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Summary
A new tool for the auralisation of aircraft noise in an urban environment is in development. When lis-
tening to aircraft noise sound level fluctuations caused by atmospheric turbulence are clearly audible.
Therefore, to create a realistic auralisation of aircraft noise, the influence of atmospheric turbulence
on sound propagation needs to be included. Presented is a model in development for including fluc-
tuations due to movement through a frozen turbulent atmosphere in an auralisation.

PACS no. 43.28.Gq

1. Introduction

Aircraft noise can cause annoyance and sleep distur-
bance. Annoyance and sleep disturbance is currently
predicted using indicators based on time-averaged
sound pressure levels. This completely discards the
character of the sound. To obtain a better representa-
tion of annoyance, the audible aircraft sound should
be predicted in order to determine the impact of the
sound on people.

Auralization is a technique to synthesise the au-
ral aspects of an object or surrounding. Auralization
can therefore be used to create audible aircraft sounds
that can be used in listening tests.

1.1. Aircraft auralisation tool

An aircraft auralisation tool is being developed that
should provide plausible auralisations of aircraft noise
for typical urban situations where reflections and
shielding can play an important role.

In the auralisation tool a distinction is made be-
tween a source model and a propagation model. The
source model describes the emission of the aircraft,
i.e. the spectral content as function of time and an-
gle (directivity). The propagation model describes the
propagation of the sound from source to receiver and
currently supports:
• spherical spreading resulting in a decrease of sound

pressure with increase of source-receiver distance;
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• Doppler shift due to relative motion between the
moving aircraft and the non-moving receiver;

• atmospheric absorption due to relaxation pro-
cesses;

• reflections at the ground and facades.
The propagation model is based on geometrical acous-
tics. The reflections are determined using the Image
Source Method.

1.2. Turbulence

When listening to aircraft noise, sound level fluctu-
ations caused by atmospheric turbulence are clearly
audible. Therefore, to create a realistic auralisation
of aircraft noise, atmospheric turbulence needs to be
included.

Due to spatial inhomogeneities of the wind veloc-
ity and temperature in the atmosphere, acoustic scat-
tering occurs, affecting the transfer function between
source and receiver. Both these inhomogeneities and
the aircraft position are time-dependent, and there-
fore the transfer function varies with time resulting
in the audible fluctuations.

The theory of turbulence is a statistical theory. A
statistical theory fits well with the physics of turbu-
lence since turbulence is a consequence of instability
of fluid flow in relation to very small fluctuations in
the fluid [5]. For an auralisation instantaneous values
of the sound pressure at the receiver are required.

Artnzen[1] included a phase fluctuations filter in
their aircraft noise simulator to make the ground ef-
fect less pronounced. The filter was based on a Gaus-
sian spectrum of turbulence.
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In this paper an initial model is presented to de-
scribe fluctuations in the sound pressure due to atmo-
spheric turbulence as function of time. A stationary
(frozen) atmosphere is assumed where the movement
of the aircraft alone gives rise to fluctuations. In con-
trast to Arntzen[1], both amplitude and phase fluctu-
ations are considered. The model is based on a simple
model by Daigle et. al.[2].

2. Theory

As mentioned in the introduction the theory of turbu-
lence is a statistical theory. The wind velocity compo-
nents and temperature in the turbulent atmosphere
are fluctuating functions of both position and time.

The fields of the wind velocity components and the
temperature are random fields. A characteristic of a
random function or field is it’s correlation function. [5]
The correlation function of such a random field f(r),
as function of distance r between observation points
only, is defined as

B(r1, r2) = ⟨f(r1f(r2)⟩ (1)

Note that we’ve assumed a ’frozen turbulence’ here.
In a homogeneous and isotropic random field the

correlation function B(r) depends only on |r| = r,
i.e., only the distance between the observation points.

2.1. Gaussian spectrum

In the region of large eddy sizes the turbulence spec-
trum can be approximated by a Gaussian distribu-
tion. The spatial correlation function for the fluctu-
ating refractive-index µ therefore also has a Gaussian
form

⟨µ1µ2⟩ = ⟨µ2⟩ exp
(
−x2/L2

)
(2)

When the outer length scale of the turbulence L is
much smaller than the Fresnel zone, the mean square
log-amplitude and phase fluctuations for spherical
waves are given by

⟨χ2⟩ = ⟨S2⟩ =
√
π

2
⟨µ2⟩k2rL (3)

where k is the wavenumber and r is the distance
of propagation. The mean square log-amplitude and
phase fluctuations are defined respectively as ⟨χ2⟩ =
⟨
(
ln An

Am

)2

⟩ and ⟨S2⟩ = ⟨(ϕn − ϕm)
2⟩. The index n

indicates the sample n at time t and index m the av-
erage fluctuation. For spherical waves the covariances
of the fluctuations, Bχ(ρ) and BS(ρ), normalized to
their variances, are given by

Bχ(ρ)

⟨χ2⟩
=

BS(ρ)

⟨S2⟩
=

Φ(ρ/L)

ρ/L
(4)

where

ϕ (ρ/L) =

∫ ρ/L

0

exp
(
−u2

)
du =

1

2

√
πerf (ρ/L) (5)

with erf the error function. The covariance of the fluc-
tuations Bχ(ρ) and BS(ρ) are thus given by

Bχ(ρ) = BS(ρ) =

√
π

2
⟨µ2⟩k2rLΦ(ρ/L)

ρ/L
(6)

according to Daigle’s model.

2.2. Time series of fluctuations

For the auralisation, time series of instantaneous fluc-
tuations of log-amplitude and phase are required, χ(t)
and S(t). Because the modulations are frequency-
dependent, we would like to obtain realisations of
χ(t, f) and S(t, f) which describe the fluctuation of
the log-amplitude χ and phase S at a time t for fre-
quency f . The frequency f is the frequency of the
signal component that should be modulated.

By assuming that χ(t, f) and S(t, f) are Gaus-
sian random variables, we can produce realisations of
χ(t, f) and S(t, f) by filtering white noise with a cho-
sen filter function. The desired filter response is the
impulse response h(ρ) of the covariance B(ρ), which
is obtained by taking the inverse Fourier transform of
the square root of the autospectrum of B(ρ).

By taking these steps, two series of fluctuations are
obtained, χ(t, f) and S(t, f). The two time series can
be merged into a single complex modulation signal

m(t, f) = exp (χ (t, f) + jS (t, f)) (7)

that can then be applied to the input signal.

2.3. Saturation of the log-amplitude

For longer path lengths and stronger turbulence, the
amplitude fluctuations gradually level off. Saturation
of the amplitude fluctuations can be observed when
measuring aircraft noise at distances of over a few
kilometers. The standard deviation of the fluctuating
sound pressure levels is in such cases limited to no
approximately 6 dB [2, 4].

Saturation of the log-amplitude can be included
based on an analysis by Wenzel [6]. In Wenzel’s ap-
proach the soundwave is split up in a coherent and
incoherent wave. The amplitude of the coherent wave
decreases over distance while the incoherent wave ob-
tains the energy from the coherent wave. The coherent
wave p is written as

⟨p p∗⟩ =
(
A2

m/4πr2
)
exp

(
−2⟨µ2⟩k2rL

)
(8)

Wenzel defines the distance to saturation rs as the
distance at which the coherent wave is reduced to e−1

of its original strength

rs =
1

2⟨µ2⟩k2L
(9)
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Figure 1. Amplitude and phase fluctuations as function of
time for 200 Hz. The parameters ⟨µ2⟩ = 3 · 10−6, L = 15
m, c = 343 m/s, r = 2000 m, were used.

Saturation of the log-amplitude fluctuations can now
be included by multiplying χ(t, f) with√

1

1 + r/rs
(10)

2.4. Applying the modulations to the origi-
nal signal

In case the input signal consists of just one frequency
f and the modulation signal m is calculated for that
specific frequency, then the modulation can simply be
applied by multiplying the two in the time-domain.
However, for the auralisation we have broadband
sounds with more than one frequency line to con-
sider. As the fluctuations are frequency-dependent,
the modulation signal would have to be calculated
for every frequency line.

One of the design criteria of the auralisation tool
is to produce at or near real-time auralisations. Since
computing the modulation signal for every frequency
line is computationally relatively heavy, another so-
lution is sought. The variances of the log-amplitude
and phase fluctuations increase according to this sim-
ple theory linearly with frequency. Therefore, another
option would be to scale both χ(t, f) and S(t, f) ac-
cordingly. Care should be taken considering the satu-
ration distance is frequency-dependent.

3. Results

An example of a calculated modulation signal m(t, f)
caused by fluctuations of the refractive-index in a
Gaussian field is shown in figure 1. The figure shows
the log-amplitude and phase fluctuations as function
of time for a specific frequency.

To check whether the resulting variance of the log-
amplitude and phase fluctuations of such a modula-
tion signal are as they should be, a comparison is

Figure 2. Log-amplitude and phase variances as function
of frequency. The parameters ⟨µ2⟩ = 3 · 10−6, L = 15 m,
c = 343 m/s, r = 2000 m, were used.

made with equation 3. The extraction and analysis
of the mean square amplitude and phase fluctuations
follows the method of Daigle et al.

The mean square log-amplitude fluctuation was cal-
culated as

⟨χ2⟩ = 1

N

N∑
n=1

χ2
n (11)

where

χn = ln (An/Am) (12)

and Am is the average amplitude over N samples in
time

Am =
1

N

N∑
n=1

An (13)

where n is the sample at time t. Similarly, the mean
square of the phase fluctuations is calculated as

⟨S2⟩ = 1

N

N∑
n=1

(ϕn − ϕm)
2 (14)

with

ϕm =
1

N

N∑
n=1

ϕn (15)

Figure 2 shows the log-amplitude and phase
variances as function of frequency. The frequency-
dependency is maintained although the variance is
slightly lower than expected.

The same applies to the distance-dependency. Fig-
ure 3 shows the log-amplitude and phase variances as
function of distance. The variance of the fluctuations
is also slightly lower than expected.

While the simple theory predicts that the mean
square log-amplitude and phase fluctuations are
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Figure 3. Log-amplitude and phase variances as function
of distance. The parameters ⟨µ2⟩ = 3 · 10−6, L = 15 m,
c = 343 m/s, f = 200 Hz, were used.

Figure 4. Log-amplitude and phase variances as function of
distance taking into account the log-amplitude saturation.
The same parameters as in 3 were used. The distance to
saturation rs, calculated using equation 9, was 827 m.

equal, Daigle et. al. [2] showed through measurements
that the log-amplitude fluctuations don’t obey the
simple theory but are in fact smaller than predicted.
Figure 4 shows again the mean square fluctuations as
function of distance, but this time taking into account
log-amplitude saturation.

Finally, the modulation signal was applied to a tone
of the same frequency as the modulation signal was
calculated for. The resulting signal is shown in figure
5.

4. Discussion

Based on a simple theory presented by Daigle et. al.
a method is described to include modulations due to
turbulence in an auralisation. The mean square of the
fluctuations seem to be slightly smaller than what can
be expected from the theory. It is not known why.

Figure 5. Sound pressure level Lp of a signal modulated by
the modulation signal shown in figure 1. The input signal
is a sine wave of 200 Hz. Time-weighting ’F’ was used. The
standard deviation of this modulated signal is 7 dB.

An important limitation of the current model is
the fact that the turbulence is assumed to be ho-
mogeneous and isotropic, which means the height-
dependency of the turbulence due to the boundary
conditions is ignored. The outer length scale of the
turbulence is known to increase with height, as can
be seen in vertical profiles of the outer scale of turbu-
lence obtained through acoustical sounding by Kras-
nenko et. al.[3].

Also, it is assumed that the outer length scale of
the turbulence is much smaller than the Fresnel zone.
When the aircraft is directly above the receiver and
at relatively low altitude, this assumption will not be
valid either. For example, at an altitude of 200 meters
and a frequency of 100 Hz the Fresnel zone is 7.6 me-
ters. The outer length scale is however in the order of
10 meters.

Figure 5 shows the sound pressure level as func-
tion of time of a signal modulated using the presented
method. It should be noted that it is a mere coinci-
dence that the standard deviation is similar to that
what is expected at such distances. More calculations
and with longer averaging times need to be done to
determine what the standard deviation is after satu-
ration of the log-amplitude.

In a next step k-space PSTD time-domain simula-
tions will be performed as well to determine saturation
distances and standard deviations of the level fluctua-
tions after saturation of the log-amplitude. These sim-
ulations should also reveal more information regard-
ing the coherence of the fluctuations between different
frequencies.

5. CONCLUSIONS

A method is presented to include modulations caused
by turbulence in an auralisation. The model is based
on a simple theory assuming a Gaussian spectrum.
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The saturation of log-amplitude fluctuations is ex-
plicitly included in the model. Future work includes
comparisons with time-domain simulations of sound
propagation through a turbulent atmosphere.
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