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Summary
The sound characteristics of approaching aircraft often contain tonal components, which increase the
annoyance of the population affected. Airflow deflectors, installed at the airframe of the worldwide
frequently flying Airbus A320 family, are a simple retrofit solution to suppress two of those prominent
tones generated at the Fuel Overpressure Protector Cavities. Besides reducing the annoyance, the
solution promises significant impact on commonly used A-weighted metrics. The manufacturer predicts
reductions of up to 9 dB at distances between 12 and 50 km from the runway threshold. The aircraft
noise emission model recently developed at the authors’ institution is based on measurements from
2013 and 2014 where no such airflow deflectors were installed. As the local main carrier in Switzerland
introduced such retrofit in 2015 to all aircraft types, the airframe noise model needs to be updated
and validated for approach procedures. For this purpose, measurements at distances between 13 and
53 km from the runway threshold were carried out and analysed. A comparison of the adjusted aircraft
noise emission models against measurements revealed a good agreement of the sound exposure levels.
Furthermore, it was found that the tone generation clearly depends on the aircraft Mach number. At
approach speeds of 0.35Mach, the predicted one-third octave bands that are affected by those tones
showed level differences between 5 and 8 dB resulting in an increase of the A-weighted overall level of
2.1 to 3.2 dB. Thus, the retrofit effectively reduces the sound exposure in real air traffic and should
motivate airlines to upgrade their fleet.

PACS no. 43.50.Gf, 43.28.Ra

1. Introduction

Approaching aircraft often contain tonal components,
which can increase the sound exposure level as well
as the annoyance of the population affected. Airflow
deflectors, installed at the airframe of the worldwide
frequently flying Airbus A320 family, are a simple
retrofit solution to suppress two of those prominent
tones generated at the Fuel Overpressure Protector
Cavities. The manufacturer promises reductions of up
to 9 dB at distances between 12 and 50 km from the
runway threshold [1].
At the authors’ institution, the aircraft noise simu-

lation tool sonAIR [2] was recently developed. The
aircraft noise emission models [3, 4] separate airframe
and engine noise and account for several flight para-
meters. As they are based on measurements from 2013
and 2014, no airflow deflectors were installed. The
airframe noise model needs to be updated, as the local
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main carrier in Switzerland introduced such retrofit in
2015 to all aircraft types.

This contribution focusses on the adjustment of the
aircraft noise models for the airflow deflectors. Diffe-
rences of the original models and the adjusted models
are presented to analyse the effect of the cavity tones.
In addition, measurements from 2017 with aircraft
types from different airlines with and without airflow
deflector are compared. A subset of the measured
approaches with airflow deflectors are also used to
validate the adjustments to the model.

2. Methods

The recently developed aircraft noise simulation tool
sonAIR [2] by the author’s institution is applied in this
paper. It consists of three main modules: an aircraft
noise emission model [3, 4], a propagation model [2]
and a time-step method [2, 4].

2.1. Emission Model

The aircraft noise emission model, adjusted and vali-
dated for the A320 family in this paper, was developed
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within [4]. It separates airframe and engine noise by
two multiple linear regression models. Aircraft noise
measurements and flight data records from real air traf-
fic served as data basis to establish the spectral model
coefficients for 24 one-third octave bands from 25Hz
to 5 kHz. The upper frequency band was limited by
the atmospheric absorption, however, the contribution
of higher bands can mainly be neglected.
In general, the emission model predicts a directio-

nal sound power level L̂em,total(f) for each one-third
octave band. The energetic sum of the airframe noise
level L̂em,afm(f) and the engine noise level L̂em,eng(f)
yields to the total sound emission spectra of the air-
craft:

L̂em,total(f) = L̂em,afm(f) ⊕ L̂em,eng(f). (1)

Doppler shift and flight effects have to be applied
additionally.

The airframe noise model depends on the following
parameters:

L̂em,afm = f(θ, lMa, lρ, FH,LG, SB,Proc).(2)

The two-dimensional directivity is described by the po-
lar angle θ. With the base-10 logarithm of the aircraft
Mach numberMa and air density ρ, two main physical
parameters of the generation of airframe noise are inclu-
ded in the model. In addition, the airspeed-dependent
influence of landing gear (LG) and speedbrakes (SB) is
accounted for. The influence of the high-lift elements
is modelled procedure-dependent (Proc) via the flap
handle position (FH). For details see [3, 4].
The engine noise model depends on the following

parameters:

L̂em,eng = f(θ, ϕ,Ma,N1, N12). (3)

As jet noise and installation effects can induce a lateral
directivity, a three-dimensional directivity pattern is
accounted for via the polar angle θ and azimuth angle
ϕ (spherical coordinates, details see [3]). In addition,
the directivity pattern changes its shape with the main
model parameter N1, the relative rotational speed of
the low pressure compressor. The relationship between
Lem and N1 was found to be quadratic, hence N12 is
included as an additional model parameter. Aside from
N1, the aircraft Mach number Ma also influences the
noise generation of the aircraft (details in [3, 4]).

2.2. Propagation Model

Following the specification of the sound emission mo-
del, a frequency-dependent propagation model is used
to calculate attenuations between source and receiver.
In the present paper, the propagation model sonX
[2] was applied for this purpose. It accounts for the
following effects: geometric divergence, atmospheric
absorption, shielding effects, ground reflection for une-
ven terrain, foliage attenuation, and meteorological

influences due to vertical sound speed profiles (details
and methods see [2]).
A digital terrain model (e.g. 5m resolution), the

surface properties (lawn, concrete, forest, lake etc.)
and vertical profiles of the atmospheric properties
(humidity, temperature, and wind) are required input
data for such a calculation. The source positions and
receiver points are also needed and presented in Sec. 3.

2.3. Simulation

A time-step method is applied to simulate aircraft on
their individual flight path [2]. For each point of the
flight path, the flight parameters Ma, ρ, N1, and the
aeroplane configuration are mandatory input data for
the applied emission model. In this contribution, flight
data records were provided by Swiss International Air
Lines to simulate and compare individual flights with
measurements. In addition, the directivity angles were
calculated for each source and receiver combination,
considering the bank angle of the aircraft. Then, the
sound emission spectra were predicted with the pre-
sented aircraft noise emission model.
In a second step, the Doppler shift and the flight

effect, which is the influence of the moving source
on the level amplitude, were applied [3]. Further, the
frequency-dependent attenuations, which have been
calculated with sonX, were added. Under considera-
tion of the retarded time, level-time histories were
calculated. On that basis, A-weighted sound exposure
levels LAE , LAE,t10, and the maximum level LAS,max

were derived.
In the present paper, the authors consistently use

LAE,t10 for the analysis of measurements and com-
parisons between simulation and measurement. As
this metric only accounts for the sound energy of a
flyover event within 10 dB below the maximum level,
background noise is excluded.

3. Measurements

For validation purposes including the correction of the
cavity tones, measurements of approaches at Zurich
Airport were conducted from september 26 to october
17, 2017. Approaches on runway 28 were measured at
one measurement point MP12 below the glide path,
13 km before touch down (Fig. 1). For approaches on
runway 34 three measurement points were installed
(Fig. 2). MP13 and MP11 are located below the tran-
sition route in large distances to the runway, approx.
53 and 44 km. The third measurement point MP3 is
again located below the glide path at 15 km before
touch-down.
At each measurement points only relevant flight

paths were selected by using a vertical gate to filter ap-
proaches in proximity. From weather data, bad weather
conditions such as precipitation or wind speeds above
4m/s were excluded automatically. In addition, events

Euronoise 2018 - Conference Proceedings

- 226 -



MP12

0 4km

Zurich Airport

Figure 1. Flight paths of approaches on runway 28 and
measurement point MP12 at 13 km before touch-down.
Map data ©2018 Google.
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Figure 2. Flight paths of approaches on runway 34 and
measurement points MP3, MP11 and MP13 at approx. 15,
44 and 53 km before touch-down. Map data ©2018 Google.

which were contaminated by other noise sources were
rejected manually. Finally, each of the 806 noise events
of the A320 family was categorized into one group
with and one without cavity tones by checking the
narrow-band spectrograms.
To account for different minimum distances d bet-

ween the flight paths and the measurement points, the
LAE,t10 was corrected for the geometrical dissipation
of a line source at a mean minimum distance dMP ,
separately for each measurement point.

LAE,t10 = L′
AE,t10 + 10 log10

d

dMP

(4)

Therefore, the sound exposure levels at each measu-
rement point are comparable and still representative
for their location. A mean distance for all measure-
ment points was not calculated to prevent an effect
of the atmospheric absorption on the LAE,t10. The
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Figure 3. Box-and-whisker plot of measured overflights of
the A320 family at approach. Airframes with cavity tones
(left, red) are compared to airframes with airflow deflector
and thus no cavity tones (right, blue). The number of
measured flights is indicated.

atmospheric absorption is thus negligible and was not
corrected for.
Fig. 3 presents a comparison of the LAE,t10-

distribution between aircraft types with and without
cavity tones at all four measurement points. The box-
and-whisker plot depicts the level distribution as me-
dian value (black dot), the interquartile range (first to
third quartile, thick beam), and the whiskers (extreme
values excluding outliers, thin lines) for each group
and measurement point. Outliers are not displayed. In
addition, the number of measured flights is given.
The LAE,t10-distribution of aircraft with and

without airflow deflector retrofits is considerably
shifted at all measurement points. Below the glide
path (MP12 and MP3), the median of LAE,t10 is re-
duced by 2.1 and 2.3 dB due to the retrofit. At MP11
the median is also reduced by 2 dB. At MP13 the me-
dian is only reduced by 0.6 dB. At these far distances
only a few events were available. Although the level
differences are small, the cavity tones could still and
clearly be found in narrow-band spectrograms of the
measurements.

4. Results

4.1. Airflow Deflector Correction
The three aircraft noise models for the A320 family
(A319, A320, A321 with CFM56-5B engines) are solely
based on data from the Swiss International Air Lines
fleet acquired in the years 2013 and 2014. In that time,
no airflow deflectors were installed and the cavity tones
were prominent during approach. Thus, the original
regression models for airframe noise of the A320 family
include cavity tones in their specific one-third octave
bands.
From narrow-band spectra of the measurements,

the tones were expected to be found only in the 500
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Figure 4. Differences of the sound emission level ∆Lem

between the original model with cavity tones and the
adjusted model without cavity tones at 500Hz.

and 630Hz bands. The cavity tones are the reason for
unusually high coefficients of lMa (70-80 instead of
50-60). However, the 400Hz band was also found to
be affected, with slightly higher coefficients than usual.
The reason for this effect can be explained by Doppler
shift, which was applied to one-third octave bands
during the model development [4]. The energy in each
band was assumed to be constant, which is incorrect
for narrow-band tones but inevitable. Therefore, parts
of the energy of the cavity tones was shifted to the
neighbouring band.

To correct the airframe noise models for the airflow
deflectors, all regression coefficients were linearly in-
terpolated between the 315 and 800Hz band. Such
a model fix can only estimate the sound emission in
these bands, as it is derived from the neighbouring
bands. However, as the cavity tones were so promi-
nent in these bands, other airframe noise sources were
masked and could not be identified anymore.
Fig. 4 and 5 depict the differences of the sound

emission level ∆Lem between the original model with
cavity tones and the adjusted model without cavity
tones for the 500 and 630Hz band. As the air density
changes the predicted levels, such influence is depicted
for three typical values corresponding to 1600, 1100,
and 700 m above MSL according to the international
standard atmosphere. At typical landing speeds (0.18
to 0.2 Mach), the differences are small and lie around
zero decibel. Afterwards, the difference is almost line-
arly increasing, reaching differences at Ma=0.35 from
5.6 to 8 dB for 500Hz and 4.6 to 5.6 dB for 630Hz. In
general, a higher air density leads to smaller differences
between both models.

As the dataset of the sound emission models is based
on approach speeds of 0.18 to 0.35 Mach, only this
parameter range is reliable and was therefore used for
the diagrams.
The influence of all three modified one-third oc-

tave bands on an overall sound pressure level Lp is
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Figure 5. Differences of the sound emission level ∆Lem

between the original model with cavity tones and the
adjusted model without cavity tones at 630Hz.
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Figure 6. Differences of the overall sound pressure level
∆Lp between the original model with cavity tones and the
adjusted model without cavity tones, based on a propaga-
tion distance of 304.8m.

presented in Fig. 6. The differences between the origi-
nal model with cavity tones and the adjusted model
without cavity tones are based on a propagation dis-
tance of 304.8m. Thus, the influence of the attenua-
tion of high frequencies (atmospheric absorption) is
accounted for. On the overall Lp the differences ranges
from 0 (Ma = 0.2) to 2.1 dB for a high air density and
3.2 dB for a low density (Ma = 0.35).

4.2. Validation with Measurements

The presented correction of the model coefficients for
the airflow deflectors was based on a simple fix. With
the measurement presented and analysed in Sec. 3, the
adjusted model can be validated. Measurement point
MP3 was already used in 2013 for the development
of the aircraft emission models. The flight parameter
range of the validation measurements lies in a common
range for the model. Measurement points MP11 and
MP13 are explicitly far away from the runway and the
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Figure 7. Simulated LAE,t10 vs. measurements at MP3,
MP11 and MP13 (approach on runway 34).

models are extrapolated to higher Mach numbers and
lower air densities.
Based on flight data records of the acoustically

measured flights, the level-time histories at each meas-
urement point could be simulated (details Sec. 2) with
the individual flight parameters of the flights. The
results (LAE,t10) for three measurement points (ap-
proaches on runway 34) are combined in a scatter
plot in Fig. 7. The 53 overflights agree well with the
measurements and are mainly located close to the 1:1-
line. The mean deviation is 0.3 dB with a standard
deviation of 1.6 dB. MP11 and MP13 with only 11
events are found at clearly lower levels of 60 to 75 dB
due to the larger propagation distances to the receiver.
Still, the agreement is satisfactory, even if the standard
deviation is larger compared to MP3.

Results for MP12 for approaches on runway 28 are
not shown as they are similar to MP3, with a mean
deviation of 0.5 dB and a standard deviation of 1.0 dB
(208 events). At this measurement point the model
thus overestimates the sound exposure levels slightly
more.
The boxplot in Fig. 8 shows the same 53 events as

in the scatter plot, grouped by aircraft type. The A320
and A321 agree very well with the measurements in
terms of their median LAE,t10. The median LAE,t10
of the A319 is 1.0 dB above the measurements. The
model of the A320 yielded the best results and is
also based on the largest number of events (29). In
contrast, the validation of the approach of the A319
is only based on 8 flights, three of them measured
at the distant MP11 and MP13 where the levels are
consistently overestimated.

5. Discussion

The presented adjustments to the aircraft noise emis-
sion model is based on the assumption that the
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Figure 8. Box-and-whisker plot of ∆LAE,t10, the difference
of simulation minus measurement. The data are grouped
by aircraft type.

airframe noise generation of 400 to 630Hz can be
derived by the neighbouring bands (315 and 800Hz).
This consequently assumes that the airflow deflector
retrofit completely suppresses the cavity tones. Such
assumption is well supported by the manufacturers
information [1] and own measurements of retrofitted
aircraft, where such tones were not detectable.

The influence of the adjusted one-third octave bands
resulted in total level differences between 0 dB at land-
ing speeds and 2 to 3 dB at typical approach speeds
in the beginning of the glide path. Comparing meas-
urements from the model development in 2013 (not
shown here), the cavity tones could not be found at
landing speeds, which is consistent to the adjustment.
Compared to the measurement results at MP12 and
MP3, located below the beginning of the glide path,
the differences of the model adjustments are in the
same range as the median differences between aircraft
with and without airflow deflector (2.1 and 2.3 dB).

The validation of the model adjustment showed
good results below the glide path. However, the A319,
which was the aircraft with the lowest number of flight
events, showed a significant overestimation of 1 dB.
The validation at large distances from the airport
showed larger variations, as the propagation distances
are large, the signal-to-noise ratio is low and only a
few measurements were available.
The promised level differences of 9 dB [1] are not

predicted by the model nor observed in measurements.
However, the models are based on measurements below
the glide-path and are therefore restricted to Mach
numbers of 0.35 [4]. The manufacturers fact sheet pre-
dicts the largest level differences at distances between
20 and 40 km and Mach numbers between approx. 0.32
and 0.4. As the aircraft are horizontally widely distri-
buted in this region, no measurements were possible
here and no definitive conclusion can be drawn.
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The model adjustments not only showed the ex-
pected changes of the Mach number relation, they also
showed changes in the air density relation. Experi-
ments and theoretical work from literature support
that the amplitude of a resonator oscillation is pro-
portional to ρU2 [5, 6]. In addition, the experiments
of [6] showed that the amplitude of the cavity tones
decrease at higher flow speeds U after reaching the
highest amplitudes at the resonance frequency of the
cavity. They also showed that the oscillation frequency
increases with larger flow speeds, but this effect is neg-
ligible as the model is described in one-third octave
bands.

The derived differences of the aircraft noise models
as shown in Fig. 4 to 6 are restricted to the presen-
ted Mach and density range. Extrapolations of these
graphs is not recommended. In particular, the above
mentioned decrease of the resonator oscillation ampli-
tude might occur and change the trend of the relations.

6. Conclusions

Aircraft of the A320 family that are not equipped
with airflow deflectors generate prominent cavity tones,
which depend on airspeed and air density. Meas-
urements as well as the model adjustments showed
significant noise reductions of the total sound pres-
sure level of up to three decibel for aircraft equipped
with airflow deflectors. The ability to account for the
installation of the airflow deflectors is thus relevant
for furture predictions with the aircraft noise emission
model of sonAIR.
The validation showed that the adjustments of the

models were satisfactory. At distances above 44 to
53 km, the agreement between simulation and meas-
urements was of lower quality. This was mainly due
to the low signal-to-noise ratio and the large propaga-
tion distances that made it difficult to obtain reliable
measurements.

It is evident that the retrofit is a very effective solu-
tion to reduce the noise level and annoyance during
approach. From the acoustical viewpoint, the world-
wide frequently flying A320 family should be equipped
with the retrofit, as already started by many large
airlines.
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