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Introduction
Exposure to aircraft noise has a significant impact on hu-
mans, such as annoyance, sleep disorders, cardiovascular
diseases, and impaired cognitive development of children
[1]. Therefore, noise impact assessments and noise con-
trol at the source are important aspects of the design of
new aircraft.

The design process of low-noise aircraft can be supported
with auralization [2]. Auralization is a technique of ren-
dering numerical data audible. Thus, design changes
leading to changing sound emissions, can be evaluated
auditorily before the aircraft has been built. Further,
laboratory tests for noise impact assessments can be con-
ducted with controllable, synthetized sound samples in-
stead of recorded sound samples. For these applications
of auralization, the synthesized sound samples should be
perceived as plausible.

In order to render plausible aircraft auralizations, multi-
ple propagation phenomena have to be considered, such
as geometrical spreading, air absorption, Doppler effect,
and reflections from the ground. The ground-reflected
sound is often modeled by introducing an image source.

Additionally, atmospheric turbulence causes characteris-
tic fluctuations of sound amplitude and phase because
of turbulent fluctuations of temperature and wind veloc-
ity along the sound propagation path. If the receiver is
located at a height hr > 0 m above the ground, phase
fluctuations decrease the coherence between direct and
ground-reflected sound waves, thus changing the ground
interference pattern at the receiver position. Because
these turbulence-induced effects are typically not con-
sidered in aircraft auralizations, they are considered less
plausible compared to sound recordings.

The ongoing international research project LION - Lo-
calization and identification of moving noise sources has
the objective to enhance the reliability of microphone ar-
ray methods for moving sound sources such as aircraft
and rail vehicles. Microphone array methods are broadly
used in industry and research for the purpose of local-
izing static sound sources [3]. In case of moving sound
sources, results of microphone array measurements suf-
fer from the uncertainties induced by propagation effects
in the atmosphere, varying ground reflection properties,
short measurement times and the Doppler frequency shift
which is caused by the source’s movement.

Synthesizing virtual measurements is a considerable asset
to the development and validation of microphone setups
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Figure 1: Aircraft flyover of identical Airbus A320 dur-
ing approach at approx. 700 m height. 1a is recorded in
the evening, stable atmosphere with low turbulence. 1b is
recorded in the morning, near-neutral atmosphere, strong
wind and strong atmospheric turbulence.

and source localization methods like beamforming. Un-
like measured microphone signals, synthesized signals al-
low for full control of sound source characteristics and the
trajectory of the movement. Virtual test cases will allow
to investigate the sensitivity of microphone array meth-
ods to properties of the propagation path like ground
properties and varying atmospheric conditions and will
facilitate improvements of microphone array methods.

Turbulence effects in aircraft flyover field
measurements
Figure 1 shows two flyover measurements of an Airbus
A320 approaching Zurich airport at about 700 m height
above ground. The aircraft and the recording posi-
tion (10 m height) are identical in both measurements,
whereas the recording day and daytime are different. The
measurement in Fig. 1a was taken in the evening with
a stable atmosphere and weak wind conditions. A sta-
ble atmosphere has low atmospheric turbulence as the
temperature stratification suppresses the vertical wind
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velocity component. The spectrogram in Fig. 1b shows
a recording in the morning with strong wind and a near-
neutral atmosphere, leading to strong atmospheric tur-
bulence. The periodic pattern above 3 kHz is caused by
birds chirping.

The following propagation effects are visible in both spec-
trograms: the Doppler frequency shift of the two wing
cavity tones at about 500 Hz to 700 Hz; the effect of the
distance-dependent atmospheric absorption for frequen-
cies above 1 kHz; and the comb-filter effect due to the
interference of the direct and the ground reflected sound.

Unlike Fig. 1a, Fig. 1b shows signs of strong atmo-
spheric turbulence. Firstly, it shows broadband temporal
level fluctuations, which are well audible in the recording.
Secondly, the ground interference pattern is considerably
weaker as atmospheric turbulence leads to partly ran-
domized acoustic phases and therefore a coherence loss
between different sound propagation paths. Additionally,
the ground interference pattern is less smooth over time.

Accounting for atmospheric turbulence
Methods in outdoor sound propagation make often use
of the effective sound speed approximation in order to
account for advection of sound by wind:

ceff = c+ u~e, (1)

where c is the speed of sound, u is the wind velocity
vector, and ~e is a unit vector in the direction of sound
propagation. Turbulent fluctuations of wind velocity and
temperature lead to fluctuations of the effective sound
speed and consequently to fluctuations of the acoustic
refractive index n = c0

c , where c0 is the sound speed at
a reference temperature T0. These fluctuations lead to
fluctuations of sound amplitude and acoustic phase.

In the following, we will propose three strategies for
studying the influence of atmospheric turbulence on
sound propagation.

Generating fields of random fluctuations of u and T al-
lows to study numerically the sound propagation in these
fields. Common numerical methods are raytracing and
finite-difference time-domain (FDTD) methods. Figure
2 shows an example of a synthesized scalar random field
for temperature fluctuations superposed with a vertical
temperature profile T (z). The simulation is based on a
Quasi-wavelet method [4] and represents the situation of
an unstable atmosphere.

Instead of generating random fields of u and T , which can
be computationally expensive, analytical solutions of the
turbulence induced complex sound pressure fluctuations
can be used. Ostashev and Wilson have developed a rig-
orous description based on the narrow-angle parabolic
equation. The method describes variances and correla-
tion functions of log-amplitude and phase fluctuations,
as well as statistical moments of the sound field. This
approach is time efficient, as the computation of random
fields and sound propagation is not required. Therefore,
the approach is more flexible to account for different me-
teorological regimes. These analytical descriptions are
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Figure 2: Scalar random field of temperature fluctuations in
an unstable atmosphere.

still subject to ongoing research and have not been fully
validated by field measurements.

The third strategy is to carry out field measurements and
determine empirical parameters. Acoustic measurements
can be complemented by meteorological measurements of
mean temperature and wind and by turbulence measure-
ments with an ultrasonic anemometer.

In the following, we will focus on the second strategy and
present an approach to account for turbulence induced
coherence loss in ground effect.

Coherence loss in ground effect
We consider a moving sound source at height hs above
an idealized infinite impedance plane, and a receiver at
height hr. To determine the sound pressure at the re-
ceiver, the relative phase between direct and ground re-
flected sound waves must be taken into account. The
ensemble-averaged, mean-squared sound pressure 〈pp∗〉
at a receiver position can be described by [5]:

〈pp∗〉 =
1

r2
d

+
|Q|2

r2
r

+
2|Q|Ccoh

rdrr
cos [k (rd − rr) + φ] (2)

where rd and rr are the lengths of the direct and ground
reflected sound propagation paths, Q = |Q|ejφ spheri-
cal wave reflection coefficient, k acoustic wave number.
The coherence factor Ccoh represents the effect of atmo-
spheric turbulence on the relative phase between direct
and ground-reflected sound waves. In [5], the coherence
factor is based on a Gaussian correlation function of the
refractive index fluctuations as proposed by Daigle [6].
The refractive index fluctuations describe the refraction
of sound waves caused by effective sound speed fluctua-
tions.

Ostashev and Wilson presented later a new derivation of
the coherence factor Ccoh [4]. Here, Ccoh is based on the
parabolic equation method and the von Kármán turbu-
lence spectrum. Vertical profiles of wind velocity u and
temperature T are described by Monin-Obukhov simi-
larity theory (MOST) and mixed-layer similarity theory.
The turbulent fluxes are parametrized with turbulence

DAGA 2021 Wien

793



Figure 3: Dependence of coherence factor Ccoh on frequency
f , friction velocity u∗, and distance x.

scaling parameters.

The appropriate choice of the turbulence scaling param-
eters friction velocity u∗, surface heat flux QH , and
Obukhov length Lo allows to account for different mete-
orological conditions. Friction velocity u∗ describes the
shear produced kinetic turbulence. The surface heat flux
QH accounts for turbulent transport of heat either up-
wards, when the surface is warmer than the air, or down-
wards if the surface is cooler than the air. The Obukhov
length Lo describes the height below which shear pro-
duced turbulence dominates. It is an indicator for the
atmospheric stability. These parameters can be locally
determined with an ultrasonic anemometer. In contrast,
the earlier approach of Daigle [6] is based on the fluctu-
ations of the index of refraction 〈µ2〉. The value for 〈µ2〉
is usually taken from literature, as it is more complex to
determine. Further, Daigle neglected the influence of the
vector character of the wind velocity fluctuations.

Figure 3 shows the coherence factor Ccoh calculated with
Ostashev and Wilson’s model. The coherence factor de-
creases with frequency and for increasing distance x and
friction velocity u∗. Likewise, a stronger surface heat flux
QH leads to a moderate decrease of coherence. Ccoh = 1
corresponds to no phase shift between direct and ground
reflected sound waves leading to a strong ground effect
pattern due to constructive and destructive interference.
Ccoh = 0 accounts for fully randomized phases and thus
merely energetic summation of the direct and ground re-
flected propagation path.

Both models for Ccoh are exponential functions of f2

thus leading to qualitatively identical frequency depen-
dencies, if the meteorological parameters are chosen ap-
propriately. However, the explicit dependence on u∗ and
QH makes the latter model more flexible and applicable
as complement to field measurements.

Decorrelation filter
We use the coherence factor to design a time-varying
and frequency-dependent decorrelation filter based on
[7]. This all-pass filter is energy-neutral. The design

(a) Without decorrelating filter.

(b) With application of decorrelating filter.

Figure 4: Spectrograms of auralized fly-over before and after
application of the decorrelating filter. Virtual microphone
position: x = 800 m, y = 0 m, z = 4 m. Source moves at
constant speed 250 km/h on straight line from x = 0 m to
x = 1600 m; y = 50 m, z = 150 m.

frequency response of the filter is written as

B(f) = e−jβ(f)ϕ(f) (3)

The phase response of the filter contains a random phase
distribution of ϕ ∼ U(−π, π). The phase scaling coeffi-
cient β(f) incorporates the frequency dependent coher-
ence factor Ccoh(f) and is limited to 0 ≤ β ≤ 1.

The filter is realized with an FIR filter of 80 ms length
which is updated every 200 ms to the new position of the
moving sound source. Consecutive time frames are cross-
faded to suppress discontinuities. The application of the
filter to the ground-reflected sound simulates a partial co-
herence loss between direct and ground-reflected sound
and thus less pronounced ground effect patterns, partic-
ularly at high frequencies and large distances.

Application example
Figures 4a and 4b show the spectrograms of the aural-
ized flyover before and after the proposed decorrelating
filtering. The auralization reproduces the following sce-
nario. A monopole sound source moves at 250 km/h
along a straight trajectory at 100 m height from x = 0 m
to x = 1600 m in the y = 0 plane. The source sig-
nal is colored noise with added sinusoidal components
at 500 Hz and 1200 Hz. The virtual microphone is placed
at x = 800 m, y = 50 m, z = 4 m.

Figure 4a shows the spectrogram of the auralization for
a homogeneous atmosphere with temperature T = 15 °C,
relative humidity q = 70%, no wind or turbulence and
grassy ground with airflow resistivity σ = 200 kPa · s/m2.
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The simulation is based on [8]. The air absorption cal-
culation follows the ISO standard 9613-1 [9]. Ground
impedance is calculated with the Miki model [10].

Figure 4b shows the same simulation after additional ap-
plication of the decorrelation filter. The coherence factor
Ccoh is determined for a turbulent atmosphere charac-
terized by friction velocity u∗ = 0.3 m/s, surface sensible
heat flux QH = 200 W/m2, and boundary layer height
zi = 1 km. These values correspond to a sunny day with
medium wind speed. The interference pattern in Figure
4b is considerably weaker than in Figure 4a. This is es-
pecially noticeable for the the first seconds, in which no
interference is visible in frequencies above 200 Hz. The
distance dependence of Ccoh results in stronger construc-
tive and destructive interference when the moving source
is closer to the virtual microphone. The difference be-
tween the signals in Figure 4a and 4b is well audible.

Conclusion
Atmospheric turbulence affects long-range sound prop-
agation outdoors. These turbulence effects are of rele-
vance in the context of measurements of moving sound
sources using microphone arrays or in auralization of en-
vironmental noise sources such as aircraft or wind farms.
Atmospheric turbulence should be considered in synthe-
sized measurements and auralizations to achieve a high
degree of accuracy and plausibility, respectively.

Different approaches for accounting for atmospheric tur-
bulence in auralization of outdoor sound propagation
were discussed in this paper. As an example, we de-
veloped a strategy to account for coherence loss between
direct and ground reflected sound. The coherence loss is
described by the coherence factor as derived by Ostashev
and Wilson. The atmosphere is represented by Monin-
Obukhov and mixed-layer similarity theory where turbu-
lence fluxes are parameterized by the scaling parameters
friction velocity, surface heat flux, and Obukhov length.
The computation of the coherence factor is based on the
von Kármán spectrum. Different meteorological regimes
can be represented by the appropriate choice of the tur-
bulence scaling parameters. For a given coherence factor
an energy-neutral, decorrelation filter was designed to
simulate coherence loss.

The application of the proposed filter to the ground re-
flected path leads to a clear reduction of the interference
pattern after summation of the direct and the ground
reflected path. This difference is well audible.

The work of Ostashev and Wilson is a promising basis
for further filter design. Nevertheless, the theory and
the resulting auralization will require validation by field
measurements as well as possible complementations and
adaptations.

Two extensions to the auralization model are already
in preparation. First, a filter accounting for level fluc-
tuations caused by atmospheric turbulence will be im-
plemented. Second, the relation between multiple dis-
tributed receivers will be considered by incorporating the
mutual coherence of separate sound propagation paths.

With this extension, it will be possible to synthesize re-
alistic microphone array signals including the effect of
atmospheric turbulence.

The findings of this research will be valuable beyond
the LION project for studying environmental noise im-
pact. So far, noise exposure is usually described by
time-averaged levels. These measures do not reflect
the sound’s dynamic character and peak noise levels.
Further, auralization allows to include perception-based
evaluations of virtual flyovers into the design processes
of future low-noise transportation technologies [8].
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