 7) = x. Finally, the
amplitudes A are obtained by computing the variation of the ray-tube
area along the ray using the conservation of energy flux along a ray-tube.
The reader may refer to Ref. [24] for further details on the method.

In Eq. (5), the spherical-wave reflection coefficient Q has the same
form as in Eq. (3) but the plane-wave reflection coefficient and the
numerical distance are modified as follows:

Ccosg - 1/Z() g
R—W d—5(1+1)\/2ﬂsz[COS(pg+I/Z(f)], (7)

with @, the angle of incidence of the ray on the ground (see Fig. 7).
For an inhomogeneous and moving atmosphere, the relation be-
tween the source frequency and the receiver frequency is slightly
more involved than for an inhomogeneous and quiescent atmosphere.
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One has [33, Eq. (5.68)]:

1+ M, (0) - n(0)

f=lry [My(0) — M(0)] - n(0)’ ©

where the Mach number vector associated with the flow at the source
position My = V, /¢, and the source Mach number vector are both eval-
uated at the emission time. In addition, n(0) is the unit vector normal to
the wavefront of the emitted wave, determined from the ray tracing.
As a final remark, the RT model gives identical results to those of the
heuristic model for a homogeneous and quiescent atmosphere.

3.2. Description of the model setting

The numerical simulations are conducted in a two-dimensional
framework within the xz plane. The aircraft trajectory is approximated
by a straight line obtained through linear regression of the original 3D
data projected onto the xz plane. Similarly, the source Mach numbers are
assumed constant and set to their average value computed over the dura-
tion of the trajectory. This simplification facilitates the modeling while
retaining the essential characteristics of the aircraft motion’s effect on
acoustic propagation.

In the simulations, the wind orientation relative to the source-
receiver direction is accounted for by applying a cos § weighting to the
wind profile, where 6 is the angle between the wind direction and the
source-receiver axis (i.e., the x-axis). Furthermore, as the thermal gradi-
ent is weakly pronounced, the temperature T will be fixed at a constant
average value Tj,.

The ground surface impedance is computed using the slit-pore
model [28] with an airflow resistivity of 1057 kPa s m~2 and a porosity
of 0.13. These ground properties were measured on site and fitted using
the slit-pore model. We remind the reader that the slit-pore model is a
physically based impedance model and, as such, is physically admissi-
ble [34], contrary to semi-empirical models such as those of Delany and
Bazley [35] or Miki [36], which may exhibit non-causal or non-passive
behavior at low frequencies.

The numerical simulations are based on the aircraft trajectory as in-
put. For comparison with the recordings, a reference time has to be
chosen as the recordings were not synchronized with the aircraft tra-
jectory. Here, we choose the instant at which the sound pressure level
at the ground microphone is maximum. For each test case, a simulation
with the ray-tracing model was carried out modeling the aircraft noise
source as a pink noise. A time shift was then applied to the time vector
describing the trajectory so that the maximum level aligns with that in
the recording.

3.3. Coherence loss due to atmospheric turbulence scattering

Atmospheric turbulence significantly affects sound propagation, par-
ticularly in acoustic shadow zones where geometric acoustics predict no
ray propagation [37]. Indeed, turbulence induced scattering of acoustic
waves, attenuates the SPL at the interference maxima and increases the
SPL at the interference minima, thereby mitigating the strong drop in
SPL in these zones.

Regarding ray-tracing models, the average effect of scattering by at-
mospheric turbulence can be represented by the decorrelation between
the direct and reflected rays. Earlier studies have proposed formula-
tions for near-horizontal propagation [38], although their limitations
were later discussed in Section 8.1 of [33], which, for the first time, in-
troduced a coherence factor C.,;, based on a von Karman turbulence
spectrum with parameters depending on the friction velocity u, and
the sensible heat flux Q4. Ref. [26] extended these results to both
near-horizontal and slanted propagation, accounting for statistically in-
homogeneous turbulence where the spectrum @ varies with height. In
the present work, we adopt the formulation proposed in Ref. [26],
which is suited to slant propagation conditions representative of aircraft
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fly-over configurations. A coherence factor C., is introduced as:

_ 1 oo
Cean() =exp<—n2 2 / / [z, - (z, - 2n.x]
0 0

sina
[1 -Jy (rKn)] Kden), 9

where k = 2z f /¢, is the wavenumber, J; is the Bessel function of the
first kind of order 0, z; and z are the source and receiver heights, «; is
the grazing angle of incidence for the direct path, and r = 2 z cos a, with
a, the grazing angle of incidence for the reflected path. This formulation
is valid when «; and «, are greater than 25°. In our case, the propaga-
tion angles are much smaller during takeoff, but these conditions occur
only for a short portion of the trajectory. We have chosen to retain the
same formulation throughout to avoid introducing discontinuities in the
spectrograms that would result from switching to an alternative formula
for small angles. The double integral involves the function ®(¢, «), which
describes the contribution of turbulent fluctuations to the coherence loss
and is expressed as:

11
O 0) r(%) [ o2() L}(&) n oy L,©K
,K)= =
”3/2F(§) T2(1+xk2220)"° 3 2(1+x212,0)"7°
0_2 LS K2
+ 2 Vy “"vb ]7/6:| . (10)
3 a(1+x2L2)

Meteorological parameters such as the temperature scale 7, and fric-
tion velocity u, are introduced via Monin—Obukhov Similarity Theory
(MOST) [39]. The temperature variance 6% and velocity variances "12/&’
12,[) are computed accordingly, using the Obukhov length L, and length
scales Ly, L, and L,, as defined in [26].

This formulation enables an estimation of coherence loss due to
turbulence without relying on empirical adjustments, and is directly
implemented numerically using a two-dimensional integration with the
trapz function of Matlab software.

The coherence loss in Eq. (9) has been derived neglecting refraction
and for a stationary source. For inclusion in the ray-tracing framework,
the coherence loss is computed at each time step by evaluating z, a;,
and a, at the emission times. The resulting coherence factor C., is then
used in the expression of the mean square pressure field at the receiver.
For a source with unit source strength, this yields from Eq. (5):

[

(D)X, f,1) = A2+ |QI7 A2 + 2C o, (f, DIQI A A, €08 [27(foy tey — fon te) +¥]
aan

where ¥ is the phase of the spherical wave reflection coefficient Q. A
similar formulation is also employed for the heuristic model. We can
notice that the decorrelation induced by turbulence scattering does not
modify the position of the interference dips in the spectrograms, as they
occur when 27(fy 1, — footeo) + ¥ = 7 + 2nz, with n an integer, with
or without coherence loss. However, it tends to reduce the depth of the
interference dips.

In the following, we use classical values [33] for the MOST parame-
ters, with a sensible heat flux set to 0, = 20 W m~2 and a friction velocity
of u, = 0.3 m s~ which are consistent with the observed conditions in
field (clear sky on a summer evening).

Fig. 8 illustrates this decorrelation effect on the transfer function
computed by the ray tracing model, considering the 19:17 test-case. Note
that there is no coherence loss for the microphone at the ground as the
direct and reflected paths are identical. In contrast, coherence loss af-
fects the microphone located at a height of 1.2 m, and consequently,
it also impacts the transfer function. The coherence loss caused by tur-
bulence scattering between direct and reflected rays is visible for both
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Fig. 8. Numerically computed transfer function without turbulence (a) and with turbulence (b).

short (+ < 35 s) and long (+ > 45 s) travel times. This effect becomes
more pronounced at higher frequencies, where the phase sensitivity to
atmospheric fluctuations increases. In contrast, the impact of turbulence
is negligible in near-vertical propagation cases, where ray paths remain
closely aligned.

4. Comparison of simulations and in-situ measurements

This section presents a comparison between the acoustic measure-
ments and numerical simulations. This comparison aims to assess the
ability of the ray-tracing model to accurately simulate the acoustic
propagation, including refraction effects, source motion effects and
ground effects. The three selected test cases, recorded respectively
at 19:17, 20:04, and 21:29, are chosen to represent different atmo-
spheric conditions observed during the campaign. The two models
introduced in Section 3.1 are compared with the measured acoustic
data: a simplified heuristic formulation that ignores atmospheric refrac-
tion, and the ray-tracing model that considers wind and temperature
profiles.

4.1. Ray-tracing approach

Fig. 9 illustrates the ray-tracing simulations corresponding to each
test-case, along with the associated wind profiles. To reduce com-
putational cost, ray paths are computed by launching rays from the
receiver rather than from the source, using a reversed wind profile.
This approach relies on the flow reversal theorem [40], which is a
generalized acoustic reciprocity principle for a moving medium and en-
sures that the acoustic path from source to receiver is identical to that
from receiver to source if the flow is reversed. This method avoids the
computation of ray paths for each source position along the aircraft
trajectory.

Fig. 9 also provides a first insight into the propagation effects. For
19:17, the rays are almost straight, implying that refraction effects are
expected to be negligible. The ray structure for 20:04 and 21:29 is
similar. A shadow zone is formed for x < 0 and has almost the same
boundary for both cases. Downward refraction can be observed for rays
launched rightwards that propagate along the ground. The main differ-
ence between the cases 20:04 and 21:29 is the aircraft trajectory. Indeed,
since the aircraft at 21:29 is flying closer to the ground and crosses the
shadow zone boundary, propagation effects are expected to be more sig-
nificant in this case. It is worth noting that a known limitation of the
ray-based approach is its inability to provide any information within
shadow zones, where no rays reach the receiver. This limitation is par-
ticularly evident here at early times (left side of the plots) for the 21:29
test-case.

4.2. Principle and application of the numerical transfer function between
microphone positions

To evaluate the RT model, the transfer function between the two
microphone positions (z = 0 m and z = 1.2 m) is computed using the
model. For the purpose of the comparison, the computed transfer func-
tions are applied to the spectrogram measured at z = 0 m to simulate
the corresponding spectrogram at z = 1.2 m. These results are then com-
pared to the actual measurements at z = 1.2 m to assess the precision
of each model under various atmospheric conditions. Fig. 10 illustrates
this principle for the 19:17 test-case.

4.3. Spectrogram comparison

This section compares the measured spectrograms at z = 1.2 m with
those obtained from the measurements at z = 0 m and the numerical
transfer function (see explanations in Section 4.2).

Figs. 11-13 show the spectrograms for the three test-cases (19:17,
20:04 and 21:29). Overall, the methodology using both the heuristic
or the RT model faithfully reproduces the spectrogram at a height of
1.2 m. As the RT model considers acoustic refraction, the position and
the curvature of the interference patterns are better captured, partic-
ularly when the aircraft approaches or recedes from the microphones
in scenarios involving slant acoustic propagation (+ < 30 s and ¢ >
40 s). When the aircraft is positioned perpendicularly to the micro-
phone (30 s < ¢t < 40 s), corresponding to the moment of the shortest
source-receiver distance, the effects of refraction are less influential due
to near-vertical propagation, resulting in closer outcomes between the
RT model and the simplified heuristic model. Thus, while the differ-
ence with the heuristic model remains moderate, the RT model provides
improved agreement with the measured spectrograms, particularly in
configurations involving non-vertical sound propagation.

In more detail, for 19:17 in Fig. 11, the heuristic and RT models give
almost the same results, as refraction effects are small in this case. For
20:04 in Fig. 12, the interference patterns in the RT model closely match
those in the measurements. In particular, the white dashed lines aligned
with some interference dips in the measurements are similarly aligned
with those in the RT model. In the heuristic model, a small shift in the
interference patterns is observed for + < 30 s and for + > 40 s. Finally,
for 21:29 in Fig. 13, the propagation effects are the more pronounced.
The RT model reproduces accurately the interference dips. We note also
that the aircraft is in the shadow zone for + < 26 s implying that the
RT model is not able to predict the sound pressure in this configuration
(see Fig. 13(b)). Concerning the heuristic model, we observe that outside
the range 38 s < ¢ < 45 s the interference patterns are shifted with
respect to those in the measurements. This is particularly noticeable for
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Fig. 13. Comparison of spectrograms for the 21:29 test-case: experimental recording (a), RT model where the empty part correspond to the shadow zone (b), and
simplified heuristic model (c). Fixed white dashed lines are included across all three spectrograms to facilitate visual comparison.

26 s < t < 32 s. Naturally, the heuristic model does not suffer from the
limitation of the RT model in the shadow zone and provides information
for t < 26 s. However, the effect of the shadow zone is also visible in
the experiments in Fig. 13(a) for + < 26 s with the suppression of the
interference dips, while the heuristic model still predicts interference
dips at low frequencies (interference patterns are not observed at higher
frequencies due to atmospheric turbulence accounted for in the models).

4.4. Transfer functions comparison

Fig. 14 compares the transfer functions between the microphones at
two selected instants in time, allowing for a more quantitative analy-
sis than in Section 4.3. These instants correspond to two representative
configurations: the first one where the aircraft is nearly perpendicular
to the microphones (refraction effects are small), and the second one
at a later time when the aircraft is farther away (refraction effects are
significant).

At first glance, the measured transfer functions exhibit noticeable
fluctuations, which can be attributed to background noise, atmospheric
scattering, and measurement uncertainties. In contrast, the numerically
computed transfer functions appear much sharper, particularly in the
absence of stochastic perturbations.

Let us focus the analysis on the interference patterns. In the case of
vertical propagation, the heuristic and ray-based simulations yield sim-
ilar results, as previously observed in the spectrograms, which closely
match the measurements. For slant propagation, a correct agreement
between the models and the experiments is also observed. The positions
of the interference minima are generally better predicted by the ray-
based model, due to its ability to account for atmospheric refraction
which modifies the propagation paths. This is particularly noticeable

in Fig. 14 for the cases 20:04 and 21:29 at r = 55 s. Nevertheless, the
levels are not perfectly reproduced, especially at interference pattern
minima. This can be explained by the presence of background noise at
the site and by atmospheric turbulence. The turbulence effect in the
model is represented by an ensemble average over several realizations,
while the experimental data correspond by definition to a single re-
alization, which naturally leads to discrepancies. Additionally, in the
measurements, the spectrograms are averaged in frequency due to the
finite window size and overlap. The frequency bandwidth is also finite.
As a consequence, the data post-processing tends to smooth the interfer-
ence dips, which makes them appear less sharp than in the model based
on monochromatic calculations.

The inclusion of atmospheric turbulence in the simulations leads to
a progressive smoothing of the interference pattern as frequency in-
creases. This effect is less apparent in the measurements, likely due to the
background noise level obscuring the effect of atmospheric turbulence
scattering.

Overall, the slight discrepancies between the RT model simulations
and the measurements can be attributed to several simplifications in
the modeling process. The turbulence parameters were set to physi-
cally reasonable values based on the experimental context, but were not
directly measured during the campaign, leaving room for refinement.
Furthermore, the simulations assume a simplified 2D scenario in which
the aircraft flies within the vertical plane above the microphone’s posi-
tion. In practice, slight lateral deviations in the aircraft’s trajectory may
introduce three-dimensional propagation effects that are not captured
by the simulations.

It is worth noting that this study was limited to three experimental
cases under specific, uncontrolled meteorological conditions. While
further comparisons would be valuable, the RT model consistently
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Fig. 14. Transfer function between the two microphones for cases (a) 19:17, (b) 20:04, and (c) 21:29. Vertical slices are shown at two instants in time.

shows improved accuracy. The heuristic model remains adequate for
scenarios involving quasi-vertical propagation and limited atmospheric
stratification.

5. Conclusion

In previous work, we introduced a coupled model combining a ray-
tracing approach with a heuristic formulation to account for the main
physical phenomena affecting outdoor sound propagation from moving
sources (including ground effects, meteorological effects, convective am-
plification, and Doppler shift) and validated it against numerical bench-
marks. In the present study, we extend this validation by comparing the
predictions of the model with experimental data.

The experimental campaign involved aircraft flyovers above two mi-
crophones. One is placed directly on the ground and the other is elevated
at 1.2 meters. Concurrent ground impedance measurements and me-
teorological measurements are conducted, which include wind speed
and wind direction with a lidar, as well as a temperature profile with
a dedicated drone that performed vertical take-off. The results of the
comparison show that the coupled RT-heuristic model is in better agree-
ment with the measured data than the classical heuristic approach. The
latter shows limitations in reproducing the observed interference pat-
terns, because it neglects atmospheric refraction, which bends the ray
paths and significantly influences sound propagation. It is important to
note that when the aircraft is at the normal of the microphone (which
was the shortest source-receiver distance in our study) the results are
similar between the RT model and the heuristic model.

Nonetheless, a known limitation of ray-based methods is their in-
ability to account for acoustic propagation in shadow zones, where no
ray paths connect the source to the receiver. In the present RT model,
although atmospheric turbulence is partially considered in interference
regions through the decorrelation of direct and reflected waves, its effect
is not yet accounted for in shadow zones where the scattering induced
by turbulence could contribute to the diffusion of acoustic energy.

This comparison highlights the greater accuracy of the RT model in
presence of an inhomogeneous and moving atmosphere as it takes into
account meteorological effects on sound propagation. This could be par-
ticularly crucial in the context of certification, especially if the aircraft
emits tonal components that may alternately align with pressure maxima
or minima induced by ground effects, potentially leading to significant
variations in the resulting noise indicator.

As the proposed model better integrates atmospheric effects while
remaining computationally efficient (with a typical computation time
of a few hours on a standard laptop), it sets the stage for further sensi-
tivity studies aimed at quantifying and ranking the influence of physical
parameters, such as source trajectory, atmospheric stratification, and
ground impedance, on noise propagation. Such analyses will help iden-
tify the dominant factors that affect sound levels at the receiver and thus
guide efforts toward the design of more robust measurement standards
for aircraft noise.
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