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Zusammenfassung
Heutige Berechnungsmodelle für Fluglärm sind nur teilweise zur Bewertung und Op-
timierung von lärmarmen Flugverfahren geeignet. Die Modelle sind entweder zu stark
vereinfacht, basieren auf semiempirischen Modellen, die anspruchsvolle Flugparameter
erfordern, oder sind nicht öffentlich zugänglich.
In dieser Arbeit wurde ein akustisches Emissionsmodell für Flugzeuge mit Strahltrieb-
werken in Abhängigkeit von Flugparametern (Leistungsstufe, Fluggeschwindigkeit und
Konfiguration) entwickelt. Antriebs- und Umströmungslärm wurden dabei separat an-
hand weniger Modellparameter modelliert. Der Modellansatz ist universell und lässt sich
auf verschiedene Flugzeugtypen anwenden.
Um eine Datengrundlage möglichst vieler Flugparameter zu erstellen, wurden umfassende
akustische Messungen des Flugbetriebs am Flughafen Zürich durchgeführt. Anschließend
wurden die akustischen Messungen mithilfe von Flugdaten, Flugbahnen und meteorolo-
gischen Profilen zur Quelle zurück gerechnet. Auf dieser Datengrundlage und multipler
linearer Regression wurden drei Modellvarianten von unterschiedlichem Detaillierungs-
grad entwickelt: Ein detailliertes Modell mit dreidimensionaler Richtwirkung (3D) und
zwei reduzierte Modelle ohne Berücksichtigung der Konfiguration. Die reduzierten Mo-
delle, die auch ohne Flugschreiberdaten verwendet werden können, sind entweder mit
dreidimensionaler (3Dred) oder zweidimensionaler Richtwirkung (2Dred) modelliert.
Insgesamt wurden 19 akustische Emissionsmodelle für verschiedene Kombinationen von
Flugzeug- und Triebwerkstypen erstellt. Für das Antriebslärmmodell ist die Drehzahl
der Niederdruckwelle der wichtigste Modellparameter, mit dem sich auch die Richtwir-
kung verändert. Für das Umströmungslärmmodell ist die Machzahl der massgebende
Modellparameter. Allerdings können auch die Fahrwerke den Gesamtschallpegel bei der
Landung je nach Flugzeugtyp bis zu 5 dB erhöhen, besonders wenn sie frühzeitig, d.h.
bei höheren Machzahlen, ausgefahren werden. Solch ein lokal wichtiger Einfluss wird
durch das 3D-Modell berücksichtigt.
Unter Anwendung eines Zeitschrittverfahrens und eines detaillierten Ausbreitungsmodells
wurden 10 524 Flugereignisse simuliert, die bereits für die Entwicklung der Modelle ver-
wendet wurden. Ein Vergleich des 3D-Modells mit den Messungen ergab für die simulierten
Ereignispegel im Mittel eine Überschätzung von 0.1 dB bei einer Standardabweichung
von 0.9 dB. Der simulierte Maximalschallpegel wurde im Mittel leicht unterschätzt bei
größerer Standardabweichung. Das reduzierte Modell 3Dred zeigte ähnliche Ergebnisse,
da der Einfluss der fehlenden Konfiguration bei Landungen mit der Machzahl skaliert.
Die Vereinfachung auf eine zweidimensionale Richtwirkung (2Dred) hingegen zeigte eine
größere Standardabweichung.
Anhand physikalischer und empirischer Kenntnisse der Schallentstehung wurden adäquate
Modellparameter gewählt und linearisiert, wodurch ein physikalisches Verhalten des
statistischen Modells erreicht wurde. Es konnte gezeigt werden, dass die Emissionsmodelle
die akustischen Messungen mit hoher Genauigkeit reproduzieren. Allerdings muss eine
Extrapolation der Modelle außerhalb der bekannten Parameterbereiche noch durch eine
Validierung mit unabhängigen Daten geprüft werden. Die Ergebnisse der Dissertation
zeigen bereits das große Potential des Modells auf, lärmarme Flugverfahren präzise
bewerten und optimieren zu können.
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Abstract
Existing aircraft noise models are only partly suited for the assessment and optimization
of noise abatement flight procedures. Either the models are too simplified, or are based
on semi-empirical models which require ambitious flight parameters, or are not publicly
available. In this thesis, an aircraft noise emission model for turbofan-powered aircraft
was developed with the capability to take the flight configuration (thrust rating, airspeed,
and aeroplane configuration) into account. Engine and airframe noise were modeled
separately with a small number of model parameters. The approach is universal and
thus applicable on many aircraft types.
To establish a data basis for different flight configurations under regular air traffic,

extensive acoustical measurements around Zurich airport were realized. The acoustical
data were processed with the help of flight data, flight paths, and meteorological data to
obtain direction-dependent sound emission levels at the source. By means of this data
base and multiple linear regression, three model variants with different level of detail were
developed: an advanced model with three-dimensional directivity (3D) and two reduced
models without aeroplane configuration. The reduced models, which can be applied if no
flight data records are available, are modeled either with a three-dimensional directivity
(3Dred) or a two-dimensional directivity (2Dred).

In total, 19 aircraft noise emission models for combinations of engine type and aircraft
type were established. The main parameter for the engine noise model is the rotational
speed of the engines, which also influences the directivity of the model. For airframe
noise, the aircraft Mach number is the main parameter. However, also the landing gear
is an important sound source of the airframe. If deployed early during approach and
thus at high aircraft Mach numbers, it raises the total sound emission level up to 5 dB.
Such local influence of the aeroplane configuration is represented by the 3D model.

A time-step method and a detailed propagation model were applied to simulate 10 524
flight events that were used for the development of the models. A comparison between
3D model and measurement resulted in a slight overestimation of the simulated sound
exposure level of 0.1 dB with a standard deviation of 0.9 dB. In comparison, the simulated
maximum sound pressure level was slightly underestimated and showed larger variations.
The model variant 3Dred showed similar results, because the aeroplane configuration
during approach is related to the aircraft Mach number. In contrast, the reduction to a
two-dimensional directivity (2Dred) resulted in larger standard deviations.

Based on physical and empirical knowledge about sound generation, appropriate model
parameters were chosen and linearized, whereby a physical behavior of the statistical
model could be achieved. It was shown that the aircraft noise emission models are capable
to reproduce the acoustical measurements with high accuracy. However, extrapolations
to unknown flight configurations require validation with independent data in the future.
The results of the thesis indicate the model’s great potential for the assessment and
optimization of noise abatement flight procedures.
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1 Introduction

Aircraft noise is a significant environmental problem around airports, affecting millions
of people in Europe. According to a study considering five European airports (Heathrow,
Gatwick, Stansted, Schiphol and Maastricht), the resulting yearly airport-specific noise
costs add up from 1.3 to 179.5 million euros [65]. In addition, many socio-acoustical and
epidemiological studies identified negative impacts of aircraft noise on health [7; 8; 16; 18].

Currently, there is an open discussion on whether the population became more sensitive
over the years, however, there seems to be a growing concern about aircraft noise
[5; 17; 41]. An explanation for the increased concerns and annoyance could be the rapid
growth of aircraft operations [37]. From 2010 to 2015, the world’s revenue passenger
kilometer (RPK) increased between 5 and 8% each year [15]. For the development
between 2015 and 2035, the Boeing Market Outlook [15] predicts a mean growth rate of
4.8% RPK and a doubling of the number of aircraft in service. Whether the sensitivity
of the people, number of aircraft or other influencing factors increased the annoyance,
the public pressure on policy-makers is rising. A tendency for more restrictive noise
legislation represent one of the major operational limitations for airports nowadays as
reported by [3; 35].
Mitigation measures are needed to tackle the aircraft noise problem and to prevent

operational and thus economic limitations. The Balanced Approach to aircraft noise
[47] of the International Civil Aviation Organization (ICAO) proposes four elements how
authorities and airports can take action. The first element of the Balanced Approach
aims to reduce noise at the source, which is realized by the industry and enforced by
noise limits for certification. New technologies can be very effective to achieve a noise
reduction at the source; however, they are long-term measures due to development and
implementation times.
Land-use planning and management is addressed as the second element, including

medium- to long-term actions. As affected areas of aircraft noise are large, authorities
use calculations to maintain the noise exposure. For that purpose, best practice programs
such as ICAO Doc. 9911 [48] or ECAC Doc. 29 [31], national guidance as AzB [4; 53]
in Germany, and FLULA2 [74; 61] in Switzerland are in use (see [20; 21; 50]). Based
on these calculations and depending on the political framework, mitigation measures,
and zoning are mainly applied. In reality, however, these measures are not successful in
reducing the population density around airports. In fact, the population near Zurich
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Chapter 1 Introduction

airport, as an example, rose above average in the last decade, because other advantages
such as the infrastructure were prioritized [83].
The third element covers noise abatement procedures to reduce or redistribute noise.

Three main categories listed in [46] represent possible measures: flight procedures, spatial
optimization, and ground management. These possibilities were investigated in several
studies, which showed local noise reduction potentials from 3 to 12 dB on approach and
2 to 9 dB on departure [46].

The fourth element proposes operational restrictions if all other elements were exploited.
Operational restrictions result in severe economic and capacitive constraints. Therefore,
noise abatement procedures have the highest potential for short-term to medium-term
noise relief with manageable economic and capacitive constraints.

1.1 Problem and research question

The introduction of new noise abatement procedures is complicated because of many
requirements such as safety, capacity, and aircraft equipment [46]. In addition, new
procedures need to be certified, and pilots and air traffic controllers need to accept and
train them. The introduction following the principal of trial and error is time-consuming
and costly. Moreover, the effect on the sound exposure can only be determined afterward.
It is therefore essential to perform a comprehensive noise study in advance, showing the
potential of new procedures and discuss the trade off between noise and emissions (fuel
burn).

Best practice programs for the calculation of aircraft noise such as Doc. 9911 or Doc. 29
are designed to calculate yearly air traffic [84]. Effects of spatial modifications such
as changes in track dispersion or the introduction of preferred routes can be reliably
calculated. However, effects of changes in the vertical flight profile are limited to a
simplified acoustical description of the source. The main drawback of the noise-power-
distance (NPD) data is the lack of airframe noise parameters like airspeed or aeroplane
configuration to account for source effects at approach. Therefore, the best practice
programs are currently of limited use for the assessment of vertical noise abatement
procedures for approach.
Scientific programs such as ANOPP2 [60], SIMUL [54] or PANAM [9; 11] are able

to accurately calculate new flight procedures as they combine semi-empirical models
for engine noise sources (e.g. [42; 94]) and airframe noise sources (e.g. [30; 76; 80]) to
represent the sound sources of the aircraft. However, they require very detailed input
data of the physical flight parameters (e.g. primary jet speed or airflow mass) as well as
of the geometry of the sources (e.g. landing gear dimensions) for accurate predictions.
Moreover, they provide a very limited data base of aircraft types [10], as the aerodynamic
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source models have to be calibrated for each type with wind tunnel experiments. Another
drawback is the limited accessibility of these programs to other users.

To date, no appropriate calculation program allows optimizing and assessing departure
and approach flight procedures for a wide range of aircraft. The predicted increase of
movements and population, as well as the high costs to introduce new procedures, create
a demand for a reliable and precise aircraft noise prediction model. The challenge for this
new model is to find a compromise between the necessary level of detail and complexity.

1.2 Research objectives

The present work aims for a new aircraft noise emission model for aircraft which eliminates
the limitations of current models. The goal of this thesis is to achieve the following
requirements:

1. explicit separation of source and propagation phenomena

2. separation of airframe and engine noise

3. description of the source mechanisms with physical parameters

4. acoustical description as spectral directivity patterns

5. compromise between the degree of detail and number of required flight parameters

6. general approach which can be transferred to other aircraft types

The model development focuses on turbofan-powered narrow- and wide-body aircraft.
Those contribute most to the aircraft noise today due to many movements, each emitting a
high sound energy. Depending on the fuselage design, number of engines, and aerodynamic
behavior, the same noise abatement procedure can have different effects. Therefore, it is
the objective to include the most important flight parameters for airframe and engine
noise and to identify their individual contributions to the total noise.
The latter goal requires to gather a huge amount of data. This includes acoustical

measurements, the acquisition of the flight paths, and access to flight parameters. Several
aircraft types need to be measured in the regular air traffic under almost all relevant
flight configurations, i.e. flight parameters and aeroplane configuration [48].
An overall objective is the integration of the aircraft noise emission model into a

simulation tool, to calculate the received sound exposure at the ground. To reproduce
level-time histories the time-step method is an approved technique, which requires a
source description based on directivity patterns. If the aircraft noise emission model is
separated from sound propagation, no limitations on the atmospheric conditions and
considered effects apply for the simulation.
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1.3 Overview of the thesis

In the following, the research project and the structure of the thesis are briefly summarized.
The research project sonAIR, in which the thesis was conducted in, was funded by the
Federal Office of Civil Aviation, Empa, skyguide, Canton of Zurich, and Zurich and
Geneva airport. The goal of sonAIR was the development of a new aircraft noise
simulation tool with the following challenges: develop an aircraft noise emission model in
dependency of the flight configuration, implement the sophisticated propagation model
sonX with manageable calculation time, and to build and integrate a simulation tool
into a geographical information system (GIS)-environment.
While the the author was focused on the data acquisition, data analysis, and model

development of the aircraft noise emission model, all topics of the project interfered. For
instance, the propagation model sonX, which was already developed at Empa for other
noise sources, was used to calculate the sound emissions at the source as input data for
the model development. In this context, some necessary modifications were found to
adapt sonX to high and large broadband noise sources.
To be able to simulate the sound exposure at the ground, two simulation tools were

developed in the framework of the project. One simulation tool was established in
Matlab as a test environment for the aircraft noise emission model and to verify the
model. In addition, the partner company n-sphere who integrated sonAIR into the
GIS-environment, implemented a simulation tool in C#.

Data acquisition and processing

Acoustical measurements (Sec. 3.1) of the regular air traffic were carried out around
Zurich airport. To cover a wide range of flight configurations, measurements in the close
range (CR) – distance below 2.5 km to the airport – and far range (FR) – distances up
to 20 km – were conducted in 2013 and 2014. In total, 3 200 flights were measured in the
close range and approximately 11 000 flights in the far range. In addition to the flyover
measurements, measurement data of a static run-up test of an A330-300 were analyzed
to determine the relation between the sound power level and the (relative) rotational
speed of the engine (N1).

Besides the flyover measurements, many other data sources were needed. Meteorological
data as described in Sec. 3.2 were used to account for the atmospheric effects on the sound
propagation through the air. Flight paths of the measured flight events were collected
from radar, multilateration (MLAT), and optical data (Sec. 3.3) and supplemented with
meta data from the flight plan. Essential flight parameters (Sec. 3.4) for the development
of the aircraft noise emission model were provided for the Swiss and Edelweiss aircraft
fleet. For aircraft types without flight data recorder (FDR) data, N1 was determined
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from the spectrogram of the audio signal. During the thesis many data sources were
used, which were provided from different partners:

1. Meteorological data: MeteoSwiss and Empa

2. Optical tracking data: SciTracks

3. MLAT data: skyguide (Swiss air navigation)

4. Radar data: skyguide and Zurich airport

5. Movement lists: Zurich airport

6. FDR data: Swiss International Air Lines

7. N1 analysis: BeSB GmbH Berlin

8. Run-up test: Swiss International Air Lines and Zurich airport

9. Simulator data: Swiss Aviation Training

For the items 1 to 7 the comprehensive data processing is described in Sec. 3.5. Item 8
is used to support the model development and item 9 is used in Chap. 7, where an
example is presented how data from a full flight simulator can be used as input to the
aircraft noise emission model for noise predictions.

Model development

The aircraft noise emission model is based on multiple linear regression as introduced in
the theoretical background (Sec. 2.3). Based on the resulting data sets (Sec. 4.1), a data
exploration in Sec. 4.2 was executed to reveal the most influential parameters as well
as their relationships to the sound emission level. The flight parameters N1, aircraft
Mach number, air density as well as the aeroplane configuration (landing gear, high-lift
devices, speedbrakes) are discussed.
In Sec. 4.3 the methodical procedure of the model development is described. Subse-

quently, the final regression models for airframe and engine noise and reduced model
variants are presented (Sec. 4.4). To account for the energy mean of normal distributed
sound levels, a theoretically based correction is introduced. Along with the regression
models, a new technique is presented to separate the data set of the total aircraft sound
emission into their contributions of airframe and engine noise (Sec. 4.5).

Results

In the results (Chap. 5) the grouping of aircraft types is explained and a list of 19
established aircraft noise emission models is presented. Further results focus on the
aircraft noise emission models of the six aircraft types where FDR data were available.
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Based on these types, the influence of different model variants on the results can be
compared.

Sec. 5.2 presents the model performance of the regression models of the 24 frequency
bands. Furthermore, some examples of the directivity and spectra are presented to show
the potential of the models (Sec. 5.3). In Sec. 5.4, the effects of the model parameters
on the sound emission level at the source and on the sound pressure level at a receiver
are demonstrated. This section probably provides the most practical results and targets
at aircraft noise experts, who intend to explain variations in measurements and between
measurements and calculations caused by the sound source.
When applying the aircraft noise emission models, it is also essential to know the

parameter range the aircraft were operated in during measurements. So far, only inside
of this parameter range the models are verified. A potential noise modeler may also be
interested to define plausible default flight parameters for each aircraft type, if no other
data are available. Therefore, some mean flight parameters are presented for approach
and departure in Sec. 5.5. An additional analysis of the influence of the runway length
at Zurich airport is presented to indicate the complexity of flight operations.

Verification

As background for the verification in Chap. 6, also example level-time histories from the
simulation tool (Sec. 2.4) are presented. With the verification the different variants of the
aircraft noise emission model are compared among each other as well as to measurements.
Based on the LAE,t10 and LAS,max, about 10 500 events for aircraft types with FDR data
and 5 300 events for other aircraft types are compared to the measurements. In this way,
the model is tested on its reproducibility over the known parameter range.

The comparisons between the model variants quantify the influence on the simulation
results if the flight configuration or the lateral directivity is not considered for. These
results are of interest for aircraft types where no FDR data are available, because in this
case the aeroplane configuration is unknown. Furthermore, the theoretical approach of
the correction to the energy mean is supported by the verification in Sec. 6.3.

Application

Finally, Chap. 7 completes the thesis showing the first application examples with the
model implemented in a GIS-environment and an interface to a full flight simulator. In
addition, the comparison of two approach procedures shows the capabilities of the model
to assess and optimize noise abatement procedures.
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2 Theoretical background

The theoretical background focuses on the main physics and equations related to this work.
However, only a brief summary and reference to the applied methods and nomenclature
is provided. A deeper understanding of the field or additional literature is required to
follow the technical details. In the beginning of each section the author provides helpful
references.

2.1 Coordinate system

The coordinate systems used in this thesis stem from the classical definitions of flight
mechanics [55] under the assumption of no wind. Fig. 2.1 depicts three of the main
aircraft-carried coordinate systems, which are all right-handed:

• Earth axis (g): the x-axis xg is oriented to true north and the z-axis zg is perpen-
dicular to the earths tangent plane, pointing towards it.

• Flight path axis (k): the x-axis is tangential to the flight path, with xk indicating
the flight direction and zk pointing towards the earth. The vertical plane (Fig. 2.1a)
is rotated by the climb angle γ, the horizontal plane (Fig. 2.1b) by the flight path
azimuth χ.

xk 

xf

xg

zg 
zf

γ 
α 

zk 

(a) Vertical plane

Nxg

xf
xk 

χ 

β 

yg

(b) Horizontal plane

Figure 2.1: Definition of the different aircraft-carried axis systems and the angles between
them. Wind is neglected and all x-axis are located in the vertical (a) or
horizontal (b) plane.
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• Body axis (f): the x-axis is the longitudinal axis of the aircraft, the axis of symmetry
of the aircraft defines the vertical plane. The main difference to the flight path
axis is an additional rotation in the vertical plane by the angle of attack α to
produce the required lift force. The sideslip angle β in the horizontal plane can be
neglected, especially under the assumption of no wind.

The flight path axis system is used as main reference system in this thesis (Fig. 2.2).
It is aircraft-carried and its origin is located at the center of the aircraft as provided
from the flight path (Sec. 3.3). It was decided to use the flight path axis instead of the
body axis, as the flight path is always available, e.g. for calculations with radar data.
In addition, for the acoustical description the differences are negligible (in contrast to
flight mechanics), as α typically varies between ±10◦ and β is mainly zero for modern
turbofan aircraft.
From the acoustical perspective, the aircraft is simplified to a point source at the

origin of the flight path axis with a three-dimensional (3D) directivity. The directivity is
described in spherical coordinates by the polar angle θ and azimuth angle ϕ as depicted
in Fig. 2.2. Both radiation angles are calculated with the law of cosine.

θ = arccos
(

rk,mic · xk
|rk,mic| · |xk|

)
(2.1)

ϕ = −sgn(yk) · arccos
(

rk,mic,yz · zk
|rk,mic,yz| · |zk|

)
− Φ (2.2)

The angles are defined from 0◦ ≤ θ ≤ 180◦ and 0◦ ≤ ϕ ≤ 180◦ under the assumption
of symmetry of ϕ in the vertical plane. The symmetry is implemented with the signum-
function of yk. To obtain rk,mic, the following transformation from the earth axis system
to the flight path axis system is necessary.

rk,mic = Tkg(χ, γ) · rg,mic (2.3)

xk 

yk 

zk 

rk,mic 

rk,mic,yz 

mic 

θ 

φ 

Figure 2.2: Flight path axis system (index k) with polar angle θ and azimuth ϕ.
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The transformation matrix Tkg(χ, γ) [55] is based on two rotations, one over the flight
path azimuth χ and one over the climb angle γ as depicted in Fig. 2.1. The vector rg,mic
can be derived by subtracting the microphone position from the flight path, which both
are typically available in Swiss coordinates (CH1903).

While the error on θ (Eq. 2.1) is small using the flight path axis instead of the body
axis, the error on ϕ can get significant for the curved flight. Therefore, ϕ (Eq. 2.2) is
corrected with the bank angle Φ, which describes the rotation of the aircraft around the
longitudinal axis.

tan Φ = κ · V 2
k · cos γ
g

(2.4)

Under the assumption of no acceleration, the bank angle depends on the curvature of
the flight path κ, the flight path velocity Vk, the climb angle γ, and the gravity g. All
values can be derived from the flight path. For instance, the curvature is calculated with
Eq. 2.5, where ẋ, ẏ are time derivatives of the track coordinates.

κ = ẋÿ − ẏẍ
(ẋ2 + ẏ2)

3
2

(2.5)

2.2 Acoustics

Basic knowledge about acoustics is imparted in the textbooks [59; 66; 69]. Specific
background on the sound sources of aircraft is described in [52; 81; 91]. In the connection
with sound generated by aircraft the term noise is commonly used, also in this thesis.
The meaning refers to the technical understanding of a sound rather than to an annoying
noise as used in common speech [20].

2.2.1 Acoustic quantities

The sound pressure fluctuation p(t) can be measured with a calibrated free-field microp-
hone and is the basis for the acoustical signal analysis. A common signal attribute is
the momentary sound pressure level Lp(t) in Eq. 2.6. Lp(t) is calculated with a moving
average of the normalized p(ϑ)2 applying an exponential time weighting (time constant
RC). The most common time weightings are the slow weighting (RC=1 s) and fast
weighting (RC=0.125 s).

Lp(t) = 10 log
(

1
RC

∫ t

−∞

p2(ϑ)
p2

0
e
ϑ−t
RC dϑ

)
(2.6)
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Another signal attribute is the sound exposure level LE . It represents the integral of
p(t)2 over the event length te (Eq. 2.7).

LE = 10 log
(

1
1 s

∫ te

0

p2(ϑ)
p2

0
dϑ
)

(2.7)

In many cases not only the total Lp is of interest, but also the contribution of the
pressure signal in the frequency domain. The signal is then filtered with band-filters from
IEC 61260-1 [49]. In acoustics, usually octave or one-third-octave bands (1/3-octave
bands) are considered with mid-frequencies from Eq. 2.8 as defined in ISO 9613-1 [56].
The frequency range considered in this work ranges from 25Hz to 5 kHz.

fm = 1000 · 100.1·k, k = −16...7 (2.8)

Acoustic metrics are commonly frequency weighted as specified in [28, Annex E]. In
the field of environmental noise the A-weighting (Eq. 2.9) is the most common weighting
curve, as it accounts for the sound perceived by the human ear: low frequencies are
perceived less intense than frequencies around 1 kHz. The A-weighting as depicted in
Fig. 2.3 corresponds to an equal-loudness contour that was determined in a listening
test. The figure shows, that frequencies below 100Hz are strongly attenuated for more
than 20 dB, thus their contribution vanish for an A-weighted total sound level. Further
information about the A-weighting can be found in [69].

Afilter(f) = 10 log10

(
121942f4

(f2 + 20.602)(f2 + 107.72)0.5 · · · (2.9)

(f2 + 737.92)0.5(f2 + 121942)

)2
− 2 dB
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Figure 2.3: A-weighting versus frequency.
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For the measurement of a source at a receiver, the sound needs a certain time d/c to
travel through the atmosphere along distance d. To calculate the time delay, the speed of
sound c is required. Under the assumption that the air behave like an ideal gas (p=ρRT )
in the troposphere, Eq. 2.10 is used.

c2 = κ
p

ρ
= κRT (2.10)

The air is described by the adiabatic index κ≈1.4 and the specific gas constant
R=287 J/kgK. A received sound pressure signal at a microphone contains these time
delays due to the time the sound needed to travel through the atmosphere. The retarded
time τ is used to evaluate the original source position when the sound was emitted.

τ = t− d

c
(2.11)

2.2.2 Uncertainty of measurement

The standard literature on this topic is the Guide to the expression of uncertainty
in measurement (GUM) [58]. For specific details to uncertainties in aircraft noise
measurement and modeling [19; 85; 97; 98] are highly recommended. The calculation
of the measurement uncertainty follows DIN45643 [27, B.2.2.3], which describes the
uncertainty for measurement and assessment of aircraft sound.

uinstr = (u2
mic + u2

lin + u2
A + u2

U + u2
p + u2

T + u2
RH + u2

cal,ref + u2
cal,op)1/2 (2.12)

In Eq. 2.12 the uncertainty of a measurement system uinstr mainly consists of the
uncertainty of the directivity of the microphone umic, the uncertainty of the level linearity
ulin and uncertainty of the A-weighting uA. Additional effects are due to deviations
in the voltage supply uU , atmospheric variations up, uT , uRH , and calibration under
reference ucal,ref and operational conditions ucal,op. With the provided uncertainties
from DIN45643 uinstr sums up to 0.86 dB for incidence angles below 90◦ and to 0.74 dB
for incidence angles below 30◦.

2.2.3 Sound propagation

A commonly used and appropriate approach for the calculation of the sound pressure
level at a particular distance from a point source is defined in Eq. 2.13. The frequency
dependent sound pressure Lp(f) at a particular receiver is the sum of the sound power
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LW (f) of the source, a directivity of the source D(f, θ, ϕ), and the attenuation terms
due to the sound propagation

∑
A(f).

Lp(f) = LW (f) +D(f, θ, ϕ)−
∑
A(f) (2.13)

In this work, the propagation model sonX [33] is used to calculate the attenuation
terms. The different methods applied in sonX are summarized below. The model
distinguishes between different modules as shown in Eq. 2.14. The modules Basic and
Meteo were used in this thesis, as the measurement points were chosen in such a way
that reflections at buildings, forest or cliffs can be neglected.

∑
A(f) = ABasic(f) +AMeteo(f) +AReflect(f) +AForestCliff (f) (2.14)

The basic attenuation ABasic(f) is calculated for a homogenous atmosphere and
accounts for geometrical divergence Adiv, atmospheric absorption Aatm, ground reflections
and barriers Agr/bar, and foliage attenuation Afol. In line with the definition of the sound
power level, the geometrical divergence Adiv includes the conversion constant log10(4π).

ABasic(f) = Adiv +Aatm(f) +Agr/bar(f) +Afol(f) (2.15)

The geometrical divergence is calculated according to ISO 9613-2 [57]. The atmospheric
absorption coefficient αatm(f) is calculated according to ISO 9613-1 [56]. However, the
ISO standard with Aatm=αatm(f)r is defined for pure tones. To account for broadband
aircraft noise and large distances between receiver and source, a correction for broadband
noise as proposed in Defrance et al. [25] is applied in sonX1.

Aatm(f) = αatm(f)r · (1.0053255− 0.00122622 · αatm(f)r)1.6 (2.16)

For the calculation of ground reflections Agr/bar, an analytical solution for spherical
waves is used, which is extended to uneven terrain and varying ground properties using
a Fresnel-zone-approach [23]. Additionally, the ground reflection model accounts for
the coherence loss K (Eq. 2.17) between direct and reflected sound in dependence of
frequency f and propagation distance r′dir [43].

The parameters γ0 and γ1 were derived based on the work of Parkin and Scholes [71]
and Daigle et al. [24].

K = e−(γ0+γ1f2r′dir+γ2f2ds) (2.17)

Parkin and Scholes [71] used a single mounted jet engine, which is not fully applicable
to the whole aircraft as the sound is stemming from two or more engines and other source

1Eq. 2.16 yields decreasing values with increasing distance for air absorptions greater than approximately
250 dB. The term αatm(f)r in the bracket is therefore limited to 200 dB.
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locations. The sound sources can be separated in some cases by substantial distances of
up to 50m. To account for this effect, the approach for the coherence loss according to
[43] was extended with γ2f

2ds as given in Eq. 2.17. The newly introduced parameter
γ2 was derived in comparison with measurements of Airbus A340 and Fokker 100, the
first having wing-mounted engines with large spacing in between them, the latter having
body-mounted engines with small spacing. For large aircraft, a standard setting of the
source distance ds of 50m is recommended.

Barriers are calculated according to the approach of Pierce [72]. Foliage attenuation is
implemented according to the annex of ISO 9613-2 [57].

The meteorological attenuation AMeteo(f) is described as deviations from the homoge-
nous atmosphere (Eq. 2.18) which occur due to vertical profiles of temperature, pressure,
relative humidity, and wind. First, the local temperature and humidity change the
atmospheric absorption. Second, the gradients of wind and temperature bend the sound
rays which may result in shadow zones, change the barrier effect, and change the foliage
attenuation. Shadow zones and barrier effects are combined in Dmet. These effects can
play an important role in the sound propagation.

AMeteo(f) = (Aatm,Meteo(f)−Aatm,Basic(f)) (2.18)

+(Afol,Meteo(f)−Afol,Basic(f))−Dmet

2.2.4 Moving sound source

A moving sound source changes the received sound pressure signal. The sound wave
crests are compressed in the direction of motion and stretched to the opposite direction.
Consequently, the received frequency spectrum is shifted towards higher or lower fre-
quencies, which is referred to as Doppler shift. In addition, also the sound intensity
at the receiver increases or decreases because the number of arriving crests per time
interval changes. This effect is called the kinematic effect in [94]. Both effects scale with
the Doppler factor DF , which is defined in dependency to the relative Mach number of
the source towards the receiver.

DF = 1−Ma · cos θ (2.19)

The frequency at the receiver fRec is shifted with the ratio DF−1 with respect to the
frequency at the source fSrc.

fRec = DF−1 · fSrc (2.20)

In the same manner the change of the sound pressure due to motion of the source can
be described. For a pressure point source at subsonic speeds, p(t) ∝ DF−1 [44, p. 49],
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which is known as the kinematic effect of a sound source in motion. Not only the
kinematic effect is accounted for, but also the dynamic effect of noise sources that move
with the aircraft as classified by Stone [94]. The dynamic effect accounts for the motion
of the source relative to the propagation medium, which is dependent on the type of
source, e.g. monopole, dipole or quadrupole ([77; 94]). For a volume monopole or force
dipole, p(t) ∝ DF−2 [44, p. 50].

Combing both effects leads to the following general level amplification for aircraft
noise, which was experimentally supported by [68]. Eq. 2.21 describes the flight effects
for the calculation from the source to a receiver.

∆LFE = 40 · log10(DF−1) (2.21)

The frequency shift as well as the flight effect occur at the source which is in motion.
Thus, in a simulation (Sec. 2.4) both effects are applied before the attenuations due to
propagation are added to the sound power level of the source. For a calculation from
the source to the receiver (Sec. 3.5), first the sound propagation is reversed before the
inverse Doppler shift and flight effect are applied.

As mentioned in Sec. 2.2, acoustic signals are often analyzed within frequency bands.
In this case, the implementation of the Doppler shift in Eq. 2.20 is not straight forward.
The energy of a single tone with high amplitude may lie in the middle or at the border
of a band but is now distributed over the whole bandwidth. To apply Doppler effect on
frequency bands, an assumption has to be made for the distribution of the energy in
each frequency band. Therefore, a method is introduced in this work, which assumes
equally distributed energy over each frequency band. The method is used to remove the
measured Doppler shift from a sound power spectra as well as to apply the Doppler shift
on a predicted sound power spectra for a simulation.

At first, a ratio qDF is determined, which defines how much sound power of each
band is shifted. Fig. 2.4 depicts how the ratio is defined in dependency of DF=0.7 in
relation to the nearest integer band-shifts (DFlim). The difference of DF to the lower
limit (∆DF ) over the width (∆DFlim) of the two surrounding limits leads to the ratio
searched for:

qDF = ∆DF
∆DFlim

= DF−1 −DFlim,in−1
DFlim,in −DFlim,in−1

. (2.22)

The limits DFlim of integer 1/3-octave band shifts i are calculated with Eq. 2.23,
which is derived from Eq. 2.8. An i of 0 corresponds to no shift (θ=90◦ or Ma=0), an i
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DF=0.7  in=-1 DF=1.5  in=2 

ΔDFlim ΔDFlim 

ΔDF ΔDF 

i: … -2 -1 0 1 2 … 
DFlim: … 0.63 0.79 1 1.26 1.59 … 

Figure 2.4: Scheme for the application of the Doppler shift to 1/3-octave bands. Two
examples are shown on the an axis with DFlim.

of −1 corresponds to a shift of one entire band to lower frequencies and an i of +1 to a
shift of one entire band to higher frequencies.

DFlim = 100.1·i, i = −10...+ 10 (2.23)

The actual index in used in Eq. 2.22 for a given flight configuration corresponds to
the subsequent DFlim higher than DF . In the examples of Fig. 2.4 the subsequent in
would be −1 for DF=0.7 and 2 for DF=1.5.

Finally, the shifted sound power Wshifted,k is calculated for each frequency band k

with Eq. 2.24. It consists of the sound power of the two bands k − in and k − in + 1
with the proportions defined by the ratio qDF . In the example for the negative frequency
shift (DF=0.7), each frequency band would be composed of the energy of parts of the
two subsequent higher bands.

Wshifted,k = Wk−in · qDF +Wk−in+1 · (1− qDF ) (2.24)

LW,k = 10 log10

(
Wshifted,k

W0

)
(2.25)

Remark: Under the assumption of equally distributed energy over a band, the spectrum
is smoothed when shifting it with the proposed method. Thus, applying this algorithm
back and forth on a spectrum does not lead to the original spectrum.

2.3 Multiple linear regression

Helpful textbooks on linear regression models are Neter et al. [70] and Zuur et al. [108].
The classical approach for multiple linear regression in matrix notation from [70, p. 222]
is given in Eq. 2.26. It represents the formal statement of the model.

Y = Xβ + ε (2.26)
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In the response vector Y all n observations of an experiment or measurement are included.
All m explanatory variables build the columns of the design matrix X with corresponding
n rows for each observation. β is a vector with regression parameters, ε represents the
vector of independent normal random variables with expectation.

2.3.1 Model assumptions and model checks

The following assumptions are made by applying the ordinary least squares (OLS)
algorithm to estimate the coefficients of the model:

• Normal distribution: The errors are normal distributed, εi = N(0, σ2
ε ). The

assumption is checked visually with normal plots (Q-Q plots) of the residuals.

• Expectation value: The expectation of the error is zero, E[εi] = 0. This means,
the relations between the explanatory variables and dependent variable are linear.
The assumption is checked with scatterplots of the residuals against the explanatory
variables and against the fitted values. The smoother (moving average) should not
systematically deviate from zero.

• Constant variance: Constant variance of the error term, Var(εi) = σ2
ε . The

assumption is checked with scatterplots of the residuals against the explanatory
variables and against the fitted values. The variance should be constant along the
x-axis.

• Independent observations: No correlations between the errors of the different
instances, Cov(εi, εj) = 0 for all i 6= j. Scatterplot of residuals, see above.

2.3.2 Weighted least squares

To introduce weights on the observations, the classical OLS can be extended by a diagonal
weight matrix W. Consequently, with weighted least squares (WLS) the predicted error
mean square σ̂2

E is to be minimized numerically to estimate the regression coefficients bw.

(X′WX)bw = X′WY (2.27)

The coefficient of determination R2 and the error mean square σ̂2
E [70, p. 424] are also

weighted with the corresponding weighting factor wi for each of n observations.

R2 = 1−
∑n
i=1wi (yi − ŷi)2∑n
i=1wi (yi − y)2 (2.28)

σ̂2
E = 1

n− (m+ 1)

n∑
i=1

wi (yi − ŷi)2 (2.29)
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The fitted values are calculated with Ŷ = Xbw and the error vector E of the residual
terms with Ei = yi − ŷi. All models of the present thesis were fit with the help of the
Statistical Toolbox of Matlab 2014b. The fit of the models with WLS was carried out
by fitlm.

2.3.3 Outlier detection

Outliers are removed before estimating the coefficients by an adaptive outlier detection
method of Filzmoser [34]. This method uses the robust Mahalanobis distance RD (for
multiple parameters) to automatically detect at which quantile the tails of the RD2

distribution deviate from the ideal χ2 distribution. Filzmoser outlines that an often used
fixed threshold (e.g. χ2

p,0.98) is inadequate because (extracted from [34, p. 582])

1. If the data should indeed come from a single multivariate normal distri-
bution, the threshold would be infinity because there are no observations
from a different distribution (only extremes);

2. There is no reason why this fixed threshold should be appropriate for
every data set; and

3. The threshold has to be adjusted to the sample size

The advantages of the method are that the threshold is adjusted to the sample size
and therefore only detects reasonable outliers. It is thus possible that no outliers are
detected in contrast to a outlier detection based on a fixed threshold.

2.3.4 Model selection

Zuur [108, p. 541] lists three options how to generally select model parameters:

1. Drop individual explanatory variables one by one based on hypothesis testing
procedures.

2. Drop individual explanatory variables one by one (and each time refit the model)
and use a model selection criteria like the Akaike information criterion (AIC) or
Bayesian information criterion (BIC) to decide on the optimal model.

3. Specify a priori chosen models, and compare these models with each other.

In this work R2 and the root-mean-square error σ̂E are used to compare the model
approaches. The criteria AIC [2] and BIC [89] are two popular measures which were
used in addition. They both provide penalties for adding more explanatory variables to
the model.

In general, each explanatory variable that is included into the model must show a linear
behavior in respect to the dependent variable. This implies a careful data exploration and
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Chapter 2 Theoretical background

the use of physical relations. To establish a linear behavior variable transformations are
applied, such as the logarithm or quadratic transformations of the explanatory variable.
It is also important not to include explanatory variables that are correlated to other

explanatory variables (multicollinearity). First, this would have strong effects on the
estimates of the regression coefficients and brings the risk of overfitting. To prevent for
multicollinearity, a correlation matrix (Eq. 2.30) and the variance inflation factor (VIF)
(Eq. 2.31) are used.

ρi,j = Cov(Xi, Xj)√
Var(Xi) ·Var(Xj)

(2.30)

The VIF is calculated with m-times of multiple linear regression, where each explana-
tory variable is used as dependent variable to the other explanatory variables (see [70, p.
408]). In this way, the coefficient of determination R2

m results the degree of correlation
to all other model parameters.

V IFm = 1
1−R2

m

(2.31)

2.3.5 Energy correction

The result of the multiple linear regression with WLS is a model that represents the
arithmetic mean value L̂ of the underlying data in dependency of its explanatory variables.
While statistically correct, the logarithmically scaled sound levels have to be averaged
energetically, which is the arithmetic mean of the sound power. Assuming that the sound
power levels are normally distributed, which is one of the mandatory requirements for
the linear regression, an analytical correction can be applied [6, p. A.38] and [31, p. 50].

L = L̂+ 0.115 · σ2 (2.32)

For multiple linear regression the expectation of the error mean square corresponds to
the variance σ2 [70, p. 225], hence σ̂2

E is an unbiased estimator of σ2 [70, p. 25].

E
(
σ̂2
E

)
= σ2 (2.33)

2.4 Simulation

2.4.1 Time-step method

In this section the calculation of a level-time history L(t) based on discrete source
positions is derived. Such method is necessary to compare simulations to measurements
over time on the basis of single events. A time-step procedure with j discrete source
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positions is used to calculate the discrete sound pressure levels Lr,j(f) at a receiver r
with Eq. 2.34.

Lr,j(f) = L̂em,total,j(f)︸ ︷︷ ︸
Eq. 4.19

+ ∆LFE,j︸ ︷︷ ︸
Eq. 2.21

−
∑
Aj(f)︸ ︷︷ ︸

Eq. 2.14

(2.34)

Lr,j(f) is the sum of the predicted and Doppler shifted sound emission level L̂em,total,j(f),
of the flight effect ∆LFE,j , and of the attenuations

∑
Aj(f). It is particularly important

to correct for the same flight effect as applied to the back propagation (Sec. 3.5) to avoid
systematic errors. Fig. 2.5 depicts how sensitive the flight effect changes the directivity
already at relatively low Mach numbers at departure.

The energy sum over all frequencies results in the total Lr,j (Eq. 2.35). The commonly
used A-weighting can be introduced in this equation by adding a Afilter(f) as described
in Sec. 2.2.

Lr,j = 10 log10

24∑
f=1

100.1(Lr,j(f)+Afilter(f)) (2.35)

Fig. 2.6 depicts a scheme with j generated sound emission levels at their emission time
τj (Sec. 2.2.1) and irregular time-bins which represent the time period, where Lr,j is
assumed to be constant. These time-bins are defined over the interval [tr,j ; tr,j+1] around
the time instant τj + xj/c, which is the time at which the noise generated at τj reaches
the receiver. The time intervals are calculated as follows.

tr,j =


3
2

(
τj + xj

cj

)
− 1

2

(
τj+1 + xj+1

cj+1

)
for j = 1;

1
2

(
τj + xj

cj
+ τj−1 + xj−1

cj−1

)
for j = 2...T .

(2.36)
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Figure 2.5: Comparison of the influence of the flight effect with Ma=0.26 for typical
departure settings of N1. (Aircraft type: A330-300 with TRENT7)
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Figure 2.6: Geometry of the time-step simulation with irregular time-bins of constant
sound pressure levels Lr at the receiver.

The time resolution of the flight path is free of choice and could also be unevenly
spaced. For each position vector xj of the aircraft with respect to the receiver the
attenuations and the time delay are calculated with sonX. More specifically, the vertical
stratification of the atmosphere is taken into account for the air absorption but also for
the speed of sound.

Each of the time intervals was related to a constant Lr,j . Likewise, a constant sound
pressure pj can be expressed for each time-bin (Eq. 2.37). The sound pressure is the
basis for the signal analysis of a measured (analog) signal and therefore helps to derive
the equations for an equivalent signal analysis for the simulation results.

p2
j = p2

0 · 100.1Lr,j (2.37)

The momentary sound pressure level Lp(t) for an analog signal can be calculated
with Eq. 2.6. Identically, the step function of constant pj can be integrated with a
moving average from −∞ to any t. The time constant RC of exponential weight function
defines the part of the sound pressure signal which is accounted for. Thus, in the case of
simulation, the Eq. 2.6 is rewritten to Eq. 2.38 for constant sound pressure values in
each time interval.

Lp(t) =


10 log10

(
p2

1
RC·p2

0

∫ t
tr,1

e
ϑ−t
RC dϑ

)
for tr,1 < t < tr,2

10 log10

(
1

RC·p2
0

(∑K−1
j=1 p2

j

∫ tr,j+1
tr,j e

ϑ−t
RC dϑ for t > tr,2

+p2
K

∫ t
tr,K

e
ϑ−t
RC dϑ

)) (2.38)
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K is the integer that holds tr,K < t < tr,K+1 for each value of t. The only restriction
for Eq. 2.38 is a time step of τ smaller than RC, in this work the time step is 50 or
100ms. In this way, for instance the LAS can be calculated on an equidistant time axis,
which is necessary to compare level-time histories of a simulation to a measurement on
the basis of LAS . With Eq. 2.37 and solving the integrals, the momentary sound pressure
level can also directly be calculated from the discrete Lr,j .

Lp(t) =



10 log10

(
100.1Lr,1

(
1− e

tr,1−t
RC

))
for tr,1 < t < tr,2

10 log10

(∑K−1
i=1 100.1Lr,j

(
e
tr,j+1−t
RC − e

tr,j−t
RC

)
for t > tr,2

+100.1Lr,K
(

1− e
tr,K−t
RC

)) (2.39)

2.4.2 Metrics

From the momentary sound pressure level in Eq. 2.39 the maximum sound pressure level
Lmax and the sound exposure level LE can be derived. The former metric could also be
derived with a simple integral of the sound pressure level based on the retarded time.
However, the level-time histories are used to compare single event for an entire overflight
as well as to determine the time-weighted LAS,max. The maximum sound pressure level
can be directly determined for the chosen time constant RC. The sound exposure level
is calculated on the same basis as above, with the sum of constant sound pressure or Lr,
respectively (Eq. 2.40).

LE = 10 log10

∑T
j=1 p

2
j (tr,j+1 − tr,j)
p2

0 · 1 s
(2.40)

LE = 10 log10

T∑
j=1

(tr,j+1 − tr,j)
1 s · 100.1Lr,j (2.41)

2.4.3 Process of verification

A verification of the aircraft noise emission models was conducted by simulating all flight
events which were also used to create the model (Chap. 6). The term verification is used
instead of validation because the measurements were used to build the model and are
thus not independent. The comparison to the measured input data should therefore
verify that the regression equations are correct, i.e. that the model approach is able to
reproduce the measurements. Further explanation and a discussion on the use of k-fold
cross validation is given in Sec. 4.1.
For a comparison with measurements LAS,max is determined from the A-weighted

L(t) with the time constant slow. The LAE is calculated over the same time period
as the measurements. Determining the LAE could lead to an overestimation of the
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measurements due to background noise. The LAE,t10 is used in this work to guarantee
an adequate comparison between measurement and simulation.

The LAE,t10 is defined in SAE1845 [82, App. B] and represents the sound energy of
the time interval where the momentary sound pressure level is less than 10 dB below
the LAS,max (Fig. 2.7a). This time limitation leads to an underestimation of the LAE ,
which is normally not greater than 0.5 dB. LAE,t10 of the simulation is calculated with
Eq. 2.41, based on Lr. On the contrary, LAE,t10 of the measurements is calculated with
Eq. 2.42, based on the time-weighted momentary level LAS .

This difference of the methodology is necessary, as the sound pressure signal of the
simulation is much smoother than the one from the measurement (Fig. 2.7b). A sound
pressure peak of about 3 dB as shown in the example Fig. 2.7b, can lead to a shifted
interval of the t10-time and would underestimate the LAE,t10 compared to LAS-based
version in Fig. 2.7a. Therefore, the LAE,t10 based on the LAS is a good solution for a
comparison of measurement and simulation. As the time-weighting is energy-neutral,
this makes almost no difference to the LAE .

LAE,t10 = 10 log10

t2∑
j=t1

∆tj · 100.1LAS,j (2.42)

The statistics for the verification are based on the differences of simulation minus
measurement.

∆LAE,t10 = LAE,t10,sim − LAE,t10,meas (2.43)

∆LAS,max = LAS,max,sim − LAS,max,meas (2.44)
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Figure 2.7: Differences in the level metrics between simulation and measurement. The
determination of LAE,t10 is based on the the LAS (a), as the fluctuations of
the measured short LAeq (50 ms) in (b) lead to systematic errors.
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In this way, not only the differences of the aircraft noise emission models but also errors
in the propagation model are included in such a comparison. In addition, background noise
sources might still be included in the measurements, which influence the statistical results.
To account for the latter, all level differences between calculation and measurements
with |∆LAS,max| ≥ 5 dB or |∆LAE,t10| ≥ 5 dB or |∆t10| ≥ 10 s were checked and events
with strong background noise were discarded.

Typical plots used in the verification section for the high number of flights are scatter
plots and box-and-whisker plots. The latter is explained in Fig. 2.8 in comparison to
the probability density function of a normal distribution. The thick line represents the
median of the distribution, the box represents the interquartile range (IQR) which is the
range from the first to the third quartile. The whiskers extend each end of the box to
1.5 times of the IQR. Outliers (◦) are defined to be inside of 3 times the IQR, values
above are declared as extrema (?).

Q1 Q3

IQR

Median

Q3 + 1.5 × IQRQ1 − 1.5 × IQR

−0.6745σ 0.6745σ 2.698σ−2.698σ

50%24.65% 24.65%

68.27% 15.73%15.73%

−4σ −3σ −2σ −1σ 0σ 1σ 3σ2σ 4σ

−4σ −3σ −2σ −1σ 0σ 1σ 3σ2σ 4σ

−4σ −3σ −2σ −1σ 0σ 1σ 3σ2σ 4σ

Figure 2.8: Definition of the box-and-whisker plot compared to the probability density
function of a normal distribution. Image: Jhguch at en.wikipedia, CC BY-SA
2.5, https://commons.wikimedia.org/w/index.php?curid=14524285
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3 Data acquisition and processing

In this chapter, the data basis of the thesis is introduced. The acoustical measurements
in the close range and far range at Zurich airport are described. Due to different runway
lengths, operational concepts and destinations at this airport, a large variety of flight
configurations could be gathered for the development of the aircraft noise emission model.
Additional data such as the flight paths, flight parameters, and meteorological data are
presented. Finally, the data processing and the resulting data set are shown. Parts of
this chapter are revised and extended versions of [104], [105], and [107].

3.1 Acoustical measurements

Acoustical measurements have been carried out at Zurich airport under regular air traffic
to collect the dominant commercial aircraft types operating on Swiss airports. The
measurements covered different routes on approach (A) and departure (D) in the close
and far range of Zurich airport.

The scope of the acoustical measurements was to cover a frequency range from 25 Hz
to 5 kHz. This frequency range was chosen to cover the characteristics of aircraft noise
which contains high acoustic energy in the low frequency range from the jet. Frequencies
above 5 kHz are quickly attenuated due to the normally relatively large distances between
aircraft and receiver and can thus only be measured close to the source.

3.1.1 Directivity patterns in the close range

In close vicinity of the airport, data for 3D directivity patterns were collected. It was
necessary to measure in close distance to the aircraft because only there it is possible to
gain measurements for large lateral radiation angles ϕ. Also a wide range of polar angles
θ can be covered for very small and large angles (radiation to the aircraft nose and rear).
The measurement layout is depicted in Fig. 3.1. For each runway seven to eight

microphones were used to cover a wide range of radiation angles. On runway 14 all
types of aircraft land during daytime (Fig. 3.1a). During daytime, the major number of
departures of narrow-body aircraft can be collected on runway 28 (Fig. 3.1b). Wide-body
aircraft such as the A330 or A380 normally take-off to the south from the longest
runway 16.
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Figure 3.1: Measurement setup in the close range of Zurich airport with example flight
tracks

To define the locations of the microphones, a Matlab program was used to obtain an
optimal measurement layout. As the take-off positions are very variable, flight paths
derived from radar data of different aircraft types with an early and a late take-off point
per type were used as input data for the prediction tool. For landing aircraft the flight
path is well defined by the glide path.
Fig. 3.2 shows example results of the prediction tool. For a flight path with a short

take-off, almost all microphones showed a good coverage in θ (Fig. 3.2 left) because of
their location in front of the take-off point. The data are expected to be limited to angles
of θ between 15 and 170 ◦. However, this range is sufficient whilst smaller and larger
angles are negligible with respect to their sound contribution. Further, the variation
of the flight paths of a statistically adequate number of events will provide data for
large areas of the sphere, as shown in Fig. 3.2 right. Within the marked surfaces for two
example microphone positions, good data coverage can be predicted.
The data coverage depends on the microphone positions as well as on the take-off

points. For the same aircraft type, the take-off points vary up to 500m while they vary
up to 1 500m between different aircraft types due to different take-off weights and thrust
levels. Therefore, the microphones are located not only at the end of the runways, but
also alongside the runways to catch early take-offs. In addition, the final layout also
depends on various other boundary conditions such as safety restrictions at the airport,
inaccessibility of some areas and acoustically disadvantageous locations with reflections
or high background noise.
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Microphone I
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Figure 3.2: Angle coverage by a given measurement setup for a short take-off (left) and
two flights of the A320 with different take-off points (right). As a result of
the variation in the flight paths, a wide range of angles can be measured with
one microphone.

This concept to design the measurement layout as presented in [105], was verified again
after the measurements. Fig. 3.3a shows departures from runway 28 for all measured
flights of the A320. The coverage of the directivity is almost complete, taking into
account that the lateral directivity is assumed to be symmetrical to the yk-zk-layer (|ϕ|
is plotted). Only very high lateral angles to the side ϕ > 80◦ are not covered. Also the
distribution for approaches in Fig. 3.3b confirms that the measurement layout was well
chosen. Due to the identical flight path for each final approach, the variation and coverage
for each microphone is much smaller than for the departure. The directivity pattern is
not covered for all angle-combinations, but the missing regions can be interpolated as
the microphones are evenly distributed over ϕ. Hence, the placing and distribution of
the microphones with the help of the prediction tool was successful.

(a) Departure 28 (b) Approach 14

Figure 3.3: Angle coverage of measurements in the close range
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Approaches on runway 14 were measured during final approach with a minimum
distance of 85m above microphone I. Departures are measured in the phase of initial
climb, after the lift-off. The mean distances to the microphones variate between 85 and
260m, depending on aircraft type and runway.

3.1.2 Additional flight configurations in the far range

Additional flight configurations were measured at ten autonomous measurement stations,
which were placed in the far range of the airport with distances up to 20 km (Fig. 3.4).
The figure depicts three example flight tracks for each runway to show the nominal
routes. Departures were measured on the same runways as in the close range to cover
narrow and wide-body aircraft. Approaches were measured on the glide path of runway
34. Due to the bundling of the aircraft the range of the lateral radiation angles is very
limited. However, for departures the dispersion of the tracks is much wider which also
allows collecting a certain range of lateral radiation angles in the far range.

Departures at Zurich airport follow the noise abatement departure procedure (NADP)
NADP1 [45], conducting the cutback at approximately 460m and climbing at maximum
rate until 1070m above runway [1]. The flight configurations before cutback are covered
by the microphones in the close range. The flight configurations after cutback are
measured at the measurement points 5 for D28 and 8 for D16 during climb with constant
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Figure 3.4: Measurement setup in the far range of Zurich airport with example flight
tracks
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speed and thrust. Measurement points 6 (D28) and 9 (D16) are located in the phase
of acceleration where the flaps and slats are retracted. Finally the aircraft continue to
climb in clean configuration which is measured at 7 (D28) and 10 (D16).

Approaches are measured along the glide path. On the glide path the scope of the
pilot is to reduce the speed of the aircraft to landing speed, which can only be achieved
by increasing lift and drag. Thus, the aeroplane configuration (high-lift devices, landing
gear) is changed stepwise until the final approach configuration is set. Measurement point
4 is the first point where the aircraft are bundled (Fig. 3.4). Ahead of this position, the
flight tracks are curved and gather from every direction, thus no optimal measurement
location can be set further away. At 4 the aircraft are expected to arrive in almost clean
configuration, i.e. flap-position 1 or 2 is set (see Sec. 3.4.1), and the landing gear is
retracted. Measurement points 2 and 3 cover further configuration steps with different
speeds, flap-settings and the deployed of the gears. Finally, the aircraft is measured in
final approach condition at measurement point 1. In contrast to the measurements in
the close range this point is still approximately 4 km further ahead and measures slightly
higher speeds and more variations in thrust.

The measurement points on D28 and D16 had to be designed differently for narrow-
body and wide-body aircraft because of the different climb power of the aircraft types.
Especially for aircraft with two engines, the minimum distances to the measurement
points increase fast (Table 3.1). For the A320 the distances at 5 are 650m and 1440m at
7. This influences the availability of high frequency bands which are highly attenuated
with larger distances. The layout for D16 was optimized for wide-body aircraft, thus the
A320 is probably not always in the intended flight configuration as for D28. Nevertheless
these measurement points can still be evaluated and deliver an even wider range of flight
parameters. In contrast, the distances of the A343 are only 430m at 5 or 970m at 10.

Table 3.1: Mean minimum 3D distances to the measurement points in m per type and
flight configuration. The minimum 3D distance also depends on the horizontal
distance of the flight path to the receiver. In particular for MP 8 a high
variance of the tracks was found.

Cutback Acceleration Cont. Climb

Type # Eng. 5 (D28) 8 (D16) 6 (D28) 9 (D16) 7 (D28) 10 (D16)

A320 2 650 1000 1200 1270 1440 1645
A333 2 600 850 1090 1180 1370 1290
A343 4 430 1150 1010 1015 – 970
RJ1H 4 380 650 980 1170 1230 1300
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3.1.3 Static engine run-up test

A static run-up test was conducted for the A330-300 with its TRENT7 engines in the
free field on runway 16 of Zurich airport. The primary scope of the measurement was
to identify the sound insulation of the new noise protection hangar at Zurich airport
by comparing the spectral sound power of the aircraft outside with the aircraft inside
the hangar at similar measurement points [32]. The run-up test was executed by Swiss
International Air Lines and the measurements were conducted by Empa and Zurich
airport. With the permission of all parties, the data from [32] were reanalyzed in this
work to find the functional relation of the sound pressure level (Lp) and the rotational
speed of the low pressure shaft (N1). The stationary aircraft excludes all airframe noise
sources and flight effects from the measurements.

Fig. 3.5 depicts the measurement setup with five microphone locations at a radius of
170 m for radiation angles of 15◦, 50◦, 90◦, 120◦, and 155◦. The right engine was driven
from idle to the highest thrust setting possible on ground up and down in six steps
(Fig. 3.6). The whole cycle was repeated once to maintain a higher number of samples,
i.e. each thrust level was established two to four times. The left engine acted as balance
engine for the highest thrust setting to reduce the effective torque on the aircraft. This
may have led to additional noise, but the left engine was shielded with the fuselage and
thus the influence can be neglected. To process the data, time intervals of constant N1
were selected (see orange markers) and mean Lp,<N1>(f) were analyzed on the basis of
1/3-octave bands.

Figure 3.5: Engine run-up test of an A330-300 on runway 34-16 at Zurich airport. From
Zurich Airport [32] with permission.
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Figure 3.6: Acoustical measurement and rotational speed N1 of the run-up test of the
A330-300. Two cycles were driven on the right engine with totally six thrust
levels. Presentation with permission of Zurich Airport.

The measurements were conducted on March 12, 2014 from 2 p.m. to 3 p.m. with
the following atmospheric conditions: T = 13.5 ◦C, RH = 40.9 %, p = 977.4 hPa. The
stratification was unstable (no inversion) and only minor wind speed below 2 m/s from
north-west were measured.

3.1.4 Instrumentation and measurement uncertainty

For the measurements in the close and far range the following uncertainty estimation
is conducted. The measurements of the static run-up are only used qualitatively and
therefore no uncertainty is shown.
The measurement system was either a sound level meter (Brüel & Kjær 2238) or an

impedance converter, both conform to DIN EN 61672-1, Class 1 [28], which worked as
the preamplifier for the omnidirectional condenser microphones. In the close range and
far range the received voltage signal was saved in high quality on a sound device in the
wave format (44.1 kHz, 16 bit). The calibration and signal processing was performed with
the signal processing toolbox FAMOS1. The following calculation of the measurement
uncertainty is based on Sec. 2.2.2. The total uncertainty uLp(f) is defined in Eq. 3.1 and
evaluated in Table 3.2.

uLp(f) = (u2
mic,dir(f) + u2

lin + u2
U + u2

p + u2
T + u2

RH + u2
fil + u2

cal)1/2 (3.1)

The uncertainty of the sound pressure level depends on the microphone tolerance and
its error in directivity umic,dir, which is dependent on the angle of incidence θmic and

1imc FAMOS: http://www.imcadd.ch/produkte/messtechnik-software/imc-famos/
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Table 3.2: Uncertainty uLp(f) of the measured sound pressure level in dependency of
the frequency. Uncertainties in dB.

Frequency range θmic < 30◦ θmic < 90◦

250 Hz− 1 kHz 0.78 0.89
> 1 kHz− 2 kHz 0.78 1.03
> 2 kHz− 4 kHz 0.89 1.69

5 kHz 1.18 2.80

frequency f . This is important, as the data processing and the model are based on
1/3-octave bands. From DIN45643 Annex B [27], the following uncertainties are adopted:
the uncertainty of level linearity with ulin = 0.31 dB, the fluctuations in the voltage
supply with uU = 0.04 dB, and the fluctuations of the atmosphere from the reference
conditions (Sec. 2.2.2) with up = 0.16 dB and uT = uRH = 0.19 dB.

Afterward, the recorded signal is calibrated and processed applying a 1/3-octave filter
bank (Sec. 2.2) to divide the time signal into 24 fractional bands from 25Hz to 5 kHz
and converted to the decibel scale to a frequency dependent sound pressure level Lp(f).
The uncertainty ufil of filter class 0 is 0.21 dB [101].

For the calibration, a Bruel & Kjær sound calibrator type 4231 was used to generate
the calibration tone at 1 kHz with 94 dB in far range or 114 dB in close range. According
to DIN EN 60942 [26] the tolerance limits for a class 1 calibrator are 0.4 dB for reference
and for working conditions, which leads to a standard uncertainty of

ucal,ref = ucal,op = 0.16 dB. (3.2)

The calibration factor is recorded in the same way as the measurement signal, but
some modifications are needed to obtain Eq. 3.3. First, the uncertainty of the directivity
is not needed as the calibrator tone is generated directly at the microphone. Second, the
influence of the atmospheric conditions during the measurement can be neglected. They
are accounted for by the working condition of the calibrator. The recorded calibration
signal is then averaged over a period of minimum 20 s [26], which adds uav = 0.13 dB for
the uncertainty of the RMS value.

ucal = (u2
mic + u2

lin + u2
U + u2

fil + u2
av + u2

cal,ref + u2
cal,op)1/2 = 0.47 dB (3.3)

The acoustic data of this thesis (measurements in close and far range) underlie a
measurement uncertainty as shown in Table 3.2. For most 1/3-octave bands smaller
or equal 2 kHz, the uncertainty is 1 dB or below, which is a common value. For higher
frequency bands the uncertainty increases. However, the highest uncertainties (1.7 to
2.8 dB) apply only for θmic > 30◦.
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3.2 Meteorological data

3.2 Meteorological data

Meteorological data were provided by MeteoSwiss from several ground measurement
stations and from a numerical weather prediction model. The model was developed under
the Consortium for Small-Scale Modeling (COSMO) of the national weather services of
Germany, Greece, Italy, Poland, Romania, Russia, and Switzerland2. The data provided
by MeteoSwiss are based on the model COSMO-2 with a grid spacing of 2.2 km including
the Alpine arc [102]. The numerical model assimilates atmospheric observation data
from radiosonde, aircraft, wind profiler, and surface-level data. It is usually used for
predictions for one to five days in advance. The provided hourly profiles represent the
as-is state and include temperature, humidity, wind speed, and wind direction for heights
of approximately 10 to 4 900m above ground.
Fig. 3.7 depicts three different profiles from 9:30 a.m. to 12:00 p.m. for temperature

and humidity at a day in September from the measurement in the close range. The
COSMO-2 data are compared to idealized profiles which were classified to the unstable
stratification with a radiation balance and adjusted to the absolute values at the ground

2Consortium for Small-scale Modeling, http://cosmo-model.org/
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Figure 3.7: Selected temperature and humidity profiles for an example day between 9
a.m. and 12 noon in September 2013 at Zurich airport. The numerical model
COSMO-2 (magenta dashed line) indicates that the stratification from a
stable boundary layer at night to a typically unstable layer at a sunny day is
still ongoing until noon. The use of idealized profiles (blue solid line) would
lead to significant deviations.
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Chapter 3 Data acquisition and processing

station (see [104]). In comparison to the COSMO-2 profiles large errors in temperature
and humidity can occur above 100m using idealized profiles. The transformation of
the stratification of the atmosphere to an unstable layer up to 500m endured until
noon for this sunny and clear day. It was found, that such influence of the atmospheric
stratification can lead to systematic errors up to −3.6 dB for high frequency bands [104].
Therefore, the COSMO-2 profiles were chosen as input for the back propagation of each
single flight in the close and far range.

The data at the ground stations were also used for documentation and automatic
rejection of events in the far range. For each measurement campaign with three to
four microphones with distances up to 20 km from the airport, the two closest weather
stations were chosen to obtain temperature, wind, and precipitation. All data were
available in a resolution of 10 minutes as actual or average values. With the help of
such data from both ground stations, events with strong wind (> 4 m/s) or rain were
discarded. Table 3.3 shows the range of atmospheric conditions at ground of Zurich
airport during the different measurement periods (weather station Kloten). The data
include only conditions with considered events in the data processing.

Table 3.3: Weather conditions for the measurement periods at close range (CR) and far
range (FR). Minimum and maximum temperature and rel. humidity at 2m
above ground at Kloten.

Period Runway CR/FR T in ◦C RH in %

2013-08-19 to 2013-08-28 A14 CR 11− 27 ◦C 40− 92 %
2013-08-21 and 2013-08-23 D34 CR 16− 20 ◦C 61− 70 %
2013-09-02 to 2013-09-13 D28 CR 11− 29 ◦C 24− 85 %
2014-03-07 to 2014-04-14 A34 FR −3− 16 ◦C 30− 100 %
2014-05-05 to 2014-05-16 D16 CR 9− 27 ◦C 24− 90 %
2014-06-20 to 2014-07-21 D28 FR 9− 32 ◦C 22− 100 %
2014-07-24 to 2014-08-24 D16 FR 12− 27 ◦C 30− 100 %

3.3 Flight paths

With the measurements in the close and far range of Zurich airport, different requirements
to the flight path accuracy in time and space apply. In addition, some systems such as
radar data are not sufficient in accuracy and coverage close to the airport. Therefore,
different tracking systems were used to determine the path of the aircraft. In general,
all flight path data were smoothed with B-Spline algorithm based on the Generalized
Cross-Validation and Mean-Squared Prediction Error Criteria as in [22].
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3.3 Flight paths

In the close range the flight paths were mainly measured by an optical tracking system.
This system was developed within the sonAIR project.3 It works with two cameras, which
detect and track the aircraft automatically when installed and calibrated for a certain
runway. During post processing, the images were reanalyzed to find the center of area
of the aircraft in each image with high accuracy. Then, the data of both cameras were
combined and the three-dimensional position (reference: aircraft center) was estimated
by a Kalman-filter. In addition, a precise GPS-satellite clock synchronized the acoustical
system and the tracking system.
This system was optimized for the measurements on runway 14 and 28 in the close

range. For take-offs from runway 16 both the size and speed of the aircraft were too
large in comparison to the available lateral distance of the cameras to the runway. Thus,
the cameras had problems to keep track of the aircraft. In addition, the departure
procedure dictates an early left turn which the system was not developed for to follow.
As a consequence, a large part of the flight paths was not available or not of sufficient
quality. Fig. 3.8 shows an example of an optical flight path which is limited due to
the left turn compared to FDR data showing the true flight path. Although the height
profile seems to be good, the airspeed deviates significantly from the FDR data.
As a substitute, MLAT data from skyguide, the Swiss air navigation service, were

used on runway 16. The provided data are highly accurate in time as well in space
close to the airport. In comparison to the FDR data (Fig. 3.8), the MLAT flight path is
suitable for the range of interest. However, the corrected flight paths from the FDR data

3Hardware and software solution by SciTracks, www.scitracks.com
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(see Sec. 3.4.1) was preferred when available because the uncertainty of the MLAT data
increases outside of the airport area. The corrected flight paths are based on smoothed
trajectories from two GPS signals combined with the best available altitude sensor. The
main issue with FDR data is time synchronization. Therefore, flight paths from FDR
data were synchronized with MLAT data, using the time at closest 3D distance to the
receiver.

In the far range the corrected FDR flight paths were again used as the best available
information. For other types only radar data were available. Radar data were also used
to synchronize the FDR data in time. The accuracy of radar data is certainly of minor
quality than for the other systems used, but also the requirements in the position and
time accuracy are lower.

3.4 Flight parameters

3.4.1 FDR data

Flight parameters were provided by Swiss International Air Lines for 2 840 flights in
total. Flights for the close range and far range are available for each of the seven aircraft
types of the Swiss and Edelweiss fleet in 2013 and 2014. The fleet consisted of four
narrow-body aircraft, the A319, A320, A321, and the RJ1H. Three wide-body aircraft
are used for international flights, the A332, A333, and the A343. Each type is equipped
with only one main engine option.

A data set for a specific flight event consists of 42 parameters from different sensors
with a resolution of one second. The parameters contain atmospheric information,
different altitudes and airspeeds, the position and orientation of the aircraft, engine
parameters, and aeroplane configuration. A full description of the parameters is provided
in the Appendix A.2 at Table A.2. All parameters were delivered for all aircraft type,
except for the flap handle position which is not recorded for the RJ1H.

The parameters were provided on segments of 80 s in the close range and 240 s in the
far range around a reference microphone. The time signal is composed of the time at
the shortest three-dimensional distance and the relative time vector.
The time reference may differ strongly with ±80 s. One reason is, that the provided

time signal of the RJ1H is set manually. This must also be the case for parts of the
A320-family which were expected to be synchronized with a GPS clock, as all three
types showed similar high deviations. In contrast, the time deviations of the wide-body
aircraft are within ±3 s and thus much more accurate. Nevertheless, all flight parameters
of all types were synchronized with the help of the time at the shortest distance from
the chosen flight paths (MLAT, optical or radar data) in Sec. 3.3.
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3.4 Flight parameters

3.4.2 N1 determination

The determination of N1 from the acoustic signal was developed in cooperation of BeSB
GmbH Berlin and TU Berlin [86; 87]. The comparisons to FDR data were done by the
author to validate the method. A summary of the applied algorithms is presented here,
as the results of the N1 determination were used in this thesis for all aircraft types
without FDR data available.

The starting point is the acoustic signal in the time domain with a high resolution of
44.1 kHz and 16 bit. In preparation to the fast Fourier transform (FFT), the sample-rate
of the acoustic signal is decimated to 22.05 kHz, divided into blocks of 4 096 samples, and
a Hanning window with 75% overlap is applied. With the decimation of the sample-rate,
a frequency resolution of 5.4Hz can be achieved and the frequency range is limited
to 11 kHz, which reduces needless data. Afterward, the signal is transformed to the
frequency domain by applying the FFT algorithm.

A 4th order high-pass filter is applied on each spectrum of the FFT to compensate
the effects of air attenuation for high frequencies. In addition, a low- and high-pass
filter is applied to the spectra to improve the automatic peak detection in the relevant
region (Fig. 3.9a). Therefore, the cut-off frequencies of the filters are in function of the
estimated N1 and the engines parameters. Fig. 3.9b shows the resulting spectrogram for
an example approach condition.

The detected peaks are further processed to filter only the relevant peaks using a noise
suppression and a selection criterion only allowing small changes of fpeak between two
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Figure 3.9: Applied filters and the filtered narrow-band spectrogram with visible BPF.
From [86], BeSB GmbH Berlin with permission.
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neighboring points. Then, the Doppler frequency shift is corrected using the relative
velocity of the flight path to the microphone position vrel in Eq. 3.4.

BPF = fpeak ·
(

1− vrel
c

)
(3.4)

The rotational speed of the low pressure shaft ω can be calculated on the basis of the
BPF and the number of blades of the fan ZFan.

ω = BPF · 60
ZFan

(3.5)

Each turbofan engine is limited to a maximum rotational speed ωmax associated
to a N1max, which are both provided in the TCDS4 of the European Aviation Safety
Agency (EASA). For the CFM56-5B the following values are given: ωmax = 5 200 rpm
at N1max = 104 %. See Table A.1 in the Appendix for further data (also ZFan) of the
engine types used in this work. N1 is calculated according to Eq. 3.6.

N1 = N1max ·
ω

ωmax
(3.6)

A quality flag was introduced to discard events with an insufficient quality. This quality
flag consists of four steps (very good, good, partly good and bad) and was determined
visually, looking at the smoothness of N1 over time and the number of detected peaks.
Fig. 3.10a shows a good example of the determined N1 for an approach in the close
range with a small mean error in comparison to N1 from FDR data. A second example
in Fig. 3.10b shows a less accurate example with a mean error which is still acceptable.
It also shows that an inaccurate synchronization in time causes errors. The quality flags,

4https://www.easa.europa.eu/document-library/type-certificates
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3.4 Flight parameters

which were set without the knowledge of the FDR data, are in line with the comparisons
with FDR data. All events which were classified as bad were discarded. In the close
range 18% of the departures on D28 and D16 and 40% of the approaches on A14 were
discarded.
In the far range of the airport the number of discarded events is substantially larger

than for the close range. The main problem for the determination of N1 is the need of a
prominent fan tone. This tone is mainly prominent to the front of the aircraft, but not
to the rear. At departures in the far range, the higher distance to the source attenuates
the higher frequencies and only a small time interval is available for a N1 determination.
Therefore the number of discarded events depends on the measurement point: 1% and
31% at measurement point 8 and 10 for D16 as well as 8% and 42% at measurement
point 5 and 7 for D28, respectively.

To benefit of the different segments of N1 on the same flight path in the far range, all
segments were used to interpolate missing data. Fig. 3.11 depicts an A320 departing
on D28. Measurement point 5 and 6 provide useful data points of N1, while 7 was not
used as the quality is bad. A robust interpolation algorithm was applied to extend N1
between two measurement points, if they provide data that are at least of partly good
quality. It is robust, as the linear interpolation between two measurement points align
to the mean value of the last and first 20% of the N1 values. Finally, a B-Spline is used
to smooth the extended N1-data, which reduces the influence of outliers (no outliers
occurred in the presented example).
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Figure 3.11: Example of N1 in the far range for an A320 (D28). Top: Data points (blue
circles) represent the results from the N1 determination, which are extended
with linear interpolation (black stars). Bottom: The extended data points
are splined to smooth the curve and to prevent outliers.
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For approach almost no data were detectable, as the lower amplitude and lower
frequency of the fan tone make it difficult to detect the BPF. In addition, tones from
the airframe overlap the fan tone, which leads to mistakes. Instead, N1 was set to idle
(30%) for measurement point 2 to 4, and measurement point 1 was completely discarded
for the model development, as the FDR data showed that N1 has the highest variations
at this location.

3.5 Data processing

Fig. 3.12 depicts the data processing applied to back propagate measured sound pressure
levels. The flight paths, flight parameters and meteorological data as described above
constitute the input data. The acoustic wave files from the measurements in the close
and far range were calibrated and filtered to 1/3-octaves with 24 mid-frequencies from
25Hz to 5 kHz. For each event a 120 s time-window was cut out from the wave file.

A moving average with a constant time interval of 50ms was used to obtain the sound
pressure levels Lp(f) for each 1/3-octave band (Fig. 3.13). In addition, the Lp were
smoothed with a moving average over 0.125 s to obtain smooth level-time-histories Lsmooth.
The Lsmooth were used to determine individual time intervals that only correspond to
the sound exposure of the aircraft. To that aim, an automatic algorithm selected the
time interval, where the Lsmooth was at least 6 dB above the minimum level inside the
analyzed time window of 120 s. Starting at the maximum Lsmooth, the algorithm searched
along both directions and stopped the first time when the level was below the criterion.
In that way, the background noise could be separated from the actual aircraft noise event
for each frequency band as shown in Fig. 3.13.
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Figure 3.12: Flowchart of the data processing
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In addition, the LAS is calculated and checked for noise of other sources, as follows.
From LAS,max the slopes on both sides are checked for level rise of more than 4 dB, which
is the case for the two peaks on the right in Fig. 3.13. In case that the level rises again
it is assumed to be non-aircraft noise contamination and the time intervals for all bands
are terminated.
In the next step of Fig. 3.12, the sound propagation model sonX [100; 103] was used

to calculate the corresponding attenuations and the speed of sound for each source-
receiver combination. In this step, the assumption of a point source is made. The
source location refers to the center of the aircraft. In sonX, the geometrical divergence,
atmospheric attenuation, ground effect, foliage attenuation, as well as the influence
of vertical gradients of wind, temperature, and relative humidity are accounted for
(Sec. 2.2.3). For each flight, individual meteorological profiles from COSMO-2 (Sec. 3.2)
were used to reproduce the real atmospheric conditions as precisely as possible.

The meteorological profiles are implemented in sonX to calculate the air attenuation
per meter and time delay per meter as depicted in Fig. 3.14. The resolution of the
meteorological profiles is fine below 100m (1, 3, 6, 12, 25, 50, and 100m) and continues
with a fixed step of 100m above. Each propagation path is calculated by integrating the
air attenuation and speed of sound per meter distance for the corresponding altitude.
The example in Fig. 3.14 shows the correlation of the time delay with the air tempera-
ture whilst the atmospheric attenuation is highly influenced by relative humidity and
temperature. For the chosen condition the time delay varies between 0.29 to 0.31 s/100 m

and the attenuation between 0 to 9 dB/100 m, strongly depending on the frequency band.
Air absorption becomes relevant for high frequencies (> 1 kHz).

Source positions, flight parameters and attenuations were corrected for the time delay
of the sound traveled through the atmosphere to meet the equidistant resolution of
the acoustical data. Each parameter is re-sampled to the time axis of the calculated
Lp,50ms. The time delay of the sound between the source-receiver points was calculated
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in the former step. Now, each source position is associated with the corrected time for
a receiver which generates a deformed flight path or parameter to the retarded time
vector. Finally the true position and flight parameters for each Lp,50ms are interpolated
on the original time axis. For this step, the flight path and the flight parameters were
recalculated with a B-Spline algorithm based on the Generalized Cross-Validation and
Mean-Squared Prediction Error Criteria with [22].
In this work, the sound emission level Lem(f, θ, ϕ) is equivalent to a sound power

level LW which already contains the directivity D (Eq. 3.7). This aggregation is
unavoidable, as the directivity cannot be separated because it is dependent on the flight
parameters which can change during a flight segment. With the classical equation of
sound propagation outdoors (Eq. 2.13), Eq. 3.8 is obtained which summarizes the back
propagation procedure to obtain the sound emission levels Lem for each 1/3-octave band.

Lem(f, θ, ϕ) = LW (f) +D(f, θ, ϕ)−∆LFE (3.7)

⇒ Lem(f, θ, ϕ) = Lp,50ms(f) +
∑
A(f)−∆LFE (3.8)

The back propagation from the receiver to the source is performed based on short
term sound pressure levels Lp,50ms for all receivers (microphone locations) which are
corrected for the propagation attenuation

∑
A according to Sec. 2.2.3 and the flight

effect ∆LFE from Sec. 2.2.4. In line with the definition of the sound power level, the
geometrical divergence includes the conversion constant log10(4π). Finally, the frequency
shift is applied for 1/3-octave bands (Sec. 2.2.4) after performing the back propagation
to the point source according to Eq. 3.8.

42



4 Model development

For departures, the sound of a civil aircraft is dominated by engine noise, while for
approach with engines running in idle also airframe noise may dominate to the total
sound emission [51]. In Fig. 4.1 the interaction between pilot, flight configuration and
the most important parameters for aircraft noise are shown. The pilot mainly performs
a flight procedure by controlling the airspeed, altitude, and orientation of the aircraft.
These parameters are summarized on the primary flight display in the cockpit. The main
control elements to change those parameters are the elevator, the thrust setting, and
also the aeroplane configuration to guarantee sufficient lift or drag during departure and
approach.
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Figure 4.1: Block diagram of the most important parameters for aircraft noise.

The control elements directly or indirectly influence the generation of airframe noise
and engine noise. Engine noise is mainly dominated by the thrust setting, which is
based for many engine types on the rotational speed of the fan spool (N1) or on the
engine pressure ratio (EPR). Depending on the thrust setting, the mass flow and the jet
exhaust velocity are changed which influence the generation of broadband jet noise and
broadband fan noise.
The pitch angle of the aircraft is used to define the climb rate and acceleration of

the aircraft. In this way, the aircraft Mach number (Ma) as well as the altitude can be
changed by the pilot. Since the engines are operating in the surrounding airflow, the
aircraft Mach number influences the emitted sound energy. Airframe noise is mainly
generated at the landing gear, flaps, slats, and speedbrakes. The sound generation is
dependent on their geometry and scales with the local flow velocity (similar to Ma),
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based on the aeroacoustic theory. This theory also implies that the outside air density ρ,
which changes with altitude and weather, influences the sound emission of the airframe.

It is beneficial to model engine and airframe noise sources separately for three reasons.
First, with the separation each noise source can be described more precise on the basis of
individual parameters. Second, the influence of parameters such as Ma can be modeled
with different relations for each source. Finally, the separation of the noise sources
makes it possible to combine existing airframes to different engines, which might be
interesting for forecasts or if measurements of a certain airframe and engine combination
are missing.
The models presented in this section were established by means of multiple linear

regression. This method allows for identifying effects of different influential parameters
and their interactions in great detail. In a first step, the data set is introduced in Sec. 4.1.
In Sec. 4.2, the parameters for the models are selected and their relations to the sound
emission level are revealed. The model approach and its validity is discussed in Sec. 4.3.
Finally, the regression models are presented in Sec. 4.4 and the process to separate the
data set to airframe and engine noise is described in Sec. 4.5.

Data processing, data analysis, and fitting of the aircraft noise emission models were
conducted with Matlab 2014b. The models were fitted with the Statistical Toolbox via
the command fitlm, which uses an ordinary least squares fit and allows for individual
weighting of the data points.

4.1 Data set

A data set is prepared for all events of each available combination of aircraft type and
engine type as basis for the model development. It was decided to use the whole data
set to estimate the model parameters, instead of applying a (k-fold) cross validation
data structure with a subdivision of the data into training, test, and validation sets [70].
First, the expenses to gather enough data over a large range of flight parameters are high
and the parameter estimates become imprecise if the original data sets were divided [70].
Second, the measured events are not independent from each other as they were measured
at the same airport, with the same set-up, and in a particular season. In the future, the
model should rather be validated with external and independent measurements.

The level of detail for the classification is limited to general types, thus no distinction is
made for optional equipment such as winglets or dual annular combustors. For instance,
the A320 family is divided to its types A319, A320, and A321 which mainly differ in
length and maximum take-off weight. For every type of this family, different engine
options are available, the CFM56 or V2500, which implies six possible data sets if all
combinations are measured.

44



4.1 Data set

Each data set consists of 24 subsets for the evaluated 1/3-octave bands with mid-
frequencies from 25 Hz to 5 kHz. A subset includes the corresponding emission levels
Lem in dB from Eq. 3.8, calculated radiation angles θ, ϕ in degree, flight parameters
such as the rotational speed of the engines N1 in %, aircraft Mach number Ma, and
the atmospheric parameters pressure p in Pa, temperature T in ◦C, density ρ in kg/m3,
and speed of sound c in m/s. If FDR data are available, also the angle of attack α, the
sideslip angle β, and the aeroplane configuration are available. The Mach number could
have been related to the true airspeed (in respect to the moving air) of the aircraft for
FDR data, but for consistency it is related to the flight path velocity Vk (in respect of
the ground) for all aircraft.
In addition, identification numbers for the events and microphones are appended to

each data point (line) for traceability during model development. An event with a flight
segment of 60 s adds 1 200 data points per microphone to the data set. For all flights
and measurement locations this may add up to one to two million data points per subset,
i.e. per 1/3-octave band.

Table 4.1 shows the list of aircraft types with FDR data and the number of measured
flights for each measurement period. In the close range up to eight and in the far range up
to four microphone recordings are available for each flight (Sec. 3.1). The total number
of recordings depends on the number of discarded events due to weather conditions or
noise from other sources. In Table 4.2 types without FDR data are listed likewise. For
these types only events at a receiver with a sufficient quality of N1 (’partly good’ or
better, Sec. 3.4.2) are included into the data set.

Table 4.1: Measured aircraft and engine types with FDR data.

Close range Far range Sum

Aircraft Engine A14 D16 D28 D34 A34 D16 D28 D A Total

A319 CFM56-5B 17 1 18 24 1 100 120 41 161
A320 CFM56-5B 178 24 153 71 48 199 424 249 673
A321 CFM56-5B 83 44 26 43 92 138 300 126 426
A332 PW4168 4 9 1 10 4 14
A333 TRENT7 61 102 3 75 130 14 249 136 385
A343 CFM56-5C 34 36 4 10 86 94 22 166 120 286
RJ1H LF507 125 115 77 2 207 324 202 526
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Table 4.2: Measured aircraft and engine types without available FDR data.

Close range Far range Sum

Aircraft Engine A14 D16 D28 A34 D16 D28 D A Total

A318 CFM56-5B 4 80 80 4 84
A319 CFM56-5B 64 1 39 19 180 220 83 303
A319 V2500 4 1 30 12 94 125 16 141
A319 CFM56-5A 4 1 2 18 19 6 25
A320 CFM56-5B 177 4 48 84 9 157 218 261 479
A320 V2500 2 8 8 7 25 40 10 50
A320 CFM56-5A 7 1 10 2 27 38 9 47
A321 CFM56-5B 15 1 2 1 2 25 30 16 46
A321 V2500 3 5 4 2 26 33 7 40
A332 PW4168 2 3 1 16 19 3 22
A332 TRENT7 2 9 4 5 11 9 20
A333 TRENT7 10 91 17 5 32 91 123
A346 TRENT5 8 25 22 1 31 25 56
A388 TRENT9 6 11 14 27 38 20 58
A388 GP7270 0 7 2 19 26 2 28
B733 CFM56-3 17 11 6 1 17 29 23 52
B734 CFM56-3 2 2 6 2 10 2 12
B735 CFM56-3 11 6 3 1 38 45 14 59
B736 CFM56-7B 5 6 1 7 5 12
B737 CFM56-7B 14 11 5 93 104 19 123
B738 CFM56-7B 6 12 7 8 164 184 13 197
B739 CFM56-7B 1 1 2 0 2
B762 CF6-80C2 8 15 8 15 23
B763 PW4060 11 2 23 2 5 9 34 43
B763 CF6-80C2 1 7 20 2 9 21 30
B764 CF6-80C2 1 21 1 2 21 23
CRJ9 CF34-8C5 10 4 12 67 71 22 93
E170 CF34-8E 23 14 4 48 62 27 89
E170 CF34-3 1 1 1 1 2
E190 CF34-10E 20 42 29 201 243 49 292
F100 TAY 650-15 11 31 50 11 192 234 61 295
F100 TAY 620-15 1 1 1 1 2
FA7X PW307 5 5 5 12 17 10 27
GLF5 BR700-710A 5 4 1 7 11 6 17
RJ1H LF507 49 8 20 1 9 69 78
RJ1H LF502 1 2 3 3
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4.2 Data exploration

4.2.1 Outlier detection

Since the data processing of the measurements is performed highly automated, which was
necessary due to the high amount of data, it must be assumed that outliers remain in the
regression data set. Primary background noise and errors of the back propagation over
large distances are potential sources for outliers. Outliers are removed by an adaptive
outlier detection method of Filzmoser [34] for multivariate data (Sec. 2.3.3).

Especially the third point in Sec. 2.3.3 becomes important in this context, which stated
that the threshold to detect outliers need to be adjusted to the sample size. This is the
case for the regression data set, where each 1/3-octave band has a very different size due
to the individual event intervals above background level (Sec. 3.5).

In this work RD2 was only calculated for Lem and radiation angles (θ, ϕ). Otherwise,
seldom observations of Lem such as large aircraft Mach numbers were detected as outliers.
In addition, the 3D distance d between source and receiver was accounted for to detect
unusual far distances. This approach was chosen due to the unbalanced data and
automatic data processing. Fig. 4.2 shows an example outlier for the A333 (TRENT7)
at 1 kHz with a 1.82% detected outliers. The χ2

4-distribution has a degree of freedom of
4, accounting for the variables RD is based on (Lem, θ, ϕ and d3D).

4.2.2 Multicollinearity

Multicollinearity exists if explanatory variables correlate with each other, which is
expected e.g. for the atmospheric parameters p, T , and ρ, which are physically connected
by the ideal gas law. Multicollinearity can have strong effects on the estimates of the

Figure 4.2: Outlier detection with squared robust distance versus χ2-distribution. Ex-
ample for the A333 (TRENT7) at 1 kHz with 1.82% detected outliers.
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Table 4.3: Pearson’s correlation matrix for all regression parameters of the A320.

θ ϕ N1 Ma ρ p T c α β Lem

θ 1
ϕ 0.1 1
N1 0.1 −0.1 1
Ma 0.0 −0.2 0.3 1
ρ 0.0 0.2 −0.3 −0.8 1
p 0.0 0.2 −0.2 −0.9 0.9 1
T 0.0 0.2 0.1 −0.4 0.2 0.5 1
c 0.0 0.2 0.1 −0.4 0.2 0.5 1 1
α −0.1 0.1 0.2 −0.5 0.3 0.4 0.3 0.3 1
β −0.1 0.0 −0.5 −0.2 0.2 0.1 −0.1 −0.1 0.0 1
Lem 0.2 −0.1 0.6 0.4 −0.3 −0.3 −0.1 −0.1 0.0 -0.3 1

regression coefficients and brings the risk of overfitting. Even if the model equation may
still be useful in its known intervals, the individual effects of the parameters may be
poorly estimated and would lead to wrong interpretation [70, p. 283].
To check for multicollinearity the correlation coefficient and the variance inflation

factor (VIF) will be used [70, p. 408]. The correlation coefficient (Table 4.3) gives already
a good hint on correlated parameters. It turns out that ρ and p highly correlate as
expected by the ideal gas law p = ρRT . Both also correlate with Ma. In contrary,
the temperature is uncorrelated to p and ρ as its gradient depends on radiation and
convection. A correlation coefficient of 1 can be found for T and c which can be
explained by the definition of the speed of sound with c2 = κRT (Sec. 2.2). To prevent
multicollinearity, the VIF is used to reject the correlated parameters with the highest
VIF step by step.

Table 4.4 shows all parameters of the regression data set and their VIF values. If the
VIF equals 1, no correlation exists while considerably large values indicate multicollinea-
rity [70, p. 409]. Not surprisingly the VIF value for T and c are very large. Therefore, the
parameter with the largest value (T ) is rejected and the VIFs are calculated again in the
next column. The VIF value of c is considerably reduced but still too large. Nevertheless,
the largest value applies for p that is rejected in the next step. After this, no VIF is too
large anymore and the mean VIF is 2.7. Thus, multicollinearity is no problem when
using the reduced data set without p, T (4th column of Table 4.4).

4.2.3 Relationships

Before the relationships of the explanatory variables can be revealed, the dependent
variable needs to be determined. It was found, that the back propagated (directivity-
dependent) sound power of the engine is not normally distributed. Thus, the sound
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Table 4.4: VIF for all parameters of the regression data set of the A320. Each column is
reduced for the parameter with the largest VIF to prevent for multicollinearity.

Step: all −T −p

θ 1.1 1.1 1.1
ϕ 1.1 1.1 1.1
N1 3.8 3.7 3.7
Ma 5.9 5.8 5.3
ρ 3 894.8 3 590.9 3.9
p 5 170.6 4 781.7 –
T 34 071.5 – –
c 32 194.9 596.8 2.0
α 1.6 1.6 1.6
β 1.4 1.4 1.4
FH 4.6 4.6 4.5
LG 3.8 3.8 3.7
SB 1.2 1.2 1.2
VIF 5 796.6 749.5 2.7

power is no option as dependent variable for a multiple linear regression. But the base-10
logarithm of the sound power, denoted as sound emission level Lem(f, θ, ϕ), is normally
distributed. Therefore, the scope in this section is to find the relations of the explanatory
variables to the back propagated Lem(f, θ, ϕ).

Rotational speed of the compressor

For many engines, N1 is the control parameter of the power setting. In contrast to
the thrust or jet velocity of the engine, it is a directly measurable parameter. The jet
velocity, which is the main physical parameter for jet noise, see e.g. Lighthill [63] or
Stone et al. [95], correlates with N1. Thus, for frequencies below 1 kHz where jet mixing
noise is dominant [38; 93], N1 can be used as a substitute for the jet velocity.

The BPF as well as the broadband noise with a center frequency of 2.5 times the BPF
[42] are directly connected to N1. Heidmann [42] also revealed that the fan noise mainly
scales with the total temperature rise over the fan stage as well as the mass flow (cmp.
[9]). Both parameters increase with a rise in N1. Simons et al. [90] also suggested to
incorporate N1 into aircraft noise models as the parameter explains large parts of the
variations of aircraft noise measurements at final approach. For most engine types, the
BPF and thus also the broadband noise can be found above 1 kHz. Hence, N1 is a
reasonable explanatory variable for jet and fan noise covering the whole engine spectra.

To answer the question how to model the sound emission in relation to N1, an engine
run-up test of an A330-300 with the TRENT7 was evaluated. In Fig. 4.3 the example
results are depicted for four 1/3-octave bands. An engine run-up test of an A330-300
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Figure 4.3: Engine run-up test results of the A330-300 (TRENT7) for low 1/3-octave
bands

with the TRENT772B (Sec. 3.1.3) was evaluated to establish the functional relation
between sound pressure level and N1 for each 1/3-octave band, as no such relation was
known to the author. In Fig. 4.3 the example results are depicted for four 1/3-octave
bands. The mean sound pressure levels for six steps of constant N1 are grouped by the
polar angle (microphone position, aircraft nose represents 0◦). A simple regression model
was fitted for each polar angle with a second order polynomial fit for N1.

According to Fig. 4.3 and Fig. 4.4, the second order fit is reasonable for all 1/3-octave
bands and is therefore chosen for the regression model established below. However, the
functional relation is changing with frequency and polar angle. For 31.5Hz in Fig. 4.3a
the quadratic fits are slightly parabolic to the front and almost linear to the rear of
the aircraft. In addition, the slope increases to the rear. For 125Hz (Fig. 4.3b) and
500Hz (Fig. 4.4a) the curvature of the quadratic fits are negative for all polar angles.
For frequencies above 630Hz, e.g. 2 kHz in Fig. 4.4b, the curvature of the quadratic
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Figure 4.4: Engine run-up test results of the A330-300 (TRENT7) for mid and high
1/3-octave bands
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(a) N1-behavior at θ=25◦
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(b) N1-behavior at θ=100◦

Figure 4.5: Influence of N1 on the sound emission level of the A320 with CFM56-5B for
2 kHz.

fits are negative (50 to 120◦) as well as positive (15◦). Thus, a second order polynomial
approach in dependency of the polar angle θ adequately represents the relation between
Lp and N1 for each 1/3-octave band.

In general, the turbofan engines of today’s civil aircraft are very similar and the
mechanisms of sound generation are the same. Therefore, it is assumed that the second
order polynomial approach is also valid for other turbofan engines. This assumption was
confirmed with the back propagated data set at 2 kHz for the CFM56-5B of the A320
(Fig. 4.5) and the CF34-8E of the E170 (Fig. 4.6), which show the same trends for the
Lem (negative as well as positive curvature).
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(a) N1-behavior at θ=30◦
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Figure 4.6: Influence of N1 on the sound emission level of the E170 with CF34-8E for
2 kHz.
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Aircraft Mach number

The aircraft Mach number Ma is chosen to take the speed dependent sound sources into
account. It is an aerodynamic characteristic that is interpreted as compressible flow
condition and therefore ensures comparable flow phenomena.

The dependency of the sound emission of airframe noise sources to Ma is provided by
the aeroacoustic analogy of Lighthill [63]. The generation of sound from the fluctuating
fluid is described by the classical wave equation, which is extended by three basic source
terms: monopole, dipole, and quadrupole. The theoretical free-field solutions in Eq. 4.1
from Ribner [77] reveal that the sound power W is proportional to the air density ρ, a
characteristic dimension of the source Γ, the mean flow speed U , and the Mach number
Ma. The exponent l depends on the source term (monopole l=1, dipole l=3, quadrupole
l=5).

W ∝ ρΓ2U3Mal (4.1)

This physical relation is used to derive the relationship of Lem to Ma. By applying
the base-10 logarithm, Eq. 4.2 results. To account for the logarithm, the units were
normalized by the reference quantities ρ0, Γ0, and V0.

LW ∝ 10 log10

(
ρ

ρ0
· Γ2

Γ2
0

)
+ 10 log10

(
V 3
k

V 3
0

)
+ 10 log10(Mal) (4.2)

For the application on all airframe noise sources of the aircraft the mean local flow
speed U , which can be different for each source of the aircraft, is simplified to the flight
track velocity Vk of the aircraft. This is a practical solution, as Vk can always be derived
from the flight path. For an airframe model which represents all sources at once, it
represents a good approximation of the mean airflow. Correspondingly, Ma represents
the ratio of Vk to the local speed of sound c in a single, dimensionless variable.

The dependencies of Eq. 4.2 are transferred to the Lem which is proportional to
LW as defined in Eq. 3.8. In a regression model, the implementation of Vk and Ma

is problematic as these parameters are highly correlated (multicollinearity). In order
to prevent for multicollinearity, only log10(Ma) instead of log10(Vk) is accounted for.
Thereby, the regression coefficient represents the power l of Ma at which the total
airframe noise scales.

Also engine noise is affected by the aircraft Mach number. Fan noise directly depends
on the airflow mass [42], which increases with the incoming airspeed. Jet noise reduces
with the incoming airspeed due to the reduced relative jet speed. For instance during
take-off ground roll, which is the flight segment of acceleration on the runway, a linearly
decreasing relation to the speed of the surrounding airflow was found by [75]. The sound
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Figure 4.7: Influence of Ma on the sound emission level of the A320 at departure (a)
and approach (b) for 250 Hz.

pressure level of the jet in the far field decreases with increasing flow speed U , which
was confirmed experimentally by [36].

Fig. 4.7 shows the dependency of Lem onMa for 250Hz for typical flight configurations
at departure with high thrust in Fig. 4.7a and approach with idle thrust in Fig. 4.7b.
Engine noise is expected to be dominating in Fig. 4.7a and a linear regression seems to
be reasonable to extrapolate Lem against Ma. In contrast, airframe noise is likely to
be dominant for approaches [51] as shown in Fig. 4.7b, where the logarithmic relation
applies.

A characteristic noise generation was found for the A320 family at the 500 Hz and
630 Hz bands. Two prominent cavity tones from the lower surface of the wings dominate
the sound emission spectrum at approach. These tones have been measured before [76]
and vortex generators were developed to suppress them. Swiss International Air Lines
assembled the generators to the whole A320 family after the measurements from Sec. 3.1.
Therefore, the characteristic tones were considered in the model development but need
to be corrected for in the future if the vortex generators are installed.

Fig. 4.8 shows the data set of the A320 at 500Hz, separated to approach with engines
at idle (blue dots) and to departures (magenta dots). The slope of Lem versus Ma is
steep for the approach, as the tone of a Helmholtz resonator scales with the flow speed
at the cavity. The figure also shows that the cavity tone is prominent at approach but
not for departure. An explanation for such characteristic might be a different local flow
condition below the wing, as the lift force is much higher for departures and higher
angles of attacks are needed.

The sound power of a cavity tone theoretically scales with log10(Ma10) [96]. A
logarithmic fit to the data in Fig. 4.8 revealed Lem ∝ log10(Ma9.4), which is in line with
the theoretical approach and empirical data of [96]. Therefore, the linear relation to Ma
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Figure 4.8: Different behavior of Lem with Ma for approach and departure of the A320.
At 500 Hz a cavity tone is very prominent for approach but seems not to
scale in the same way for departures.

for engine noise and the logarithmic relation on Ma for airframe noise as selected before
are also valid for the noise generation of the cavity tone.

Air density

In the same manner as forMa the effect of the air density is accounted for in the airframe
model with the base-10 logarithm to be in line with the aeroacoustic theory (Eq. 4.2).
All other atmospheric parameters have been rejected due to multicollinearity (Sec. 4.2.2).

Radiations angles

The sound emission of an aircraft has a directivity that is best described with spherical
coordinates. Particularly the longitudinal radiation, represented by the polar angle θ,
strongly changes with the aircraft type, frequency band, and N1 as shown in Fig. 4.3.
The lateral radiation, represented by the azimuth angle ϕ, is also taken into account
in dependency of aircraft type, frequency band, and N1. In [62] it was shown, that
the lateral directivity can lead to level differences up to 3 dB over ϕ. Additionally, the
lateral directivity in [62] showed significant discrepancies to the generalized corrections
proposed in Doc. 29 [31], which only distinguishes between wing and fuselage-mounted
engines.

A Fourier series of second order was chosen to describe the longitudinal directivity. It
is a simple mathematical approach that can be implemented to the regression model
and to reproduce different directivity patterns. Other possible approaches such as
spherical hemispheres are also possible descriptions for the directivity, but they are less
straightforward to implement in the regression model. During the model development,
a higher order Fourier series was also tested but resulted in problematic slopes at
the borders, where less data are available. Particular for conditions far away from the
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receivers the directivity at high frequencies was critical. The lateral directivity is modeled
with a half range Fourier series (2nd order) to simplify the number of terms and also to
prevent problematic slopes in areas with low data coverage.

Aeroplane configuration

The aeroplane configuration is modeled with three variables: The position of the landing
gear (retracted: 0, deployed: 1), the position of the high-lift devices (fix combinations of
slat and flap deflection, equivalent to flap handle position 0 to 4), and the deployment of
the speedbrakes (inactive: 0, active: 1). These parameters are available from FDR data.
Due to the measurement of regular air traffic the data are naturally not balanced

and it was not possible to gain data for all combinations of the aeroplane configuration.
Furthermore, the flap handle positions highly correlate to different intervals of Mach
numbers due to the procedures and structural limits as shown in Fig. 4.9 (underlying data
in the Appendix, Table A.20). In particular for approach, the empirical data is limited
to very narrow ranges of Mach number and angles of attack (see next page), which must
be taken into account when applying the model to different flight configurations. Despite
these constraints, the influence of the flap handle position is of interest and is therefore
accounted for as described in Sec. 4.4.1.
Fig. 4.10 shows the effect of the landing gear on the sound emission of the A320.

The shown data points are measurements for approach conditions with deployed and
retracted landing gear. Each data set is fitted with a simple logarithmic regression to
show the influence of the landing gear. In a), a slightly larger slope of the regression
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Figure 4.9: Distribution of measured flap handle positions of the A320 in dependency of
the Ma-Number. In contrast to approach, the flap handle position 1 refers
to a different deflection angle of flaps at departure (1+F).
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Figure 4.10: Influence of the landing gear on the sound emission level of the A320 at
approach in idle for 250 Hz in (a) and 2 kHz in (b). Measured data and the
trend lines show a clear effect on the sound emission level.

with deployed landing gear can be found. For low Ma the emission levels are similar, but
for high Ma of 0.3 the level difference is 2.6 dB. At 2 kHz in b) the effect of the landing
gear on the Ma-dependency of the sound generation is much stronger. At Ma=0.3 the
difference is already 6 dB.

Other variables

Further variables have been considered but rejected during the model development due
to insignificance or practical reasons. For instance, no important correlations to the
emission level could be found for the angle of attack and sideslip angle. Besides, these
angles are often not available for predictions.
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Figure 4.11: Observed range of angle of attack α for approach of the A320.
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Although the angle of attack was found to show large influence on the sound level above
12◦ [29], such influence can be neglected for typical angles of attack during approach.
An analysis of the FDR data for approach of the A320 revealed that the angle of attack
was mainly used between 3◦ and 7◦ (Fig. 4.11a). In addition, the each flap handle
position showed an specific range of α and therefore covers a possible influence already
(Fig. 4.11b). The measured angles of attack for each flap handle position of aircraft
types with available FDR data are listed in the Appendix, Table A.20.

For the speed of sound c no relation to Lem was found, too. Furthermore, c is already
used within Ma = Vk/c and also correlated to ρ via the ideal gas law (c2 = κ · p/ρ). The
parameter was tested during the model development but did not improve the model.

4.3 Modeling approach

The regression models in Sec. 4.4 combine continuous explanatory variables, categorical
variables with a certain number of levels, and interactions to predict the dependent
variable Lem. Interactions are deviations from the additive model describing how the
effect of one variable depends on the levels of another variable, e.g. the dependency of
the noise emitted by the landing gear on the aircraft Mach number.

4.3.1 Variables and transformations

For the airframe noise model, two transformations are introduced, applying the base-10
logarithm to the aircraft Mach number (lMa) and to the air density (lρ), to fulfill the
requirement of a linear relation between the continuous variables and Lem (Sec. 4.2.3).

lMa = log10(Ma) (4.3)

lρ = log10

(
ρ

ρ0

)
(4.4)

The air density is normalized by the density at mean sea level as defined by the Inter-
national Standard Atmosphere (ρ0=1.225 kg/m3). For zero airspeed the transformation
tends towards minus infinity which is physically reasonable. In practice, Ma is set to
10−3 to obtain a real value. In addition, the landing gear position (LG), the flap handle
position (FH), the speedbrakes (SB), and the procedure (Proc) are categorical variables
of the airframe noise model. The engine noise model only consists of continuous variables
and their interactions, namely Ma, N1, N12, θ, and ϕ.

4.3.2 Model selection

The general structures of the regression models were developed based on the A320 data
set, which provides FDR data and a large number of flights. Preliminary models were

57



Chapter 4 Model development

developed and tested on parts of the data set, e.g. only departures and only approaches.
In addition, example frequency bands for low, mid, and high frequencies were used to
test different model approaches. With the first experiences and results the models were
fitted on the entire data set and all frequency bands.
In a next step, the data sets were separated to airframe and engine noise (Sec. 4.5),

which allowed to develop two independent models for each source characteristic. Further-
more, the models were tested and improved on the five other aircraft types with FDR
data to confirm that the models are applicable to different aircraft and engine types.
The scope was to select a general model, which can be applied on all 1/3-octave bands
and on other turbofan-powered aircraft types.
The parameter selection is based on the Sec. 4.2. From the statistical point of view,

this approach equals the forward selection with the scope to only include the relevant
parameters for both sources. Each model with a new parameter or interaction was
compared by the coefficient of determination R2, the mean squared error σ̂2

E , and Akaike
information criterion (AIC) [2]. All criteria were compared over all frequencies to find a
global optimum (minimize AIC, σ̂2

E ; maximize R2).
In addition, both the airframe and engine noise model were checked at each frequency

band for the model assumptions from Sec. 2.3. Fig. 4.12 shows an example check
for normal distribution of Lem via a histogram and Q-Q-plot. They show that the

Figure 4.12: Example model validation for 631Hz for the A333 (TRENT7). Residuals
for n=1.24 million are depicted.
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distribution is normal but slightly short-tailed. Though the Q-Q-plot shows tails, most
of the 1.24 million residuals are on the 1:1 line while only data points outside 1 to 99%
are deviating. In addition, the zero error assumption and constant error variance is
tested with scatterplots. The raw residuals are plotted against the fitted Lem and each
explanatory variable, as shown for polar angle θ. No systematic deviations from zero
were found for the smoothed red line. Overall, the results of the tested assumptions were
satisfactory for each aircraft type and frequency band.

4.3.3 Weighting

During measurements, the polar angle θ changes slowly when the aircraft is far away,
but quickly while the aircraft overflies the microphone. Consequently, only few data
points of the equally spaced acoustical samples are available in the most relevant range
of θ and vice versa. When establishing the model coefficients, the weighting reduces the
influence of the inhomogeneous distribution of data points over θ. This distribution is
inversely proportional to the time derivative θ̇ = dθ/dt. Analogous to OLS in linear
regression, the models were therefore fitted with the WLS algorithm (Sec. 2.3).

As each flight and receiver combination has a different geometry, θ̇ was standardized by
the maximum value per event and receiver, denoted as w0,i in Eq. 4.5. The standardization
prevents a higher weight of measured levels for an aircraft close to the receiver than
far away, where θ̇ is generally lower. The weights were then normalized by their mean
value w0 to ensure that the sum of all weights wi, which are used for the WLS algorithm,
matches the number of observations n used in the analysis (Eq. 4.6).

w0,i = θ̇i/max
(
θ̇
)
event,receiver

(4.5)

wi = w0,i
w0
⇒

n∑
1
wi = n (4.6)

4.4 Regression models

This section presents the regression models for airframe and engine noise, established
with multiple linear regression analysis. Apart from the advanced models, which were
developed on aircraft with FDR data (Table 4.1), also reduced models with fewer
parameters are presented. Each model approach is at first summarized by its main model
parameters to provide an overview of the dependencies. Subsequently, the whole model
equation is given with all coefficients for the model parameters and their interactions.
Major parts of this section have been submitted in similar form for publication in [107].
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4.4.1 Advanced models

Airframe noise

The sound emission level of the airframe L̂em,afm(f) is modeled as the sum of the source
terms and the radiation angle terms as summarized in Eq. 4.7.

L̂em,afm(f) = L̂0,afm(lMa, lρ, FH,LG, SB, Proc)︸ ︷︷ ︸
source term

+ ∆L̂θ,afm(θ)︸ ︷︷ ︸
radiation angle term

(4.7)

The dependency on the frequency f indicates that all coefficients of the source and
radiation angle terms are fitted for all 1/3-octave bands, even if not further denoted
below for readability. Eq. 4.8 represents the source terms of the airframe model.

L̂0,afm = La0 + aa1 · lMa+ Proc · (aa2 + aa3 · lMa) + ba1 · lρ (4.8)

+LG · (ca1 + ca2 · Proc+ ca3 · lMa)

+
4∑
j=1

FHj · (da1j + da2j · LG+ da3j · Proc)

+SB · (ea1 + ea2 · LG+ ea3 · lMa)

La0 is the intercept and aa1 to ea3 are the frequency dependent coefficients of all
model variables. The continuous variables are the logarithmic transformations lMa and
lρ, which represent the aeroacoustic sound generation in line with other semi-empirical
models [12; 76]. In addition, each aeroplane configuration change of LG, FH or SB is
modeled with additive level changes.

For FH and SB, interactions with the LG are considered to account for the changes
in their effect when the sound emission level is raised by the deployed landing gear.
Further, interactions between lMa and LG as well as SB are considered to account
for the speed dependent sound generation. For the FH, the interaction with lMa is
neglected as each flap handle position is only used for a certain small range of aircraft
Mach numbers (Fig. 4.9) and an interaction with lMa can thus not be determined
without high uncertainty.

Nevertheless, the varying combinations of flap handle position and aircraft Mach
number range for approach and departure of Fig. 4.9 need to be considered in the model
in one way or another. Further, the different deflection angles of the flap handle position 1
of the A320 family for departures and approaches need to be taken into account. Finally,
the observation of the A320-family that 1/3-octave bands with cavity tones can have a
strong increase in level with increasing Ma for approaches but not for departures, need
to be considered. It is assumed that the local flow field is different for approach and
departure due to different angle of attack and flap handle positions. To account for these
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differences, an additional categorical variable, the flight procedure Proc (departure: 1,
approach: 0) was introduced.

The directivity of the airframe model (Eq. 4.9) is expressed as an axially symmetric
radiation along the longitudinal axis.

∆L̂θ,afm = ka · cos θ + la · cos 2θ +ma · sin θ + na · sin 2θ (4.9)

The polar angle θ is taken into account with a second order Fourier series to model
the longitudinal directivity. The coefficients for the airframe directivity are ka to na. No
interactions are included, i.e. the shape of the emission directivity is the same for all
flight configurations. This simplification is justified as the data set was already corrected
for the flight effect (Eq. 3.8).

Engine noise

The sound emission level of the engine noise L̂em,eng(f) is modeled by the sum of source
terms and a more detailed approach for the radiation angle terms as summarized in
Eq. 4.10.

L̂em,eng(f) = L̂0,eng(Ma,N1, N12)︸ ︷︷ ︸
source term

+ ∆L̂θ,eng(θ,N1, N12) + ∆L̂ϕ,eng(ϕ,N1)︸ ︷︷ ︸
radiation angle term

(4.10)

Source terms for engine noise (Eq. 4.11) include the intercept Le0 and three variables
with their coefficients ae1, be1, and be2. The first source term of engine noise is N1. The
quadratic approach for N1 represents the jet as well as the fan noise as observed in
Sec. 4.2.3. In addition, the aircraft Mach number Ma accounts for the source strength
variation of the jet mixture with the surrounding flow (Sec. 4.2.3).

L̂0,eng = Le0 + ae1 ·Ma+ be1 ·N1 + be2 ·N2
1 (4.11)

As the relation of Lem to N1 strongly depends on the polar angle θ (Sec. 4.2.3), the
Fourier terms of the longitudinal directivity ∆L̂eθ,eng interact with N1 as well as N12

(Eq. 4.12). The corresponding model coefficients are ke,j to ne,j with index j for each
interaction. The lateral directivity (Eq. 4.13), which represents the installation effect,
is included as a half range Fourier series of second order, i.e. with only sine terms
of ϕ. Similar to the longitudinal directivity, each term has an interaction with N1
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with coefficients oe,j , pe,j . Also an interaction with N12 was tested but not found to
significantly improve the results.

∆L̂θ,eng = (ke,j · cos θ + le,j · cos 2θ +me,j · sin θ + ne,j · sin 2θ) (4.12)

·(1 +N1 +N12)

∆L̂ϕ,eng = (oe,j · sinϕ+ pe,j · sin 2ϕ) · (1 +N1) (4.13)

With Eq. 4.12 and Eq. 4.13, the shape of the 3D directivity for each frequency band
is allowed to change with N1. Thus, also the spectral content of the total directivity
varies with N1.

4.4.2 Reduced models

For aircraft without available FDR data, regression models with a reduced set of
parameters can be derived. Namely, the aeroplane configuration of the aircraft is
unknown without FDR data. Another reason to reduce the parameters of the model
could be measurements with insufficient coverage of the lateral angle. In this case the
directivity can be reduced to a two-dimensional (2D) model.

These reduced models can also be established for aircraft with FDR data to determine
the influence of the aeroplane configuration or lateral directivity on the results. Within
this thesis, the following model variants were established:

• 3D: Advanced model with a 3D directivity and the influence of the aeroplane
configuration. It is the standard model for aircraft types with available FDR data.

• 3Dred: Model with a 3D directivity but without aeroplane configuration effects.
It is the standard model for types with N1-determination based on acoustic signal
analysis (Sec. 3.4.2).

• 2Dred: Model with a 2D directivity and without aeroplane configuration effects.

Effects of the aeroplane configuration are accounted for in the airframe model. There-
fore, for 3Dred only the airframe model changes compared to 3D. LG, FH, SB, and
their interactions are removed from the model.

L̂em,afm(f) = L̂0,afm(lMa, lρ, Proc)︸ ︷︷ ︸
source terms

+ ∆L̂θ,afm(θ)︸ ︷︷ ︸
radiation angle terms

(4.14)

L̂0,afm = La0 + aa1 · lMa+ Proc · (aa2 + aa3 · lMa) + ba1 · lρ (4.15)

For 2Dred both the airframe and engine noise model need to be modified compared to
the advanced model to establish a two-dimensional model without aeroplane configuration.
In addition to the changes above (Eq. 4.15), the directivity of the engine model is reduced
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to 2D by omitting L̂ϕ,eng(ϕ,N1) in Eq. 4.10. The directivity of the airframe model is
already two-dimensional.

L̂em,eng(f) = L̂0,eng(Ma,N1, N12)︸ ︷︷ ︸
source terms

+ ∆L̂θ,eng(θ,N1, N12)︸ ︷︷ ︸
radiation angle terms

(4.16)

For each model variant all parameters of the engine as well as the airframe noise model
were established with an individual multiple linear regression. Even if only the aeroplane
configuration is reduced in the airframe model, the iterative process to separate the data
to airframe and engine noise (cf. Sec. 4.5) will lead to slightly different coefficients of the
engine model in comparison to the advanced model.

4.4.3 Energy correction

As a consequence of the minimization of σ̂E with the WLS algorithm, the model
coefficients are fitted to the arithmetic mean of Lem. Therefore, a correction is needed to
predict the energy mean, denoted as energy correction. The energy mean is equal to the
arithmetic mean of the sound power instead to the arithmetic mean of the logarithmic
quantity. As the Lem is normal distributed, which was the requirement for a linear
regression, the energy correction can be determined analytically by 0.115 · σ2 [6; 31] as
shown in Sec. 2.3.5.

For the variance σ2 a suitable choice has to be taken. In case of the statistical model
in this thesis, the error mean square σ̂2

E may be a good substitute: it represents the
unexplained variation between model and data. Fig. 4.13 shows that σ̂2

E is is much
larger for microphones in the far range compared to the close range. It is assumed
that propagation effects and thus uncertainty of the back propagation cause the higher
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Figure 4.13: Correction term for energy mean versus frequency for the A320 (CFM56-5B)
from the airframe noise model (similar for engine noise model).
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variance in the far range, where the distances between receiver and source are considerably
higher.

It was decided not to consider these variations as they do not represent the underlying
level variations of the source. Indeed, the energy correction of the regression models
should only account for the variations of the source and not for the unexplained variations
due to the back propagation. Therefore, σ̂E,CR(f) of the data in the close range (combined
error of approach and departure) was used for the corrections in Eq. 4.17 and Eq. 4.18.

L̂em,afm(f) = L̂em,afm(f) + 0.115 · σ̂2
E,afm,CR(f) (4.17)

L̂em,eng(f) = L̂em,eng(f) + 0.115 · σ̂2
E,eng,CR(f) (4.18)

The energetic sum of the fitted final models for airframe (Eq. 4.17) and engine noise
(Eq. 4.18) yields the total predicted emission level L̂em,total(f), corrected for the energy
mean.

Energy mean: L̂em,total(f) = L̂em,afm(f)⊕ L̂em,eng(f) (4.19)

For the comparison with mean measured data (Chap. 5) and a simulation without
correction (Sec. 6.3), also the arithmetic mean sound emission level L̂em,total(f) of the
models is used.

Arithmetic mean: L̂em,total(f) = L̂em,afm(f)⊕ L̂em,eng(f) (4.20)

4.5 Data separation technique

In Fig. 4.14 the model development and the separation of the measured total emission
levels from the regression data set to airframe and engine noise is shown. In step 1,
the data set is separated into two subsets: subset one contains data for the engines
running in idle i.e. only approach conditions, and subset two contains all other data
from approach and departure with engines on load. It is assumed that airframe noise is
dominating the total Lem for subset one, as supported by [51; 91].

The limit for the separation with N1=40 % was determined by engineering judgment
and from data plots of Lem versus N1 (Fig. 4.15). With a higher limit (e.g. 50%)
the contribution of the engines increases, and more likely results in overestimating
the contribution of airframe noise. With a lower limit (e.g. 30%) the number of
observations would substantially decrease and would prevent from establishing reliable
model coefficients. While the separation limit thus seems feasible, the iterative process of
the data separation further refines the initial ratio (step 3) between airframe and engine
noise.
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In step 2, an initial airframe and an initial engine models (simplified versions of
the models in Sec. 4.4, see Appendix A.1) are fitted on their corresponding subsets to
determine the main effects for each sound source. Only 6% to 8% of the total data set is
used to fit the initial airframe model (all data with N1 < 40 %), and for high frequencies
the fraction even decreases. Likewise the engine model is fitted on all other data with
N1 ≥ 40 % that includes all phases of the departure and the final approach.

With the aid of the predicted airframe and engine sound emission levels, a source ratio
can be calculated for each data point in the original data set (step 3). On the basis of
sound emission, the ratio qi (Eq. 4.21) is defined as the predicted sound emission of the
engine divided by the total sound emission.

qi(f) = 100.1L̂iem,eng(f)

100.1L̂iem,eng(f) + 100.1L̂i
em,afm

(f)
(4.21)

A ratio of zero indicates that only airframe noise contributes to the total sound emission
and a ratio of one corresponds to engine sound emission only. Note that all predictions
from these models are marked by a hat to distinguish from input data; the superscript i
indicates that the initial models are used.
The method requires the initial models to be extrapolated. For example, the initial

airframe model was based on approaches with Mach numbers smaller 0.35, while depar-
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Figure 4.14: Process of model development and data separation
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tures with up to Mach numbers of 0.45 were measured. As a consequence, to predict
L̂iem,afm for each data point on the whole data set, extrapolations become necessary.
Nevertheless, the extrapolation for the Mach number is based on physical knowledge
(Sec. 4.2.3), thus allowing for a plausible first estimation of airframe and engine noise for
the whole data set.

Based on the ratio qi two separated data sets, both including all measurements for
approach and departure, were created for each 1/3-octave band (step 4). One represents
the sound emission of the engines Liem,eng and the other the sound emission level of the
airframe Liem,afm.

Liem,eng(f) = Lem(f) + 10 log10

(
qi(f)

)
(4.22)

Liem,afm(f) = Lem(f) + 10 log10

(
1− qi(f)

)
(4.23)

Fig. 4.15 compares both data sets to the original Lem. The airframe levels are
dominating for N1 < 40%, which is the implication of the assumption in step 1, while
they are approximately 20 dB lower than the total levels for departures. In contrast, the
engine levels (bottom right) are dominant for departures and lose influence at lower N1.
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Figure 4.15: Data separation example for the A320 at 100Hz. The back propagated
data on the top are separated to estimates of the sound emission related to
airframe (bottom left) and engine noise (bottom right).
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In total, by adding the individual levels of both data sets energetically, the original data
set can be reconstructed.
In step 5 of Fig. 4.14, the final models for airframe and engine noise (Sec. 4.4) are

fitted on these data sets. Steps 3 to 5 are repeated once to improve the estimation of
the ratio between airframe and engine noise. In the second run, the ratio is based on the
models that are fitted on the whole data set in contrast to the initial models. Finally,
the energetic sum of the airframe and engine model adds up to the predicted total L̂em
(Sec. 4.4.3). The entire process of data separation and model fitting is performed 24
times to establish models for each 1/3-octave band.
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5 Results

5.1 Established aircraft types

Based on the measurements around Zurich airport, 43 different combinations of aircraft
and engine type were measured (Sec. 4.1). For types with FDR data, advanced models
(3D) for each combinations of aircraft and engine type were established. Only the A332
had too few data (14 in total) to establish a model. In particular approaches in the far
range were missing for this type, which are mandatory for the separation of airframe and
engine noise. For a comparison of the different models, also the reduced models 3Dred
and 2Dred were established.

The designations of the 19 aircraft noise emission models in Table 5.1 are composed by
the aircraft type and engine type, divided by an underscore (e.g. A333 TRENT7). As
an example, the model parameter estimates for the A333 TRENT7 are listed in Sec. A.3
of the Appendix. These model parameters were established on the specific data set of

Table 5.1: Aircraft noise emission models and their data basis: input data (from FDR
or N1 determination), model variant (Adv.=Advanced, Red.=reduced) and
number of flights for departure and approach.

Model name Description Input Model D A Total

A319 CFM56-5B Airbus A319-100, CFM56-5B FDR Adv. 120 41 161
A320 CFM56-5B Airbus A320-200, CFM56-5B FDR Adv. 424 249 673
A321 CFM56-5B Airbus A321-200, CFM56-5B FDR Adv. 300 126 426
A32X CFM56-5A Airbus A320-Family, CFM56-5A N1 Red. 57 15 72
A32X V2500 Airbus A320-Family, V2500 N1 Red. 198 33 231
A333 TRENT7 Airbus A330-300, TRENT7 FDR Adv. 249 136 385
A343 CFM56-5C Airbus A340-300, CFM56-5C FDR Adv. 166 120 286
A388 GP7270 Airbus A380-800, GP7270 N1 Red. 26 2 28
A388 TRENT9 Airbus A380-800, TRENT9 N1 Red. 38 20 58
B737 CFM56-3 Boeing B737 Classic (-300 to -500) N1 Red. 84 39 123
B737 CFM56-7B Boeing B737 NG (-600 to -900) N1 Red. 297 37 334
B763 PW4060 Boeing 767-300, PW4060 N1 Red. 9 34 43
B76X CF6-80C2 Boeing 767-Family (-200 to -400) N1 Red. 19 57 76
CRJ9 CF34-8C5 Bombardier Regional Jet CRJ-900 N1 Red. 71 22 93
E170 CF34-8E Embraer ERJ 170 N1 Red. 62 27 89
E190 CF34-10E Embraer ERJ 190 N1 Red. 243 49 292
F100 TAY650-15 Fokker 100 N1 Red. 234 61 295
FA7X PW307 Dassault Falcon 7X N1 Red. 17 10 27
RJ1H LF507 BAE SYSTEMS AVRO RJ-100 FDR Adv. 324 202 526
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the aircraft type. Even if the model approach uses physical relations for the parameters,
extrapolation of a linear regression model is precarious. See Appendix A.4 for the flight
parameter range each aircraft noise emission model is based on. Table A.19 concentrates
on the continuous parameters available for the advanced and reduced models. Table A.20
and Table A.21 provide a more detailed insight to the Mach number range for each
combination of the categorical variables (FH and LG as well as SB and LG).

For aircraft types without FDR data the reduced models (3Dred) were established if
a sufficient number of flights for departures and approaches in the close and far range
was available. In case of a low number of movements or missing procedures, similar
aircraft subtypes with the same engine type were grouped. For instance, the B736 and
B739 are grouped with the B737 and B738 due their low number of flights (below 13,
cmp. Table 4.2). Thus, the Boeing 737 New Generation, equipped with the CFM56-7B,
were grouped to establish one combined aircraft noise emission model, which is then
based on 334 flights. A grouping over different engines was not done, as the engine is
the dominant source, and different engines have different noise characteristics.

Fig. 5.1 illustrates that the grouping strategy works well for different aircraft types
with the same engine. It shows that the engine parameters N1 and Ma are used at
different parameter settings to generate sufficient thrust and lift for departures. This
fact makes it beneficial to group the aircraft types of a family with the same engine
type, because a larger data range (e.g. for N1) improves the fit of the model. Systematic
differences that would indicate a different acoustical behavior between aircraft subtypes
could not be found. Further, the main airframe noise sources of an aircraft family are
identical, only the length of the fuselage is changed. Therefore, also for airframe noise
no severe differences between subtypes are expected.
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Figure 5.1: Grouping of the B737 New Generation family equipped with the CFM56-7B.
The plots illustrate that each subtype uses a different range of N1 and Ma
for departure, thus supporting the grouping strategy.
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5.2 Model performance

The model performance is assessed with the coefficient of determination R2 and the
root-mean-square error σ̂E (Sec. 2.3). R2 gives a dimensionless measure to assess the
variance explained by the selected parameters in each frequency band. σ̂E assesses the
unexplained variations on the basis of the same unit as the sound emission level (dB).
The best expressiveness is found in R2

total, which is represented by the sum of the
predicted values (Eq. 4.19) with respect to the original set of back propagated data Lem.
R2
afm and R2

eng are helpful for qualitative considerations. They have to be regarded with
care as they are calculated with respect of the separated data set which was separated
by those models.
Fig. 5.2a shows the results for the model performance of the A320 CFM56-5B. The

R2
total lies between 0.7 and 0.8. The engine model R2

eng shows values slightly higher
than 0.8 for most frequency bands. In contrast, R2

afm is between 0.2 and 0.6 with much
more variation between the different frequency bands. The value of R2 depends on the
frequency range in which the sound sources radiate. For instance, R2

eng of the A320 is
high between 50 to 400Hz where the jet noise is dominant. This is in line with [14].
Similar, R2

eng is high at 2 to 3 kHz, the bands which contain the blade passing frequency
(BPF) of the A320 at departure.

Airframe sound sources can be identified in the same manner. In accordance to measu-
rements on an A320 full scale wing in the large low-speed facility of the German-Dutch
Wind Tunnels (DNW-LLF), the slats (included by the parameter Flaps) considerably
radiate sound between 100 and 300Hz [76]. Further, a prominent cavity tone in the
wing can be found at 500 and 630Hz. Finally, excess noise of the flap side edge is
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prominent between 1 and 1.6 kHz. In those frequency ranges, the R2
afm shows local

maxima. In contrast, there are no explicit sound sources for 50 to 100Hz and above
1.6 kHz, consequently R2

afm is low.

Fig. 5.2b depicts the unexplained variations each frequency band. It shows the total
σ̂E and also the division into airframe and engine model, which shows no significant
differences. However, a partition into close range and far range provides additional
information. In the close range σ̂E is 1 to 2 dB smaller than in the far range. The total
σ̂E lies in between with over 4 dB for low frequencies and around 3 dB for mid and high
frequencies. This error is partly explained by the uncertainties of the measurement and
back calculation (Sec. 2.2.2). The larger error in the far range can therefore be explained
with a higher uncertainty due to the larger propagation distances. In addition, lower
noise levels are susceptible to be influenced by noise from other sources.

The model performance (R2 and σ̂E) does not significantly change for the reduced
model variant 3Dred (see Fig. 5.3a and Appendix A.5). Only the R2

afm shows pronounced
differences if the aeroplane configuration is dominant in a certain frequency range as
shown for the RJ1H. Around 100Hz the R2

afm is clearly higher in 3D compared to
3Dred, which can be explained by a tone which is only accounted for by the aeroplane
configuration. For 500Hz to 1 kHz and around 3 kHz a noise generation from the
aeroplane configuration can be assumed, as the 3D model is improved compared to the
3Dred model. The σ̂E for the total model is therefore also very similar (Fig. 5.4a), but
slightly larger values are found below 125Hz.

The comparison of the RJ1H between 3D and 2Dred in Fig. 5.3b shows larger differences
for R2

afm as wells as for R2
eng and R2

total. In Fig. 5.4b also σ̂E has larger values of up to
0.3 dB over the whole frequency range. Therefore, the model performance indicates that
2Dred is a less accurate model while 3D and 3Dred are comparable.
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At 5 kHz the 3D model seems to be overfitted, which is also observed for the A319 and
A343 for every model variant (see Appendix A.5). For these two types σ̂E also increases
which supports the assumption of overfitting. Especially σ̂E of the A343 increases around
1 dB in total and almost 2 dB in the far range. Due to the high value and uncertainty
of the air absorption the model for this frequency band seems to be less confidential.
For the A319 σ̂E rises only slightly but is similar to the A343. The RJ1H actually has
a decrease in σ̂E and is therefore more trustful. In addition, 3Dred and 2Dred do not
show this effect.

The model performance showed a consistent behavior for almost all FDR types. Only
the A319 has a bit lower R2 and higher σ̂E . This type is also based on the lowest number
of flights (161) compared to the the next lowest number for the A343 (286) or the most
available A320 (673). Overall, the R2

eng is mainly very high around 0.8 and the shape of
R2
tot is very similar but on a slightly lower level, as the total noise is dominated by the

engine in most of the flight configurations. R2
afm is generally on a lower level between

0.2 and 0.6 with high values only in bands where airframe noise is dominant. σ̂E is very
consistent in shape and value for all FDR types and varies between 5 dB (low frequencies)
to a minimum of 3 dB at high frequencies. Regarding R2 and σ̂E together, these results
already testify a good modeling approach which works for different aircraft types and
model variants. An exception is the 5 kHz band.

Types without FDR data (see Appendix A.6) show more differentiated results. R2
eng

in the most cases still exhibits values around 0.8. However R2
tot does not always follow

the trend of R2
eng as it was the case for types with FDR data. For some type it does

not follow the same shape as R2
eng (e.g. A32X V2500) or is much lower than it (e.g.

B763 PW4060). One reason is the much lower number of flights the models are based on
(27 to 334). A second reason is the higher uncertainty of the N1 which was determined
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Figure 5.5: Coefficient of determination (a) and σ̂E (b) versus frequency for airframe,
engine, and total model of the FA7X PW307. σ̂E is divided into far range
(FR) and close range (CR).

from the acoustical measurements. R2
afm varies between 0.2 and 0.6 and shows some

regions with high impact, even as the aeroplane configuration is unknown for these types.

Nevertheless, σ̂E is very similar to the FDR types and normally varies between 5 dB
(low frequencies) to a minimum of 3 dB (high frequencies). The FA7X PW307 also shows
very good results in R2 (Fig. 5.5a). Only at low frequencies the values are low, which
might be due to no noise generation at these bands. However, this example shows the
importance to assess both R2 and σ̂E , as σ̂E shows high values between 3.5 and 6 dB
(Fig. 5.5b). The FA7X PW307 is the aircraft type with the lowest number of flights for
the model development (27), which might be the explanation for the higher σ̂E .

5.3 Directivity and spectra

In this section, example model predictions of spectra and directivity patterns are shown
for various flight configurations and compared to measurements. For comparison of model
predictions with the measured data, the data set is filtered as follows: flight parameters
for the flight phase and a radiation angle of interest are chosen to predict the sound
emission level. Then, the same parameters with a certain interval around each parameter
are used to create a subset from the complete data set (ϕ=60◦± 5◦, N1=93 %± 2 % etc.).
Finally, the arithmetic mean Lem is calculated and compared with the arithmetic mean
of the predicted values L̂em (see Sec. 4.4.3). Hence, the large variations of the measured
data in Sec. 4.2.3 are averaged for the comparison. This comparison allows assessing if
the model approach is appropriate, even if it is not an independent comparison because
the model was fitted on the same data set.
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5.3 Directivity and spectra
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Figure 5.6: Spectral directivity patterns for departure of the A320 CFM56-5B with high
thrust setting.

Spectral directivity patterns are predicted and compared to mean values of measured
data with corresponding flight parameters. A departure of the A320 with a high thrust
setting of N1=93 % is shown in Fig. 5.6. The longitudinal directivity in Fig. 5.6a
is presented for an observer on the side at ϕ=60◦ for four representative 1/3-octave
bands. The shape of the directivity of the low frequencies clearly follows the typical jet
characteristic [88]. With increasing frequency, the maximum amplitude decreases and is
shifted towards the front. At 2.5 kHz the shape shows two maxima which is typical for
the sound emission of fan noise to the front as well as to the rear through the bypass.
The model reproduces the measured data of the chosen flight configuration very good.

The lateral directivity in Fig. 5.6b is shown to the rear at θ=130◦. The level variations
are much smaller than for the longitudinal directivity. The maximum peak lies between
20 and 40◦ and not directly below the aircraft. The model generally follows the trend
but is too simplified to reproduce the exact shape. In addition, the shape of the lateral
directivity might slightly change with θ but this interaction is not included in the model.
Thus the model represents the mean lateral directivity over all θ for the chosen N1.
However, the simplified lateral directivity of the model is justified as all these effects are
small. Further examples of the total directivity (longitudinal and lateral) in comparisons
to measurements in dependence of N1 are presented in [106]. The comparisons resulted
in good agreement with the mean values of the measurements.

In Fig. 5.7 spectra for typical flight configurations of the A320 CFM56-5B at take-off
and final approach are depicted for θ=90◦ in Fig. 5.7a and θ=130◦ in Fig. 5.7b. For
take-off, as seen in Fig. 5.6, each frequency band has its specific longitudinal directivity
pattern. Thus, the spectra for take-off in Fig. 5.7a differs particularly below 400Hz
compared to Fig. 5.7b. Above, both spectra are similar, showing the BPF at 2.5 kHz.
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Figure 5.7: Spectra for final approach (N1=55 %) and take-off at high thrust setting
(N1=93 %) for the A320 CFM56-5B. The airframe spectra is not shown for
take-off to avoid an overlay with the spectra of final approach. The levels,
however, are much lower than the engine noise levels.

The prediction shows that the L̂em,total is dominated by the engine model while the
airframe model only slightly contributes in the bands between 400Hz to 2 kHz.
At final approach, the model predicts a very similar contribution of airframe and

engine noise to the total emission. In Fig. 5.7a engine noise dominates above 400Hz.
With N1=55 % the BPF is at 1.65 kHz and from [42] the fan broadband noise is expected
to be distributed at 2.5 times the BPF (4.2 kHz). At this frequency the engine spectrum
has a local maximum. In Fig. 5.7b the low frequencies (< 200 Hz) and high frequencies
(> 1.25 kHz) are dominated by the engine noise. For mid frequencies the airframe noise
dominates the spectra due to the deployed landing gear. The total levels are in good
agreement with the mean measured data.

5.4 Effects of the model parameters

In this section, the regression models are evaluated for each flight parameters while all
other parameters are kept constant. In this way, the effect of each model parameter can
be shown individually for two different cases, namely at the source and at the receiver,
which can yield helpful insights.

Fig. 5.8 depicts the directivity of a departing aircraft at the source (curve 1), which is
the outcome of the regression models (Eq. 4.19) and corresponds to the energy mean of
the sound emission level. Doppler shift and the flight effect are applied because both
effect change the spectra and directivity at the source (curve 2). As an example, the
A-weighting is added to the sound emission level to simulate the frequency response of
the human ear (curve 3). As the A-weighting attenuates low frequencies, the total sound
level is considerably reduced to the rear where jet-noise dominates (θ > 90◦). Finally,
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Figure 5.8: Pure sound emission level and the segregated influence of the flight ef-
fect, A-weighting, and sound propagation. Example prediction for the
A333 TRENT7 with 3Dred at N1=90 %, ϕ=0◦, Ma=0.26, ρ=1.15 kg/m3.

the sound propagation for a distance of 304.8 m is applied, which attenuates the sound
dependent on the frequency spectra for each θ. A constant of 61 dB is added to show
that there are almost no differences of the directivity between curve 4 at the receiver and
at the A-weighted emission in curve 3. Thus, curve 2 represents the sound emission at
the source and curve 4 the received sound exposure, which are two interesting viewpoints
to study the effects of the model parameters.
The effects of the model parameters are therefore presented in the following figures

(e.g. Fig. 5.9) for the total sound emission level L̂em at the source applying the Doppler
and flight effect (left side, in red) as well as for the total, A-weighted sound pressure level
LpA at a receiver (right side, in blue). LpA represents the propagated sound at a receiver
with a fixed propagation distance of 304.8 m (1000 ft). The direct sound propagation is
based on the international standard atmosphere (T=15 ◦C, RH=70 %, p=1013.25 hPa).
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Figure 5.9: Relationship of (a) L̂em and (b) LpA to the polar angle for different N1
settings at take-off for the A333 TRENT7. Predicted with 3Dred model at
ϕ=0◦, Ma=0.26, ρ=1.15 kg/m3.
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Fig. 5.9 depicts the longitudinal directivity pattern for three take-off settings for the
A333 ranging from a high thrust setting to cutback thrust. The level maximum at the
source (left) is at θ=150◦. At this point the change of N1 from 80% to 90% leads to a
maximum sound pressure level difference of 8.6 dB, which decreases to the front of the
aircraft. The shape of the directivity changes with N1, due to the interaction of N1
and θ in the engine noise model. On the receiver side (right), the A-weighting strongly
attenuates the (low-frequency) levels to the rear and bands above 1 kHz are substantially
attenuated by atmospheric absorption. Compared to the source, the maximum sound
pressure level shifts forwards to approximately 110◦, thus, the maximum level difference
between 80% and 90% reduces to 5 dB.
Fig. 5.10 shows the same situation over the lateral radiation angle at θ=90◦, which

represents the level at the shortest distance for an overfly of an A333. Each step of 5%
N1 leads to about 2 dB increase of the sound emission level and 2 dB(A) of the sound
pressure level. The shape of the lateral directivity only slightly changes with N1 for the
chosen take-off settings. While the longitudinal directivity is more pronounced, also the
lateral directivity cannot be neglected, as the sound pressure level below the aircraft can
be as much as 2.4 dB(A) smaller than the maximum radiation at an angle ϕ=40◦. To the
side, the level is up to 4 dB(A) smaller than the maximum. An even more pronounced
lateral directivity was found for the RJ1H (Fig. 5.11), where the level decreases more
than 5 dB to the side.
The above discussed figures already showed how N1 influences the sound emission

level at departure. First, with increasing polar angle the influence of N1 on L̂em rises.
Second, L̂em increases to the same extent for a given longitudinal angle (2 dB/5% N1
at θ=90◦ in the case of Fig. 5.10). However, the change of L̂em with N1 is not linear
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Figure 5.10: Relationship of (a) L̂em and (b) LpA to the azimuth angle for different N1
settings at take-off for the A333 TRENT7. Predicted with 3Dred model at
θ=90◦, Ma=0.26, ρ=1.15 kg/m3.
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Figure 5.11: Relationship of (a) L̂em and (b) LpA to the azimuth angle for different N1
settings at take-off for the RJ1H LF507. Predicted with 3Dred model at
θ=90◦, Ma=0.22, ρ=1.15 kg/m3.

in respect to the full range of N1, as shown in Fig. 5.12. In addition, the relation of
N1 on L̂em and LpA depends on the polar angle θ. In Fig. 5.12a the N1 dependency is
stronger for larger θ while an opposite trend applies at the receiver for N1 < 80 % in
Fig. 5.12b. This change of the trend is explained by the A-weighting which attenuates
the low frequencies.

The influence on the Mach number depends on the aircraft type. Wide-body aircraft
as the A333 with strong jet noise show a decrease of the sound emission level with
the Mach number (Fig. 5.13). The increasing speed of the surrounding flow lowers the
jet noise, in particular to the rear (120◦), where the jet is dominant. To high speeds
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Figure 5.12: Relationship of (a) L̂em and (b) LpA to N1 for different polar angles at
departure for the A333 TRENT7. Predicted with 3Dred model at ϕ=0◦,
Ma=0.26, ρ=1.15 kg/m3.
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Figure 5.13: Relationship of (a) L̂em and (b) LpA to the Mach number for different polar
angles at departure for the A333 TRENT7. Predicted with 3Dred model at
ϕ=0◦, N1=85 %, ρ=1.1 kg/m3.

above Ma=0.3 the effect levels out with increasing influence of the flight effect and
also because the airframe noise begins to contribute to the sound emission level. For
the RJ1H, the influence of the Mach number on L̂em is smaller, but shows the same
trend with increasing Mach number (Fig. 5.14). At the receiver, mainly the A-weighting
changes the influence versus Ma on the LpA. The resulting level difference due to the
surrounding flow at θ=90◦ between break release (Ma=0) and lift off speed (Ma≈0.25)
is 5 dB for the A333 and 0 dB for the RJ1H (Ma≈0.22).

Fig. 5.15 shows an approach condition of the A333 with engines in idle. Effects of the
Mach number as well as of FH and LG are predicted for the L̂em and LpA. The figure
shows how dominant the landing gear is when deployed early, hence at high speeds. The

Ma, -

0 0.1 0.2 0.3 0.4

L
e

m
, 

d
B

130

135

140

145

150

155

160
60°

90°

120°

(a) Level at source (d=1m)
Ma, -

0 0.1 0.2 0.3 0.4

L
p

A
, 

d
B

65

70

75

80

85

90

95
60°

90°

120°

(b) Level at receiver (d=304.8m)

Figure 5.14: Relationship of (a) L̂em and (b) LpA to the Mach number for different polar
angles at departure for the RJ1H LF507. Predicted with 3Dred model at
ϕ=0◦, N1=90 %, ρ=1.1 kg/m3.
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Figure 5.15: Relationship of (a) L̂em and (b) LpA to the Mach number for different
aeroplane configurations (FH: flap handle, LG: landing gear) at appro-
ach for the A333 TRENT7. Predicted with 3D model at θ=90◦, ϕ=0◦,
N1=30 %, ρ=1.1 kg/m3. Each aeroplane configuration setting is depicted on
the measured Mach-range.

speed-dependent noise generation of the landing gear is found at the source and at the
receiver with differences of up to 5 dB. However, with decreasing speed of the aircraft
the contribution of the landing gear to the L̂em decreases. At landing speed (Ma ≈ 0.22)
no difference can be observed.
In contrast, no important effect could be found for the flap handle handle position.

While the landing gear is retracted, the model predicts slight Lem-surcharges of 0.5 dB
for a flap change from 0 to 1 and 2 to 3. With the landing gear deployed there is no
consistent trend. While the effect of flaps is negligible, Fig. 5.16 reveals that speedbrakes
affect the levels at the source and receiver. In particular at lower speeds with retracted
landing gear, the effect can be as much as 2 dB. The effect on the total sound level is
smaller when the landing gear is deployed due to the logarithmic behavior of the sound
levels (interaction between LG and SB).

For the RJ1H no flaps positions were available from the FDR data. When opening or
closing the gap between flaps and wing strong momentary tones are generated. However,
momentary tones can not be represented by the aircraft noise emission model, they are
incorporated into the mean effects of the known flight configurations. In Fig. 5.17 the
effect of the Mach number and the aeroplane configuration (without flaps) of the RJ1H
is shown for an approach condition with engines in idle. Again, the speedbrakes (up to
2 dB) as well as the landing gear (up to 5 dB) have a strong effect on the sound emission
level, especially to higher Mach numbers.

At the receiver, the relations to LpA are different than to L̂em in case of the RJ1H LF507.
Mainly the A-weighting affects the frequency spectra which is found to have high contri-
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Figure 5.16: Relationship of (a) L̂em and (b) LpA to the Mach number for different
aeroplane configurations (SB: speedbrakes, LG: landing gear) at approach for
the A333 TRENT7. Predicted with 3D model at θ=90◦, ϕ=0◦, N1=30 %,
ρ=1.1 kg/m3, FH=2, SB=0. Each aeroplane configuration setting is depicted
on the measured Mach-range.

butions at low frequency bands. With retracted landing gear a prominent tone at 100Hz
was found and is assumed to be generated by the first flap settings. Also the landing
gear contributes a lot of energy to the low frequency bands. While the landing gear show
almost no additional effect compared to the clean configuration in Fig. 5.17a towards
landing speed of Ma=0.24, the effect at the receiver in Fig. 5.17b is 3 dB(A).
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Figure 5.17: Relationship of (a) L̂em and (b) LpA to the Mach number for different
aeroplane configurations (SB: speedbrakes, LG: landing gear) at approach
for the RJ1H LF507. The dashed black line shows an example parameter
setting during approach on the glide path. Predicted with 3D model at
θ=90◦, ϕ=0◦, N1=30 %, ρ=1.1 kg/m3. FH was not available from FDR
data. Each aeroplane configuration is depicted on the measured Ma range.
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5.5 Mean flight parameters

The dashed line in Fig. 5.17 shows how the sound emission could be predicted by the
model for a typical approach. Ma is constantly reduced along the glide path and thus the
source and receiver levels tend to decrease. With changes in the aeroplane configuration
(deployed speedbrakes or landing gear) the levels increase. Additional diagrams for all
types with FDR data can be found as additional material in Appendix A.7.

5.5 Mean flight parameters

The structure of the aircraft noise emission model demands knowledge of the flight
parameters for each aircraft type. The most appropriate input data for the model would
be FDR data, data from a flight simulator or from flight mechanical calculations. In
case that no such data is available, this section provides mean flight parameters from the
measurements (Sec. 3.1) for each aircraft type. In addition, the use of reduced take-off
thrust is analyzed depending on actual take-off mass (ATOM) and runway length.
As shown in Fig. 5.1, N1 and Ma are used differently depending on the subtype of

the B737 CFM56-7B. Therefore, the mean values and twice the standard deviation (SD)
for N1 and Ma shortly after lift-off are depicted in Fig. 5.18 for each measured aircraft

30 40 50 60 70 80 90 100 110 120

A319_CFM56-5A
A320_CFM56-5A
A319_CFM56-5B
A320_CFM56-5B
A321_CFM56-5B

A319_V2500
A320_V2500
A321_V2500

A333_TRENT7
A343_CFM56-5C

A388_GP7270
A388_TRENT9

B733_CFM56-3
B734_CFM56-3
B735_CFM56-3

B736_CFM56-7B
B737_CFM56-7B
B738_CFM56-7B
B762_CF6-80C2
B763_CF6-80C2
B764_CF6-80C2

B763_PW4060
CRJ9_CF34-8C5

E170_CF34-8E
E190_CF34-10E

F100_TAY650-15
FA7X_PW307
RJ1H_LF507

N1, %

Final Approach Take-off

(a) Mean rotational speed N1

0.15 0.20 0.25 0.30 0.35

51 68 85 102 119

A319_CFM56-5A
A320_CFM56-5A
A319_CFM56-5B
A320_CFM56-5B
A321_CFM56-5B

A319_V2500
A320_V2500
A321_V2500

A333_TRENT7
A343_CFM56-5C

A388_GP7270
A388_TRENT9
B733_CFM56-3
B734_CFM56-3
B735_CFM56-3

B736_CFM56-7B
B737_CFM56-7B
B738_CFM56-7B
B762_CF6-80C2
B763_CF6-80C2
B764_CF6-80C2

B763_PW4060
CRJ9_CF34-8C5

E170_CF34-8E
E190_CF34-10E

F100_TAY650-15
FA7X_PW307
RJ1H_LF507

Ma

Final Approach Take-off

Airspeed, m/s

(b) Mean Ma-number

Figure 5.18: Mean parameter and 2σ for all measured subtypes at take-off and final
approach. Airspeed is calculated for c=340 m/s.
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Figure 5.19: N1-setting at take-off as a function on ATOM and runway for the A320-
family (CFM56-5B).

and engine combination. These parameters are only representative for the procedures
of Zurich airport during the period of the measurements. Nevertheless, the parameter
settings of each subtype provide good estimates for typical values. Aircraft types like
the A388 are an exception, as the A388 TRENT9 only operates to the far destination
Singapore and the A388 GP7270 to the nearby destination Dubai. A comparison of
both types would thus not be fair.
In Table A.3 in the Appendix the mean parameters and SDs for take-offs and in

Table A.4 for final approach are documented for each type and engine combination. The
tables also provide the number of events the parameters are based on.
The thrust setting and thus N1 depends on many factors. For the final approach

the thrust is used to compensate the drag force to keep the landing speed constant. In
addition, the engines must ensure the possibility of a go around maneuver. For take-off,
the thrust setting mainly depends on runway length and ATOM as airlines are highly
motivated to reduce the thrust to extend maintenance intervals and save costs. Current
practice at Swiss International Air Lines is a computer-aided calculation on the electronic
flight bag (EFB), which provides a take-off performance software to calculate the needed
thrust1. The main parameters used for this calculation are the ATOM, runway length,
weather conditions, and obstacle clearance.

Fig. 5.19 shows a very good example for the variability of thrust setting for the
mid-range A320-family. On runway 28, an almost linear dependency between ATOM
and N1 is found. As all aircraft types in this plot are equipped with the same engine, no
differences - except from the ATOM - are found. The residual variation can be dedicated
to different weather conditions and to different safety margins.
In contrast, on runway 16 the ATOMs of all three subtypes are larger, but the N1-

relation is shifted towards smaller N1-values. This runway is 1.2 km longer than runway
28, hence heavier aircraft can depart and less thrust is needed for a safe take-off. The

1Information from Manfred Bill, Senior Aircraft Performance Engineer at Swiss International Air Lines.
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Figure 5.20: N1-setting at take-off as a function on ATOM and runway for the A340-300
(CFM56-5C).

behavior of the three aircraft types scatters more for runway 28. An explanation for this
might be the use of different break-release points, as observed for narrow-body aircraft
on runway 16 during the measurements.
As a second example, the N1-setting of the long-range aircraft A343 is depicted for

both runways in Fig. 5.20. With two medium-range destinations very light A343s are
able to take-off from runway 28 or 16. The N1-reduction for the two events on D16 fits
very well to a linear behavior on the ATOM. However, the shorter length of runway 28
leads to an approximately 4% higher N1-setting. Therefore, the mean value of 94.5%
(Fig. 5.18) represents runway 16 but not the setting for runway 28 with light take-offs.

To conclude, the mean N1 setting for take-off is to be considered carefully as it depends
on many parameters. If the ATOM is available it should be taken into account for an
improved estimation of the take-off setting. Further aircraft types are shown in Fig. A.1
to A.2 of Sec. A.2. For aircraft types without FDR data the ATOM are mostly not
available, therefore only the information from Fig. 5.18 can be presented.

5.6 Level-time histories and spectrograms

For aircraft noise, the most common metrics LAE and LAS,max are derived from level-
time histories. It is therefore desirable that the model is able to accurately reproduce
the measured level-time histories. In combination with a propagation model and the
simulation method described in Sec. 2.4, level-time histories were therefore calculated
and compared to measurements. Its basis, the A-weighted level LAS is dominated by
the mid-frequencies of the model or of the measurements.
Fig. 5.21 shows a departure passing by microphone 5 and 7 in the far range of the

airport (see Fig. 3.4). In addition to the sound pressure level, the main model parameters
are depicted. In Fig. 5.21a the aircraft remains at constant speed and performs a
cutback of about 10% N1 reduction. The level-time history agrees very well with the
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measurement. While microphone 5 is relatively close to the airport, microphone 7 in
Fig. 5.21b is further away with a larger propagation distance to the aircraft. The aircraft
has increased its speed to Ma≈0.4 and is in clean configuration. Nevertheless, the
measured and calculated level-time histories are still similar, although the simulation
predicts a slightly larger maximum sound pressure level at an earlier time.
In Appendix A.8 the level-time histories of both microphones in Fig. 5.21 are also

depicted for each frequency band. At low frequencies the ground effect from the sound
propagation is very pronounced. In this example, the predicted ground effect fits very well
with the measurements at microphone 5 (Fig. A.37a). At microphone 7, the predicted
ground effect patterns deviate from the measured ones (Fig. A.37b). For mid frequencies,
which are most important for an A-weighted level, the level-time histories agree very well.
High frequency bands are also in very good agreement. At microphone 5 the level at
5 kHz is still measurable (Fig. A.42a), but at microphone 7 the measured and simulated
levels are mostly below 20 dB (Fig. A.42b). Those low levels are one reason why the
model performance showed bad results for this band.

Two simulations for an approach are shown in Fig. 5.22 and compared to measurements
at microphone 3. In both examples the engines are in idle. The airspeed (Ma) is
reduced after the landing gear is deployed. In Fig. 5.22a the 3D model agrees well
with measurement. In contrast, the 3Dred model underestimates the level after the
deployment of the landing gear by about 2 dB. However, this level difference assimilates
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(b) Microphone 7: Final climb

Figure 5.21: Simulation for a departing A320 at two different locations in the far range.
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5.6 Level-time histories and spectrograms

with the reducing Mach-number, because the 3Dred model includes the mean effect of the
landing gear of all measurements. For low Ma-numbers the landing gear is statistically
always deployed and the models predict the same level. In Fig. 5.22b the same effect is
found, in this case the difference on the LAS due to the landing gear is 1.7 dB. For both
aircraft types the effects of the flaps and speedbrakes are small.

Instead of level-time histories for each band it is also possible to compare the events
with a spectrogram in 1/3-octave bands. In Fig. 5.23 the spectrogram for the above
presented approach of the A330 TRENT7 is depicted. A good agreement between
simulation Fig. 5.23a and measurement Fig. 5.23b is found with a slight overestimation
in the area of the figure marked with (A). The propagation effects (B, C) correlate with
the measurement. The effect of the landing gear deployment at (D) is remarkable over
the whole frequency range and shows the importance to include aeroplane configuration
parameters in the airframe model.

Fig. 5.24 shows the simulated and measured spectrograms of the A320 from the
previous Fig. 5.22b. The predicted and measured sound pressure levels over time agree
well, although low frequencies are again overestimated at the rear (A). The air absorption
of high frequency bands (B) and the ground effect (C) are well visible and correlate with
the measurements. The deployment of the landing gear at (D) shows a slight increase
in level in simulation and measurement. A specific cavity tone of the A320, which can
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Figure 5.22: Level-time histories for approaches at receiver 3 in the far range. The
landing gear is deployed in both examples.
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be found at 800Hz decreasing to 400Hz due to the Doppler shift is well reproduced,
although it smears over two frequency bands for the first 15 s (E) due to the modeling
approach in 1/3-octave bands.
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Figure 5.23: Spectrogram in 1/3-octave bands of an A330 TRENT7 on approach. The
landing gear is deployed at the dashed line (D).

0 20 40 60
Receiver time, s

102

103

Fr
eq

ue
nc

y,
 H

z

30

40

50

60

70

80
B B

C
C

A

D

E

(a) Prediction

0 20 40 60
Receiver time, s

102

103

Fr
eq

ue
nc

y,
 H

z

30

40

50

60

70

80
B B

C
C

A

D

E

(b) Measurement

Figure 5.24: Spectrogram in 1/3-octave bands of an A320 CFM56-5B on approach. The
landing gear are deployed at the dashed line (D).
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6 Verification

The verification is divided into three main parts. In the first part, only aircraft noise
emission models based on FDR data are evaluated statistically in comparison to measure-
ments. This also allows to identify the differences of the three model variants 3D, 3Dred
and 2Dred (cf. Sec. 4.4). In the second part, aircraft noise emission models without
FDR data are evaluated based on the 3Dred model. Finally, the energy correction
(Sec. 4.4.3) is verified through a comparison with measurements. The simulation tool,
the methodology of the verification and box-and-whisker plots are described in Sec. 2.4.
For each 1/3-octave band individual time intervals with sound exposure above back-

ground noise levels were selected within the data processing (Sec. 3.5). In addition,
non-aircraft noise contamination was detected. To exclude events with non-aircraft
noise contamination also for the verifications, level differences (∆LAE,t10, ∆LAS,max)
between calculation and measurements above 5 dB and t10-times above 10 s were checked
(Sec. 2.4.3). For aircraft noise emission models with FDR data, in total 53 events were
discarded due to significant contributions from other noise sources. For aircraft noise
emission models without FDR data, 49 events were discarded. Afterward, 10 524 events
of models with FDR data and 5 278 events of models without FDR data were available
for the comparison between measurement and calculation.

6.1 Types with FDR data

6.1.1 Comparison of the model variants

Fig. 6.1a depicts a scatter plot of the simulation results between 3Dred and 3D, which
shows that the influence of the aeroplane configuration on calculated ∆LAE,t10 is small
for departures. The SD of the differences ∆LAE,t10 for departures is 0.1 dB (Table 6.1).
For approaches, the SD reaches 0.5 dB, which can be explained with the aeroplane
configuration that is important for approach at levels below 88 dB (Fig. 6.1a). For
higher sound exposure levels up to 99 dB the variation is smaller than for departure
and therefore hidden by data points of departure. These high levels correspond to
measurements close to the runway at final approach, where the aeroplane configuration
makes no difference anymore as the aircraft are in full configuration.

89



Chapter 6 Verification

70

80

90

100

110

70 80 100 110

L A
E

,t1
0

 (
3D

re
d)

, 
dB

90
LAE,t10 (3D), dB

Approach

Departure

1:1 line

(a) 3Dred versus 3D

70

80

90

100

110

70 80 100 110

L A
E

,t1
0

 (
2D

re
d)

, 
dB

90
LAE,t10 (3D), dB

Approach

Departure

1:1 line

RJ1H at E-H

(b) 2Dred versus 3D

Figure 6.1: Scatter plot based on LAE,t10 for all aircraft types with FDR data (10 524
events) comparing the model variants with each other.

In Fig. 6.1b the 2Dred model is compared to the 3D model. For departures, the
simplification of a 2D directivity clearly increases the variation between the models over
the whole level range (SD: 0.9 dB). The highest deviations are found for the RJ1H at
the measurement point E to H (red dots), which mainly covered lateral angles above 50 ◦

for departures in the close range. The 2Dred model overestimates the sound exposure
levels to the side with up to 4 dB. A similar trend was found in Fig. 5.11. The finding is
further checked in the next section, where the models are compared to measurements.

For approach, the variation also increases (SD: 0.8 dB), in particular for high sound
exposure levels over 88 dB. This is again the region of the final approach where the
engines contribute significantly so that the directivity of the aircraft has a similar effect as
for departures. The mean ∆LAE,t10 for all data is zero for 3Dred versus 3D. Comparing

Table 6.1: Level differences ∆LAE,t10 and ∆LAS,max in dB of all types with FDR data
for the comparisons between 3Dred−3D and 2Dred−3D. Mean values (with
p-value) and standard deviations based on 10 524 events.

Comparison Attribute Mean SD Max. Min. p-value

3Dred−3D ∆LAE,t10 0.0 0.3 3.5 −3.6 < 0.01
∆LAS,max 0.0 0.4 3.6 −4.1 0.25

2Dred−3D ∆LAE,t10 0.1 0.9 4.2 −3.3 < 0.01
∆LAS,max 0.0 0.9 4.2 −3.8 < 0.01
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6.1 Types with FDR data

2Dred versus 3D, the mean ∆LAE,t10 is 0.1 dB. The results of a comparison based on
LAS,max are similar and not shown here, but can be found in Fig. A.44 of the Appendix.

6.1.2 Comparison of the models versus measurements

The scatter plot in Fig. 6.2a compares the simulated sound exposure levels of the 3D model
with the measured sound exposure levels. In general the sound exposure levels correlate
well with the measurements, scattering symmetrically along the 1:1 line. Between
approach and departure no obvious differences in the variance or in the correlation with
measurements are detected. The accuracy of the model is constant for small as well as
high sound exposure levels. The result for the 3Dred model is very similar (cf. Fig. A.46
in the Appendix).

In Fig. 6.2b the model variant 2Dred is compared to the measurements. The variance
increases in accordance to the comparison of 2Dred and 3D (Fig. 6.1b). However, there
still is a good agreement with the measurements over the whole level range. Again, the
RJ1H at measurement points E to H show the a clear overestimation for 2Dred but
not for 3D. The 3D model clearly improves the predictive quality in comparison to the
measurements.

In Table 6.2 the level differences are summarized with mean values and SD for three
model variants. On average, all models adequately reproduce the measurements, although
the mean differences are significantly different from 0. This is a consequence of the high

65

75

85

95

105

65 105

L A
E

,t1
0

 (
3D

),
 d

B

75 85 95 
LAE,t10 Measurement, dB

Departure

Approach

1:1 line

(a) 3D versus Measurements

65

75

85

95

105

65 105

L A
E

,t1
0

 (
2D

re
d)

, d
B

75 85 95 
LAE,t10 Measurement, dB

Departure

Approach

RJ1H at E-H
1:1 line

(b) 2Dred versus Measurements

Figure 6.2: Comparison based on the LAE,t10 results of the 3D and 2Dred variants with
measurements for all aircraft types with FDR data (10 524 events).
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Table 6.2: Level differences ∆LAE,t10 and ∆LAS,max in dB (calculation minus measu-
rement) of all types with FDR data for the model variants 3D, 3Dred, and
2Dred. Mean values (with p-value) and standard deviations based on 10 524
events.

Model Attribute Proc Mean SD Max. Min. p-value

3D ∆LAE,t10 all 0.1 0.9 5.6 −8.5 < 0.01
departure 0.1 0.9 5.6 −4.2 < 0.01
approach 0.2 1.0 5.6 −8.5 < 0.01

∆LAS,max all −0.2 1.3 6.1 −12.1 < 0.01
departure −0.3 1.2 6.1 −7.7 < 0.01
approach −0.1 1.5 5.4 −12.1 < 0.01

3Dred ∆LAE,t10 all 0.1 1.0 6.3 −8.0 < 0.01
departure 0.1 0.9 5.6 −4.2 < 0.01
approach 0.1 1.1 6.3 −8.0 < 0.01

∆LAS,max all −0.2 1.3 6.1 −11.2 < 0.01
departure −0.3 1.2 5.9 −7.7 < 0.01
approach −0.1 1.5 6.1 −11.2 < 0.01

2Dred ∆LAE,t10 all 0.2 1.3 6.8 −7.9 < 0.01
departure 0.3 1.2 6.5 −4.0 < 0.01
approach 0.0 1.3 6.8 −7.9 0.03

∆LAS,max all −0.2 1.6 6.7 −11.1 < 0.01
departure −0.1 1.5 6.7 −7.7 < 0.01
approach −0.3 1.6 6.6 −11.1 < 0.01

number (10 524) of compared events. For the SD similar results are found for 3D and
3Dred, but for 2Dred the SD is approximately 0.3 dB larger.

Table 6.2 also shows that ∆LAS,max is slightly underestimated with -0.2 dB for all
model variants. The reason are variations of the sound pressure level due to turbulence
in the atmosphere which is not accounted for in the simulation. In addition, momentary
tones as found for approaches of the RJ1H and A333 sometimes lead to large differences
of the LAS,max. Fig. A.45a of the Appendix shows 3Dred against the measured LAS,max.

For two aircraft types, the narrow-body A320 and the wide-body A343, a closer look
is taken in Fig. 6.3. For each model variant a box plot shows the differences ∆LAE,t10

(calculation minus measurements) for approach and departure, separately for close range
(CR) and far range (FR). The results of the A320 are representative for the other
narrow-body aircraft, and the A333 shows similar results as the A343.

The A320 in Fig. 6.3a shows good agreement with the measurements in the close range
for all models. In the far range, the sound exposure levels are slightly overestimated
on average but still show a good agreement and similar variance in comparison to the
measurements. In general, 3D and 3Dred are very similar whereas 2Dred shows higher
variations in the close range.

For the A343 in Fig. 6.3b, the median values in the close range are clearly overestimated
for approach but also for departure with each model. The far range, in contrast, shows
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∆

(a) A320 CFM56-5B

∆

(b) A343 CFM56-5C

Figure 6.3: Box-and-whisker plot of ∆LAE,t10 for the model variants 3D, 3Dred, and
2Dred, for approach (A) and departure (D) from measurements in the close
range (CR) and far range (FR) of the airport.

only slight overestimation. A possible error in the close range could be the assumption
of a point source. The assumption is possibly inappropriate for the A343 in the close
range, as the closest distances to the microphones are at 100 m to 200 m only. Again,
3D and 3Dred yield to similar results while 2Dred shows larger variance.

∆

(a) A320 CFM56-5B

∆

(b) A343 CFM56-5C

Figure 6.4: Box-and-whisker plot of ∆LAS,max for the model variants 3D, 3Dred, and
2Dred, for approach (A) and departure (D) from measurements in the close
range(CR) and far range (FR) of the airport.
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(a) A320 CFM56-5B
∆
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Figure 6.5: Box-and-whisker plots of ∆LAE,t10 at each measurement point (sorted by
mean ϕ) for approach A14.

In Fig. 6.4 the comparison is repeated for the ∆LAS,max. The maximum sound pressure
level of the A320 (Fig. 6.4a) is underestimated in the close range for all model variants.
In the far range the median values are close to zero. For the A343 (Fig. 6.4b) all models
overestimate the LAS,max in the close range. Departures in the far range are slightly
underestimated, and vice versa for approaches. The mean differences ∆LAE,t10 and
∆LAS,max for approach and departure of all models are listed in Table A.22 (3D, 3Dred)
and Table A.23 (2Dred) in the Appendix.

The three different models can be compared in more detail by looking at the verification
results of single microphone positions. Fig. 6.5 shows the final approach in the close range
(A14) of the A320 and A343. For 3D and 3Dred of the A320 the medians scatter randomly
around zero, while for 2Dred the measurement point K, L, and O differ considerably from
zero (1 to 1.5 dB). For K and L (ϕ ≈ 25-45◦) the levels are underestimated with a 2D
directivity. For the measurement point O (ϕ ≈ 75-80◦) at the sideline, the sound exposure
levels are overestimated. For the A343 all measurement points are over estimated. 2Dred
differs considerably from 3D/3Dred. Especially at O the difference of the median with
3 dB is very high.

Differences at the single measurement points for departures are shown in Fig. 6.6 for the
A320 on D28 at for the A343 on D16. 3D and 3Dred again show mostly good results with
variations around zero. Only at H a clear underestimation of LAE,t10 can be found. With
a taxi way in front of H a possible reason for this might be the underestimation of the
ground effect. For 2Dred, LAE,t10 under the aircraft (ϕ < 15◦) are clearly overestimated
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(a) A320 CFM56-5B
∆

(b) A343 CFM56-5C

Figure 6.6: Box-and-whisker plots of ∆LAE,t10 at each measurement point (sorted by
mean ϕ) for departures D28 (a) and D16 (b).

(A, B). For lateral angles ϕ > 25◦, the LAE,t10 are underestimated by up to -1 dB. The
A343 does not show big differences between the model variants. Large deviations occur
for V and W which were close to the runway.

∆

Figure 6.7: High deviations with 2Dred for departure D28 of the RJ1H LF507 at measu-
rement points E-H (sorted by mean ϕ), which corresponds to ϕ ≥ 65◦.
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∆

(a) A320 CFM56-5B

∆

(b) A343 CFM56-5C

Figure 6.8: Box-and-whisker plots of ∆LAE,t10 at each measurement point (sorted by
distance to runway) for approach A34.

In the scatter plot (Fig. 6.1b) the 2Dred model showed substantially higher sound
exposure levels in comparison to 3D of the RJ1H. Fig. 6.7 therefore shows the departures
in the close range also for the RJ1H. For A-D no significant differences can be found
between the models. But 2Dred overestimates the measurements at E-H (ϕ > 65◦) by
1.3 to 3.9 dB on average (see also Fig. 5.11).

Measurement points in the far range are compared in Fig. 6.8 for approaches. In
Fig. 6.8a no distinct differences can be found between the three models. For the A343
Fig. 6.8b in particular measurement point 3 shows much higher variations for 3Dred and
2Dred. The landing gear is usually deployed in this area and thus the reduced models
show a higher standard deviation. However, the median differences from zero are not
different from 3D, and all models overestimate this measurement point for both aircraft
types. At measurement point 2 and 4 the median of 3D is closer to zero than for 3Dred
and 2Dred, which is due to the fact that the aeroplane configuration is considered.

6.2 Types without FDR data

In Fig. 6.1a overall 5 278 events of the 13 aircraft noise emission models without FDR
data were simulated and compared to measurements. The sound exposure levels agree
similarly well with the measurements for the whole level range as for the types with
FDR data. The SD for approach is slightly larger than for departures, which is in line
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Figure 6.9: Comparison based on the LAE,t10 of the 3Dred variant with measurements
(5 278 events) for all aircraft types without FDR data.

with the findings in Sec. 6.1. Without any parameter of the aeroplane configuration in
3Dred, the prediction accuracy of approaches decreases.

In Fig. A.45b of the Appendix all flights are evaluated against the measured LAS,max.
The 3Dred model tends to underestimate the measurements, in particular for departures
below 85 dB(A). Such trend supports the assumption that the atmospheric turbulence
rises the maximum sound pressure level with increasing distance between source and
receiver. For example, the distances between source and receiver at approach are
relatively small and the mean deviation of −0.1 dB is also much smaller than −0.7 dB
for departures with larger distances (Table 6.3).
The statistical analysis of all level differences in Table 6.3 yields that the mean of

∆LAE,t10 is not significantly different from zero. In contrast, the maximum sound
pressure level of all events is significantly underestimated by −0.5 dB. Also the SD of

Table 6.3: Level differences ∆LAE,t10 and ∆LAS,max in dB (calculation minus measure-
ment) of all types without FDR data for 3Dred. Mean values (with p-values)
and standard deviations based on 5 278 events.

Model Attribute Proc Mean SD Max. Min. p-value

3Dred ∆LAE,t10 all 0.0 1.2 9.3 −8.5 0.86
departure −0.1 1.1 9.3 −8.5 < 0.01
approach 0.2 1.5 5.6 −7.0 < 0.01

∆LAS,max all −0.5 1.6 6.7 −11.4 < 0.01
departure −0.7 1.4 6.7 −11.4 < 0.01
approach −0.1 1.9 6.0 −8.7 0.21
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∆

(a) B737 CFM56-7B

∆

(b) B763 PW4060

Figure 6.10: Box-and-whisker plot of ∆LAE,t10 with 3Dred, for approach (A) and depar-
ture (D) at measurements in the close range (CR) and far range (FR) of
the airport.

∆LAS,max is larger as for ∆LAE,t10. Compared to the 3Dred model of the FDR types
(Table 6.2), the variation of ∆LAE,t10 and ∆LAS,max is approximately 0.3 dB larger.
Three factors explain the larger SD: the uncertainty of N1, the smaller number of flights
the models are based on and the grouping of similar aircraft types.
A narrow-body and a wide-body aircraft are example compared to each other in

Fig. 6.10. The narrow-body B737 in Fig. 6.10a shows values for the medians close to
zero. The variations are small. The wide-body B763 in Fig. 6.10b underestimates the
measurements in particular in the far range, where the variation is substantially larger
for the B737. In contrast, the differences and variations of ∆LAE,t10 in the close range
are small.

6.3 Energy correction

Fig. 6.11a presents the difference ∆LAE,t10 for the A320 for all flights. It compares
the energy corrected model with the corresponding model without correction. The
simulated sound exposure levels for the A320 with the uncorrected model underestimate
the measured sound exposure levels for approach and departure by −0.7 dB. In contrast,
the model which is corrected for the energy mean deviates less than 0.1 dB for approach
and departure (no significant difference from zero).
For the A343 in Fig. 6.11b the uncorrected model underestimates by −0.1 dB for

approach and −0.4 dB for departure. The corrected model overestimates the mean values
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6.3 Energy correction

∆

(a) A320 CFM56-5B

∆

∆

(b) A343 CFM56-5C

Figure 6.11: Box-and-whisker plot of ∆LAE,t10 with 3D, for approach (A) and departure
(D) for the uncorrected model (arithmetic mean, orange) and the corrected
model (energy mean, green).

by 0.5 dB for approach and 0.2 dB for departure. In this case the correction leads to a
significant overestimation. In Sec. 6.1.2 it was shown that the events in the far range
distribute well around zero, but the close range is overestimated by the corrected model.
Therefore, the assumption of the point source could be a reason for the systematic
overestimation.

In addition to the two aircraft types shown, the simulations of the 10 524 events for all
aircraft noise emission models with FDR data were repeated by using the uncorrected
models (3D and 3Dred). The results revealed a mean difference between calculations and
measurements of −0.5 dB for ∆LAE,t10 and −0.8 dB for ∆LAS,max. Hence, simulations
with the uncorrected models lead to a systematic underestimation of ∆LAE,t10 and
∆LAS,max. This result supports that the energy correction from Sec. 4.4.3 is necessary.
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7 Application

7.1 Implementation into a GIS-environment

Within the project sonAIR the aircraft noise emission model was already implemented
into a professional aircraft noise simulation program. The core of the program consists
of three main modules (Fig. 7.1): aircraft noise emission model, propagation model, and
simulation tool. They are all embedded into ESRI ArcGIS, which provides a powerful
user interface to view and handle input data, view and process results, and generate
noise maps. The implementation of sonAIR was realized by n-sphere AG1.

The aircraft noise emission models are implemented as look-up tables to improve the
calculation time. They provide a flexible interface for the implementation of all model
variants and also other spectral aircraft noise emission models: The parameters of the
look-up tables and their resolution can be defined via data tables. During the simulation
the corresponding sound emission levels are read and interpolated for the specified
parameters θ, Ma, and N1 using a multivariate interpolation. For other parameters

1http://www.n-sphere.ch/
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Figure 7.1: Flow chart of the sonAIR implementation in a GIS-environment.
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Chapter 7 Application

(ϕ, ρ and aeroplane configuration) the sound emission level of the nearest value is read.
Afterward, the Doppler module shifts the frequency and adds the flight effect to the
sound emission spectra (Sec. 2.2.4).

The sound propagation calculation follows a hybrid concept: For sources close to the
ground, ground effect, barrier effects, and reflections occur and are demanding to a sound
propagation calculation. If the source is at high altitudes, the direct sound is dominant
and reflections are of minor importance. Barrier effects can be neglected and the ground
effect can be simplified. The threshold between simple and sophisticated calculation is
defined over the angle-of-sight of a receiver relative to the horizon, including buildings.
With an angle-of-sight above 15◦ only a simplified direct calculation (geometrical diver-
gence and atmospheric absorption) is sufficient. Below the angle-of-sight criterion sonX
calculations are needed.

While simplified direct calculations (angle-of-sight > 15◦) can be calculated fast,
each source and receiver combination is calculated during the simulation. In contrast,
time-consuming sonX calculations (angle-of-sight < 15◦) are pre-calculated and stored
in an attenuation database (Fig. 7.1). Such an attenuation database has to be generated
for every new airport.

To minimize the calculation time and reduce storage capacity, several optimization
strategies have been applied. Instead of calculating each source and receiver combination,
which can easily sum up to 1013 attenuations, a 3D cell grid is calculated for each receiver.
The horizontal and vertical resolution of the cell grid increases with distance to the
receiver to reduce the number of grid points. In addition, only cells which contain at
least one source point, are calculated. If the airport is calculated again (e.g. a year later),
the attenuation database only needs updates for new cells.

During the simulation only eight grid points from the current cell grid need to be looked
up from the database for each source point close to the ground. These attenuations
are then interpolated to account for the true source position inside the cell. With a
time-step method the sound emission levels and attenuations are added up to calculate
level-time histories for each receiver and flight path (Sec. 2.4). This yields to noise maps
of LAE or LAS,max on a receiver grid. These results can be further processed in the
GIS-environment, e.g. to generate contours of whole scenarios, calculate the areas inside
certain contours, and evaluate the affected population.

Fig. 7.2 depicts an LAS,max noise map of a departure with the A333 TRENT7.
Buildings and reflections are not accounted for. From the sound emission the cutback
(N1-reduction) is clearly visible in the contours. After the cutback, the contours are
smooth, as the direct sound dominates these receiver points. Before the cutback and in
particular on the runway, where the source is low above ground, propagation effects as
foliage attenuation and shielding due to terrain are prominent. For instance, a forest
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Figure 7.2: LAS,max noise map of the A333 TRENT7 at departure form runway 16,
calculated with the aircraft noise emission model implemented as look-up
table in the aircraft noise simulation program sonAIR.

close to the runway leads to a strong contraction of the contours to the west of the
runway. The shielding effect at a mountain ridge can be found in the noise map as a
strong level drop.

An example of an approach of an A333 TRENT7 is depicted in Fig. 7.3. The LAS,max
noise map shows the same propagation effects as before, but due to the low source
on the 3.2◦ glide path, the contours are not as smooth to the side of the flight path.
The contours also change with the aeroplane configuration, in particular the landing
gear deployment and the increase of N1 to 55% widens the contours. In addition, the
decreasing aircraft Mach number continuously changes the sound source emission, as
seen in Sec. 5.4.
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Figure 7.3: LAS,max noise map of the A333 TRENT7 at approach on runway 34, calcu-
lated with the aircraft noise emission model implemented as look-up table in
the aircraft noise simulation program sonAIR.
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7.2 Interface to a full flight simulator

With the scope to optimize and assess flight procedures, it is of interest how accurate
a new procedure can be followed by pilots and their aircraft. Such questions can be
investigated by a feasibility study in the full flight simulator under different weather and
aircraft conditions. Those studies are especially relevant for the air traffic management
and operators to examine safety issues or to check the implementation.

A data format was specified in collaboration with Swiss Aviation Training to directly
feed the presented aircraft noise emission models with flight data from simulators. In
this way, the aircraft noise of new procedures can be assessed in parallel to a feasibility
study and prior to an implementation.

An example for the usage of flight simulator data is presented in Fig. 7.4 for an
arbitrary airport. Two departures were flown by a licensed pilot in the Swiss A320 full
flight simulator. The nominal route is defined as an early left turn after achieving 460m
(1500 ft). At this altitude also the cutback should be performed. Flight A departed with
an ATOM of 63 t and flight B departed with an ATOM of 77 t, which corresponds to
the maximum take-off mass.
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Figure 7.4: Comparison of the simulator data of the A320 CFM56-5B for flight A (63 t)
and B (77 t). Cutback and left turn at 460m (1500 ft).
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Figure 7.5: Comparison of the LAE of two different departures of the A320 CFM56-5B.

Flight A (blue lines) compared to flight B (red lines) with left turn at 460m
(1500 ft). Differences as flight B − A.

Flight B shows a similar height profile to flight A until cutback, approximately at
460m (Fig. 7.4). The high thrust setting of B at N1 ≈ 91 % compensates the high mass.
At cutback, N1 drops to 84 %. For flight A, the initial thrust setting is already reduced
to 85% and the cutback is negligible. Consequently, flight A performs a better climb
rate after cutback than B. In addition, the flap retraction is retarded for flight B.
Fig. 7.5 shows the horizontal tracks of both flights and the resulting sound exposure

levels. As discussed before, the initial climb segment differs only in the larger N1, which
yields to a 2 to 3 dB larger sound exposure for flight B than for flight A. Inward of the
left turn the exposure is reduced because of the slightly later turn of flight B. At the
end of the track, the sound exposure of B is around 4 dB higher compared to A due to
the lower altitude, as the flight configurations are similar.
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7.3 Example application to approach procedures

In the following example, the advanced regression model for the A320 CFM56-5B is
applied within a simulation program that accounts for the sound propagation using sonX
(Sec. 3.5), the flight effect, and the Doppler shift. A noise map was calculated on a
receiver grid with 150m spacing in an area of 60 km × 32 km. To highlight the observable
effects of the noise emission model, an artificial airport was modeled with a flat grassland
terrain and a homogenous atmosphere (T = 14 ◦C, p = 1000 hPa, RH = 60 %).
In the example in Fig. 7.6 two approach procedures are compared: a Low Drag Low

Power (LDLP) approach versus a Continuous Descent Approach (CDA). The noise map
shows noise contours as well as the differences ∆LAS,max between the CDA and the
LDLP approach, where positive differences mean that the CDA has larger maximum
levels than the LDLP approach. This is the case between 56 to 40 km and on the glide
path between 21 and 10 km. To highlight the differences due to the sound emission
rather than to different horizontal tracks, both approach procedures were simulated
along the same flight path. The differences ∆LAS,max under the flight path and the flight
parameters such as altitude, aircraft Mach number, N1, and aeroplane configuration are
depicted in Fig. 7.7. Additionally, in Fig. 7.6 and Fig. 7.7, the same distance markers
are depicted to connect the resulting ∆LAS,max noise map with the flight parameters.
The markers refer to the flight path distance, where 0m is at the end of the runway.
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Figure 7.6: Example comparison of a CDA and LDLP approach procedure for the A320
(CFM56-5B). The noise map depicts the differences ∆LA,max between CDA
and LDLP approach. (Color online)
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The calculation shows that the flight parameters strongly affect the results and that
they need to be considered to compare different noise abatement procedures. For instance,
far away from the runway (>56 km), the CDA is quieter than the LDLP because the
engines are running in idle. Between 56 to 40 km CDA is louder due to the lower
altitude and the higher sound emission by the airframe (Ma) and engines (N1). In the
subsequent segment (40 to 26 km), the CDA is again quieter than LDLP because of the
higher altitude but also the high-lift devices are deployed later. Between 26 to 21 km
the differences tend around zero, because the airframe noise (larger Ma) of the CDA is
compensated by the engine noise (larger N1) of the LDLP approach. While the altitude
after 21 km is the same for both approaches on the glide path, the higher aircraft Mach
number of the CDA leads again to positive differences.

In the final segment no differences can be found as all flight parameters are the same.
It was not the scope of this calculation to systematically evaluate CDA and LDLP, as the
results only reflect the specific flight parameters used for this example, but to illustrate
the application of the noise emission model.
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8 Discussion

The purpose of the present thesis was the development of a general aircraft noise emission
model for turbofan-powered aircraft to predict the sound emission level depending on
the flight configuration. Further, the separation of airframe and engine noise sources was
aimed at. These goals were achieved, as the presented regression model (3D) describes
engine and airframe noise separately in function of seven flight parameters and two
radiation angles.

The main parameter for engine noise is N1, which substitutes the essential parameters
of jet and fan noise generation, i.e. jet speed [95], total temperature rise over the fan
stage, and mass flow [42]. In addition, N1 provides spectral changes as the broadband
and tone noise (BPF) of the fan. A quadratic approach between the sound emission
level and N1 was revealed from an engine run-up test. An advantage over alternative
parameters such as thrust is, that it can be measured reliably by sensors or determined
from acoustical data as in [86; 87; 92]. Therefore, N1 is a suitable parameter to predict
engine noise. It provides an analog parameter to the net thrust in the NPD data from
Doc. 29/Doc. 9911 [31; 48].

Furthermore, the lateral directivity changes with N1 compared to a fixed correction for
the lateral directivity in Doc. 29/Doc. 9911. It was shown, that 3D directivity patterns
in function of N1 are of improved prediction capability compared to 2D models such
as FLULA2 [61]. In addition, the influence of the Mach number on the jet noise is
considered in the engine noise model, which is not the case for many other aircraft
noise programs. Indeed, the mass flow of the engine and thus the fan noise rise with
increasing Mach number. Additionally, the airflow that surrounds the jet decreases the
sound emission level during take-off. In comparison to the semi-empirical models from
Stone et al. [95] for jet noise and Heidmann [42] for fan noise, considerably less flight
parameters are needed to precisely reproduce the sound emission level for engine noise.
An advantage of the model – compared to best practice programs such as Doc. 29,

Doc. 9911, or FLULA2 – is the separate consideration of airframe and engine noise. This
is a fundamental requirement for the development of approach procedures, as airframe
noise is the dominant source during approach [51; 91]. Airframe noise was modeled with
the base-10 logarithm of Ma and ρ/ρ0, related to the aeroacoustic theory. Moreover, the
effects of the landing gear, flap handle position and speedbrakes were identified and
included into the model.
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Related to the measurements in real air traffic, the statistical model is based on
unbalanced data. In particular, the coefficients determined for the flap handle positions
are only valid for specific Mach number and angle of attack ranges. Extrapolations
to unknown flight parameters, e.g. for unconventional approach procedures, must be
interpreted with care. However, the influence of the flap handle position was observed to
be small compared to the landing gear, which can lead to a considerable increase of the
sound emission level during approach.

The verifications based on the LAE,t10 indicated the capability of the 3D model
to simulate highly accurate sound exposure levels. While 3Dred showed similarly
good results, 2Dred showed considerably higher variations of ∆LAE,t10. It is therefore
recommended to use the advantage of a 3D directivity. For all model variants the
mean LAE,t10 of the simulation was slightly overestimated. In contrast, LAS,max was
underestimated for all model variants with higher variations of ∆LAS,max than for
∆LAE,t10. This trend might be explained by atmospheric turbulence and temporary
tones at the source, which lead to higher variations of the momentary sound pressure
level, thus randomly rising the LAS,max.

The results of the verification also supported the energy correction of the models.
Without applying the energy correction to the models, the LAE,t10 would be systematically
underestimated. The correction for the energy mean was based on the root-mean-square
error from the close range only. The large variations between model and measurement
in the far range were neglected, as they do not represent the underlying level variations
of the source. Hence, correcting with the total root-mean-square error would have lead
to an overestimation of the model predictions.

Where available, it is recommended to use the advanced model for studies on single
flight procedures. For instance, by using data from flight mechanical calculations or
full flight simulators, which usually provide the required parameters of the model.
Nevertheless, the reduced model is similarly applicable, although the effect of changing
aeroplane configuration cannot be accounted for. However, at least for airport scenarios
and yearly calculations, the reduced model is likely to improve the accuracy of today’s
noise maps compared to best practice programs due to the following reasons. First, the
aircraft Mach number is accounted for, which correlates with the effects of the aeroplane
configuration of the airframe and thus is a proxy for the latter. Second, the model is
based on measurements up to 20 km from the airport and is thus reliable to a large range
of flight parameters.

The applicability of the aircraft noise emission model on a specific airport is currently
limited by the available aircraft types, as the effort is large to establish additional
aircraft types. The prerequisites to establish the model for new aircraft types are (i)
measurements at different locations close to and far from an airport, (ii) back propagation
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to the source, and (iii) spectral analysis to determine N1 or processing FDR data. It is
thus costly to establish an additional aircraft type, but feasible as already demonstrated
for 19 aircraft types. Other aircraft noise emission models, which are based on semi-
empirical models, also need to be tuned by measurements. For instance, Bertsch [12; 9]
had to revisit and update the original constants of the fan model from [42] to account
for modern turbofans. In the same way, the coefficients of the semi-empirical airframe
models (e.g. [30; 76; 80]) are fitted with wind tunnel experiments and other data.

Furthermore, the separation of airframe and engine noise is limited to the assumption
that airframe noise dominates in each 1/3-octave band when the engines are running in
idle. In general, the assumption is supported by literature [51; 91]. The validity of this
assumption and the resulting separation still needs to be proved, for instance with array
measurements such as in [39; 67].
Current research strongly focuses on the optimization of new aircraft concepts, in-

vestigating blended wing body aircraft [40] and hybrid wing body aircraft [99] using
ANOPP [60] and ANOPP2 [64], or economic and environmental efficiency of new aircraft
concepts [13] using PANAM [11]. Predicting new aircraft concepts justifies the high level
of detail of the applied semi-empirical models and the number of input parameters. In
contrast, the presented aircraft noise emission model is limited to existing aircraft types
as it is based on empirical data. However, for these aircraft types the empirical approach
accounts for all noise source and parasitic noise such as cavity tones, which is not the
case for the aforementioned models.
For the application to auralization of aircraft noise, the model provides sufficient

information for broadband noise as it is based on 1/3-octave bands. However, tonal
components are included in their respective bands, which is not sufficient for the purpose
of auralization. Such components can be extracted from measured narrow band spectra
as in [78; 79]. Preferably, further research should focus on generating tonal components
artificially based on spectral modeling synthesis, as described by [73] for passenger cars.

In practice, new procedures such as the CDA can be compared to existing procedures
and optimized acoustically by means of the presented aircraft noise emission model.
Example results showed that the effects of flight parameters on the sound emission at
approach are much more important than mere changes in altitude. This is a major
advantage to best practice programs (Doc. 9911, FLULA2) which cannot account for
those effects [84].
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Conclusions and Outlook

An aircraft noise emission model was established for a wide range of relevant aircraft
and engine types, which showed the general applicability of the modeling approach.
The model describes the sound emission in great detail as spectral three-dimensional
directivity patterns in function of flight parameters, separately for airframe and engine
noise. The developed aircraft noise emission model fills the gap between existing best
practice and high-end models.
Two regression models with different levels of detail and different applicability were

derived. The advanced model is suitable to optimize and assess noise abatement proce-
dures in great detail. However, its application is limited by the availability of flight data
records to establish the model. In case such data are missing, a reduced model can be
established, which will still improve the accuracy of today’s noise maps as it includes
important flight parameters and is based on extensive measurements covering a wide
range of flight configurations.
Overall, a physical behavior of the statistical model was achieved by appropriately

choosing and linearizing the model parameters. First, the effects of the model parameters
are reasonable, also in regions of extrapolation, as demonstrated in the results section.
Second, the verification showed a good agreement of the simulations over the whole
range of measured flight events. On this account, moderate extrapolations of the model
parameters are approved. However, the models are only verified in their known and
documented parameter ranges as long as no further validations are performed.

To further increase the credibility of the model, a validation with independent measu-
rements is required. Compared to the data used for the verification, different airports,
measurement geometries, unusual flight configurations, and different weather conditions
are of interest. Besides, the methodology to separate airframe and engine noise should
be validated, for instance with sophisticated data from array measurements.

An open question to improve and apply the aircraft noise emission model is a correction
for the LAS,max to improve its prediction, as the LAS,max was found to be systematically
underestimated due to atmospheric turbulence and temporary tones. Another possible
improvement of the model could be an extension to correctly reproduce tones, e.g. with
the purpose to auralize aircraft noise. Furthermore, it would be desirable to use a
similar modeling approach to develop aircraft noise emission models for helicopters,
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propeller-driven airplanes or military jets. If and how the approach can be adapted to
that purpose needs to be tested (e.g. without separation of airframe and engine noise).

In the future, studies of noise abatement procedures for approach and departure can
be accurately calculated and compared to existing procedures with the presented aircraft
noise emission model. Such potential should be exploited in the design and decision
process by the responsible authorities and stakeholders. In addition, the influence of
new procedures is of interest for complex scenarios at different airports. Therefore, it
is desired to extend the list of aircraft noise emission models with existing and future
aircraft types.
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A Appendix

A.1 Initial model

The initial airframe model only reduces for the parameter Proc as the data with
N1 < 40 % consists solely of approaches.

L̂ie,afm(f) = L̂i0,afm(lMa, lρ, FH,LG, SB)︸ ︷︷ ︸
source terms

+ ∆L̂iθ,afm(θ)︸ ︷︷ ︸
radiation angle terms

(A.1)

L̂i0,afm = La0 + aa1 · lMa+ ba1 · lρ (A.2)

+LG · (ca1 + ca3 · lMa)

+
4∑
j=1

FHj · (da1j + da2j · LG)

+SB · (ea1 + ea2 · LG+ ea3 · lMa)

∆L̂iθ,afm = ka · cos θ + la · cos 2θ +ma · sin θ + na · sin 2θ (A.3)

The quadratic behavior of Le over N1 is neglected for the initial engine model to prevent
for a negative slope below 40%, where no more data are given. In Fig. 4.3 a linear
approach for N1 > 40 % is actually a good approximation for most of the cases, even
though the linear extrapolation to idle is not correct in all cases as seen in Sec. 4.2.3.

L̂ie,eng(f) = L̂i0,eng(Ma,N1)︸ ︷︷ ︸
source terms

+ ∆L̂iθ,eng(θ,N1) + ∆L̂iϕ,eng(ϕ,N1)︸ ︷︷ ︸
radiation angle terms

(A.4)

L̂i0,eng = Le0 + ae1 ·Ma+ be1 ·N1 (A.5)

The same change applies for the longitudinal directivity which has only an interaction
with N1.

∆L̂iθ,eng = (ke,j · cos θ + le,j · cos 2θ +me,j · sin θ + ne,j · sin 2θ) · (1 +N1) (A.6)

∆L̂iϕ,eng = (oe,j · sinϕ+ pe,j · sin 2ϕ) · (1 +N1) (A.7)
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A.2 Flight parameters

Table A.1: Engine types and their parameters from the TCDS. From BeSB GmbH Berlin
with permission.

Engine type ZFan ωmax [rpm] N1max[%] BPFmax [Hz]

BR700-710A 24 7 542 101.5 3 017
CF34-10E 24 6 325 106.2 2 530
CF34-3 28 7 300 98.6 3 407
CF34-8C5 28 7 360 99.5 3 435
CF34-8E 28 7 360 99.5 3 435
CF6-50 38 3 810 111.0 2 413
CF6-80A 38 4 016 117.0 2 543
CF6-80C2 38 3 854 117.5 2 441
CF6-80E 38 3 835 115.5 2 429
CFM56-3 38 5 490 106.0 3 477
CFM56-5A 36 5 100 102.0 3 060
CFM56-5B 36 5 200 104.0 3 120
CFM56-5C 36 4 985 104.2 2 991
CFM56-7B 24 5 382 104.0 2 153
GE90-11 22 2 602 110.5 954
GP7270 24 2 738 111.0 1 095
JT8D-217C 34 8 350 101.6 4 732
JT8D-219 34 8 350 101.6 4 732
LF502 40 7 602 100.0 5 068
LF507 40 7 602 100.0 5 068
PW307 21 11 110 101.0 3 889
PW4060 38 4 012 111.4 2 541
PW4168 34 3 600 101.0 2 040
TAY650-15 22 8 250 98.3 3 025
TAY620-15 22 8 343 99.4 3 059
TFE731-20 30 21 000 100.0 10 553
TRENT5 26 3 900 100.0 1 690
TRENT7 26 3 900 100.0 1 690
TRENT9 24 2 900 100.0 1 160
V2500 22 5 650 100.0 2 072
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A.2 Flight parameters

Table A.2: Data structure of FDR data from the event management system of Swiss
International Air Lines.

Name Description (Unit) Code

Record Flight Record fdr id
Fleet-Information Fleet type
Event Count Event Count - Array of Reference Events ref
Counter Counter (integer) counter
Quality-Flag Reliability Flag (1 = okay) reliability
Eng-type (SAC/DAC) DAC / SAC Flag (0 = SAC, 1 = DAC, 2 = intermix) dac
Time at shortest distance GMT (real) (hrs) utc
Time Relative Offset (Seconds (from monitoring site)) reltime
Air Temperature Air Temperature (outside) (Deg Celsius) oat
Air Density Air Density (ambient) (kg/m3) rho
Air Pressure Air Pressure (ambient) (hPa (mbar)) p
Radio Altitude Radio Altitude (fine) (ft) h radio
Headwind Headwind (knots) hdwind
Crosswind Crosswind (knots) crwind
Vertical Wind Vertical Wind (ft / min) vwind
Corrected MSL Altitude Corrected MSL Altitude (corrected trajectory) (feet) h msl
Baro-Corrected Altitude Baro Altitude (baro-corrected) (feet) h baro
Geometric Altitude Geometric Altitude (above MSL) (feet) h geom
HATO/HAT Height AFE (feet) h afe
Ground Speed Ground Speed (knots) gs
CalibratedAirspeed Airspeed (calibrated) (knots) cas
True Airspeed True Airspeed (TAS) (knots) tas
Vertical Speed Vertical Speed (library best available) (ft per min) vs
Pitch Attitude Pitch Attitude (Captain’s or only) (degrees) theta
Angle of Attack Average Angle of Attack (deg) alpha
Roll Attitude Roll Attitude (Captain’s or only) (degrees) phi
Heading Heading (true) (degrees) psi
Track Angle Track Angle (true) (degrees) track
Drift Angle Drift Angle (deg) drift
Sideslip Angle Sideslip Angle (deg) beta
Corrected Latitude Latitude (best available) (degrees) lat
Corrected Longitude Longitude (best available) (degrees) lon
3D-Distance GPS 3D-Distance to Reference (MIN / best available) (m) min
N1 Average N1 Average (over all engines) (% of max available) n1
N2 Average N2 Average (over all engines) (%) n2
Thrust (total) Average Thrust (over all engines) (N) f
Thrust (relative) Relative Thrust (over all engines) (%) f rel
Thrust Reversers Thrust Reversers Deployed (0 = deployed) reverser
Configuration Flap / Slat Handle Position (configuration) flaps
Speedbrake Position Speed Brakes Deployed (1 = deployed) speedbrake
Gross Weight Gross Weight (tons) mass
Landing Gear Landing Gear Down and Locked (0 = all gear down) gears
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Table A.3: Initial climb: mean parameters, standard deviations σ and number of events
from measurements at Zurich airport.

Model name N1 [%] σN1 [%] Ma [-] σMa [-] ρ [kg/m3] σρ [kg/m3] Number

A319 CFM56-5A 89.1 0.0 0.23 0.005 1.18 0.01 1
A320 CFM56-5A 91.3 1.3 0.24 0.010 1.16 0.02 11
A319 CFM56-5B 87.2 1.6 0.23 0.008 1.15 0.02 19
A320 CFM56-5B 90.8 1.9 0.24 0.009 1.14 0.02 175
A321 CFM56-5B 94.2 1.8 0.26 0.012 1.14 0.02 66
A319 V2500 83.9 1.9 0.24 0.016 1.15 0.02 31
A320 V2500 86.5 2.2 0.25 0.007 1.15 0.02 8
A321 V2500 89.0 2.1 0.25 0.009 1.16 0.01 4
A333 TRENT7 86.7 2.1 0.26 0.009 1.14 0.02 99
A343 CFM56-5C 94.5 2.8 0.25 0.014 1.15 0.02 48
A388 GP7270 90.4 2.9 0.25 0.011 1.15 0.02 5
A388 TRENT9 82.2 1.1 0.26 0.005 1.15 0.02 11
B733 CFM56-3 90.6 1.4 0.25 0.010 1.15 0.02 10
B734 CFM56-3 93.4 0.2 0.28 0.005 1.16 0.01 1
B735 CFM56-3 90.5 1.5 0.24 0.007 1.14 0.03 6
B736 CFM56-7B 88.8 1.4 0.23 0.010 1.16 0.01 5
B737 CFM56-7B 89.3 1.2 0.23 0.006 1.15 0.02 10
B738 CFM56-7B 93.1 1.6 0.25 0.009 1.15 0.02 12
B762 CF6-80C2 101.0 0.8 0.28 0.007 1.15 0.02 8
B763 CF6-80C2 104.1 5.6 0.28 0.009 1.15 0.02 6
B764 CF6-80C2 110.4 0.0 0.29 0.000 1.16 0.00 1
B763 PW4060 95.7 1.7 0.29 0.006 1.14 0.02 2
CRJ9 CF34-8C5 87.8 1.8 0.26 0.013 1.17 0.01 3
E170 CF34-8E 86.3 0.9 0.23 0.006 1.15 0.02 14
E190 CF34-10E 91.0 1.3 0.23 0.008 1.14 0.02 41
F100 TAY650-15 84.2 1.7 0.24 0.011 1.15 0.02 31
FA7X PW307 83.8 10.9 0.22 0.013 1.12 0.03 5
RJ1H LF507 89.8 2.3 0.22 0.010 1.14 0.02 106
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A.2 Flight parameters

Table A.4: Final approach: mean parameters, standard deviations σ and number of
events from measurements at Zurich airport.

Model name N1 [%] σN1 [%] Ma [-] σMa [-] ρ [kg/m3] σρ [kg/m3] Number

A319 CFM56-5A 57.4 3.2 0.20 0.007 1.13 0.02 4
A320 CFM56-5A 54.2 1.9 0.21 0.010 1.14 0.01 6
A319 CFM56-5B 48.6 3.9 0.20 0.009 1.14 0.02 17
A320 CFM56-5B 51.3 4.3 0.21 0.008 1.15 0.02 171
A321 CFM56-5B 54.7 4.6 0.22 0.008 1.15 0.02 83
A319 V2500 55.2 5.2 0.21 0.005 1.13 0.01 4
A320 V2500 47.8 5.0 0.21 0.005 1.16 0.01 2
A321 V2500 53.0 2.3 0.21 0.010 1.15 0.02 3
A333 TRENT7 45.2 3.6 0.22 0.006 1.16 0.01 60
A343 CFM56-5C 53.3 7.6 0.22 0.005 1.14 0.01 33
A388 GP7270 0
A388 TRENT9 55.0 0.0 0.22 0.005 1.16 0.01 6
B733 CFM56-3 55.3 3.6 0.21 0.009 1.15 0.02 16
B734 CFM56-3 45.9 1.2 0.20 0.008 1.15 0.00 0
B735 CFM56-3 51.2 4.4 0.21 0.008 1.14 0.01 9
B736 CFM56-7B 51.6 3.0 0.21 0.008 1.15 0.01 5
B737 CFM56-7B 53.9 2.5 0.21 0.006 1.14 0.01 13
B738 CFM56-7B 55.3 3.6 0.23 0.010 1.14 0.01 5
B762 CF6-80C2 0
B763 CF6-80C2 58.5 1.3 0.24 0.001 1.16 0.00 1
B764 CF6-80C2 0
B763 PW4060 56.2 3.2 0.23 0.008 1.16 0.01 10
CRJ9 CF34-8C5 58.1 2.6 0.21 0.007 1.15 0.01 8
E170 CF34-8E 50.1 5.5 0.20 0.009 1.15 0.01 23
E190 CF34-10E 56.5 2.7 0.20 0.007 1.14 0.02 19
F100 TAY650-15 56.2 6.3 0.21 0.010 1.15 0.01 11
FA7X PW307 51.3 3.1 0.19 0.008 1.14 0.02 5
RJ1H LF507 57.4 6.3 0.20 0.009 1.14 0.02 114
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Figure A.1: N1 versus ATOM for each aircraft type of the A320-family.
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Figure A.2: N1 versus ATOM for three different aircraft types with FDR data.
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Appendix

A.3 Model coefficients for the A333 TRENT7

3D Model

Table A.5: Airframe model 3D, Part 1: Model coefficients of the A333 TRENT7 for each
mid-frequency fm. The number of observations N and the term σ̂2

E,afm,CR

for the energy correction are provided. V1.0-0436.

Intercept lMa lρ Proc lMa:Proc
fm N σ̂2

E,afm,CR La0 aa1 ba1 aa2 aa3

25.1 1181775 15.8 1.61E+02 5.57E+01 1.23E+02 −4.31E+00 −8.36E+00
31.6 1180272 14.7 1.58E+02 6.12E+01 1.13E+02 −6.54E+00 −1.07E+01
39.8 1208525 14.2 1.57E+02 6.00E+01 9.06E+01 −7.24E+00 −9.02E+00
50.1 1200809 12.8 1.54E+02 5.24E+01 7.99E+01 −6.58E+00 −6.44E+00
63.1 1198263 12.4 1.54E+02 5.26E+01 6.46E+01 −8.34E+00 −9.03E+00
79.4 1188102 11.9 1.57E+02 5.68E+01 7.20E+01 −7.98E+00 −8.51E+00

100.0 1215056 11.0 1.53E+02 4.89E+01 8.27E+01 −6.37E+00 −7.92E+00
125.9 1201690 9.6 1.57E+02 5.08E+01 8.82E+01 −5.20E+00 −5.26E+00
158.5 1206488 8.5 1.51E+02 4.23E+01 7.71E+01 −2.51E−02 5.82E+00
199.5 1218075 7.7 1.46E+02 3.65E+01 6.45E+01 4.06E+00 1.37E+01
251.2 1235149 6.8 1.46E+02 3.74E+01 6.42E+01 3.70E+00 1.17E+01
316.2 1237104 5.8 1.44E+02 3.64E+01 6.10E+01 2.76E+00 9.73E+00
398.1 1235540 5.3 1.42E+02 3.09E+01 7.35E+01 2.64E+00 9.80E+00
501.2 1226912 4.7 1.49E+02 4.34E+01 7.13E+01 2.73E−01 4.09E+00
631.0 1211575 4.2 1.51E+02 4.41E+01 7.72E+01 −1.08E−01 4.14E+00
794.3 1191238 4.1 1.47E+02 3.65E+01 9.23E+01 3.43E+00 9.13E+00

1000.0 1170815 4.0 1.50E+02 4.52E+01 1.01E+02 5.55E+00 1.18E+01
1258.9 1132839 4.0 1.50E+02 3.87E+01 7.87E+01 2.40E+00 7.29E+00
1584.9 1057370 4.1 1.53E+02 3.40E+01 1.01E+02 2.26E+00 1.07E+01
1995.3 935851 4.0 1.48E+02 3.21E+01 9.34E+01 5.82E+00 1.31E+01
2511.9 776887 4.3 1.47E+02 3.16E+01 4.17E+01 4.44E+00 1.01E+01
3162.3 591439 4.8 1.42E+02 2.61E+01 1.64E+01 8.07E+00 9.83E+00
3981.1 390483 5.5 1.63E+02 4.23E+01 −1.53E+01 −9.31E+00 −8.62E+00
5011.9 201387 5.9 1.46E+02 3.29E+01 −7.74E+01 −1.49E+01 −7.00E−01
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A.3 Model coefficients for the A333 TRENT7

Table A.6: Airframe model 3D, Part 2: Model coefficients of the A333 TRENT7 for each
mid-frequency fm. V1.0-0436.

· · · LG 1 SB 1 lMa:Proc Proc:FH 1 Proc:FH 2 Proc:FH 3 Proc:FH 4
fm ca1 ca2 ca3 da11 da12 da13 da14

25.1 2.07E+01 −3.55E+00 1.70E+01 5.70E+00 1.78E+00 7.27E+00 9.58E+00
31.6 1.07E+01 −1.74E+00 5.35E+00 4.83E+00 6.23E−01 4.77E+00 8.12E+00
39.8 4.71E+00 −5.63E−01 2.68E+00 1.76E+00 −1.13E+00 1.49E+00 3.90E+00
50.1 9.09E+00 −2.98E−01 1.34E+01 −1.26E+00 −2.74E+00 −9.35E−01 −7.20E−03
63.1 1.16E+01 −2.30E−01 2.07E+01 −3.98E+00 −3.89E+00 −2.41E+00 −1.64E−01
79.4 1.05E+01 −1.30E+00 1.58E+01 −3.10E+00 −1.57E+00 −2.10E−01 2.76E+00

100.0 1.93E+01 −1.47E+00 2.67E+01 −5.79E−01 1.85E+00 2.96E+00 5.33E+00
125.9 2.18E+01 −1.87E+00 2.85E+01 −1.25E+00 1.12E+00 1.57E+00 3.13E+00
158.5 2.59E+01 −1.28E+00 4.00E+01 −1.55E+00 3.38E−01 5.72E−01 −4.85E−01
199.5 2.97E+01 −4.05E−01 4.42E+01 1.34E−02 1.49E+00 1.56E+00 −1.07E+00
251.2 2.84E+01 −5.80E−01 4.07E+01 1.97E+00 3.11E+00 3.29E+00 1.01E+00
316.2 2.39E+01 −8.47E−01 3.05E+01 2.85E+00 3.98E+00 4.14E+00 1.79E+00
398.1 2.09E+01 −1.23E+00 2.74E+01 2.16E+00 3.12E+00 2.98E+00 2.23E+00
501.2 1.77E+01 −1.46E+00 2.08E+01 2.49E+00 3.68E+00 3.40E+00 4.54E+00
631.0 2.27E+01 −1.62E+00 2.98E+01 1.11E+00 2.27E+00 2.14E+00 1.22E+00
794.3 3.00E+01 −1.72E+00 4.06E+01 2.48E+00 3.50E+00 3.27E+00 6.52E−01

1000.0 2.29E+01 −2.59E+00 2.56E+01 3.84E+00 4.97E+00 5.13E+00 5.57E+00
1258.9 2.41E+01 −1.81E+00 3.28E+01 1.16E+00 1.87E+00 2.36E+00 4.05E−01
1584.9 1.92E+01 −1.63E+00 3.31E+01 −2.18E+00 −1.72E+00 −1.49E+00 −4.80E+00
1995.3 1.67E+01 −1.90E+00 2.39E+01 2.21E+00 2.00E+00 1.97E+00 −1.68E−01
2511.9 8.23E+00 −1.93E+00 1.12E+01 3.35E+00 1.20E+00 1.57E+00 −6.70E−02
3162.3 1.48E+00 −1.67E+00 −9.56E−01 8.33E+00 2.73E+00 2.77E+00 8.67E−01
3981.1 −2.30E+01 −1.46E+00 −3.88E+01 4.17E+00 −4.78E+00 −8.07E−01 −2.85E+00
5011.9 −1.87E+01 2.84E−01 −2.73E+01 4.13E+00 −9.87E+00 −7.29E−01 −6.24E+00

Table A.7: Airframe model 3D, Part 3: Model coefficients of the A333 TRENT7 for each
mid-frequency fm. V1.0-0436.

· · · FH 1:LG 1 FH 2:LG 1 FH 3:LG 1 FH 4:LG 1 Proc:FH 1 Proc:FH 2 Proc:FH 3/4
fm da21 da22 da23 da24 da31 da32 da33, da34

25.1 −5.47E+00 −1.57E+00 −1.03E+01 −1.25E+01 −1.26E+00 2.00E+00 0.00E+00
31.6 −2.86E+00 3.49E−01 −6.10E+00 −1.01E+01 −3.51E−01 2.32E+00 0.00E+00
39.8 1.07E+00 2.99E+00 −7.80E−01 −3.91E+00 6.29E−01 3.68E+00 0.00E+00
50.1 1.87E+00 3.32E+00 1.30E+00 −7.04E−01 1.62E+00 4.21E+00 0.00E+00
63.1 3.38E+00 4.38E+00 3.35E+00 2.97E−01 2.76E+00 4.37E+00 0.00E+00
79.4 1.60E+00 1.99E+00 1.06E+00 −2.52E+00 2.72E+00 4.44E+00 0.00E+00

100.0 −1.93E+00 −1.32E+00 −1.22E+00 −4.56E+00 1.51E+00 2.98E+00 0.00E+00
125.9 −1.95E+00 −1.01E+00 −2.22E−01 −3.94E+00 1.97E+00 3.01E+00 0.00E+00
158.5 1.13E+00 1.09E+00 1.36E+00 8.86E−01 2.10E+00 3.90E+00 0.00E+00
199.5 −1.38E+00 −1.74E+00 −1.06E+00 1.01E+00 1.63E+00 4.43E+00 0.00E+00
251.2 −3.48E+00 −3.06E+00 −2.05E+00 −2.01E−01 1.05E+00 3.62E+00 0.00E+00
316.2 −4.86E+00 −4.64E+00 −3.97E+00 −2.53E+00 9.45E−01 3.29E+00 0.00E+00
398.1 −3.15E+00 −3.40E+00 −2.88E+00 −3.77E+00 1.24E+00 3.44E+00 0.00E+00
501.2 −2.25E+00 −2.80E+00 −1.95E+00 −4.28E+00 8.37E−01 2.87E+00 0.00E+00
631.0 −2.33E+00 −2.20E+00 −1.17E+00 −1.44E+00 1.58E+00 3.59E+00 0.00E+00
794.3 −3.47E+00 −3.40E+00 −2.16E+00 −9.09E−01 8.63E−01 2.92E+00 0.00E+00

1000.0 −3.78E+00 −3.99E+00 −3.66E+00 −5.48E+00 −3.16E−01 3.01E+00 0.00E+00
1258.9 −1.87E+00 −1.77E+00 −1.51E+00 −5.50E−01 1.16E+00 3.95E+00 0.00E+00
1584.9 1.48E+00 2.10E+00 2.52E+00 4.41E+00 2.78E+00 5.40E+00 0.00E+00
1995.3 −2.46E+00 −9.58E−01 −5.02E−01 −7.78E−02 0.00E+00 3.20E+00 0.00E+00
2511.9 −1.16E+00 −2.95E−01 −9.68E−02 0.00E+00 −1.04E+00 3.38E+00 0.00E+00
3162.3 3.47E−01 −6.23E−01 −5.78E−01 0.00E+00 −6.29E+00 −2.21E−02 0.00E+00
3981.1 0.00E+00 3.18E+00 −1.45E+00 0.00E+00 −1.88E+00 7.91E+00 0.00E+00
5011.9 0.00E+00 6.06E+00 0.00E+00 4.87E+00 0.00E+00 1.89E+01 0.00E+00
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Table A.8: Airframe model 3D, Part 4: Model coefficients of the A333 TRENT7 for each
mid-frequency fm. V1.0-0436.

· · · SB 1 LG 1:SB 1 lMa:SB 1 cos(θ) cos(2θ) sin(θ) sin(2θ)
fm ea1 ea2 ea3 ka la ma na

25.1 1.32E+01 −1.84E+00 1.64E+01 −3.10E+00 −4.24E+00 −1.17E+01 2.40E+00
31.6 1.64E+01 −1.14E+00 2.42E+01 −1.42E+00 9.50E−01 1.10E+00 5.69E−01
39.8 1.48E+01 −4.62E−01 2.35E+01 5.11E−01 2.32E+00 5.97E+00 −1.01E+00
50.1 8.37E+00 −8.79E−01 1.22E+01 8.37E−01 2.91E+00 8.21E+00 −1.36E+00
63.1 2.41E+00 −1.43E+00 2.73E−01 6.91E−01 3.02E+00 9.52E+00 −1.55E+00
79.4 2.38E+00 −1.19E+00 1.28E−01 −1.72E−01 2.18E+00 7.70E+00 −1.22E+00

100.0 −8.07E−01 −1.06E+00 −4.91E+00 −5.09E−01 1.34E+00 5.71E+00 −1.31E+00
125.9 −6.43E+00 −1.45E+00 −1.50E+01 −8.65E−01 2.40E−01 3.20E+00 −1.24E+00
158.5 −5.41E+00 −1.57E+00 −1.35E+01 −8.93E−01 1.00E+00 5.94E+00 −1.20E+00
199.5 −3.45E+00 −1.53E+00 −1.03E+01 −1.03E+00 9.48E−01 5.71E+00 −8.66E−01
251.2 −4.04E+00 −1.44E+00 −1.11E+01 −1.28E+00 8.21E−01 5.40E+00 −6.49E−01
316.2 −5.24E+00 −8.79E−01 −1.25E+01 −1.17E+00 1.14E+00 7.08E+00 −7.14E−01
398.1 −2.79E+00 −8.25E−01 −8.19E+00 −9.12E−01 1.04E+00 7.35E+00 −1.06E+00
501.2 −2.44E+00 −1.23E+00 −8.00E+00 −1.01E+00 3.02E−01 5.10E+00 −1.08E+00
631.0 −4.73E+00 −1.49E+00 −1.25E+01 −4.15E−01 2.93E−01 4.12E+00 −1.51E+00
794.3 −5.09E+00 −1.76E+00 −1.34E+01 2.20E−01 1.26E−01 2.92E+00 −1.84E+00

1000.0 −6.30E+00 −1.55E+00 −1.54E+01 5.69E−01 −1.64E−01 1.87E+00 −2.04E+00
1258.9 −8.50E+00 −1.48E+00 −1.94E+01 1.61E+00 −7.18E−01 −5.24E−01 −2.87E+00
1584.9 −8.04E+00 −1.11E+00 −1.77E+01 2.48E+00 −1.23E+00 −1.64E+00 −3.52E+00
1995.3 −1.57E+01 −5.48E−01 −3.06E+01 3.16E+00 −1.53E+00 −2.65E+00 −3.77E+00
2511.9 −2.61E+01 −3.68E−01 −4.85E+01 4.23E+00 −1.65E+00 −4.08E+00 −4.40E+00
3162.3 −2.54E+01 −8.76E−01 −4.66E+01 5.95E+00 −2.16E+00 −6.14E+00 −6.30E+00
3981.1 −2.75E+01 2.64E−01 −4.94E+01 1.04E+01 −5.94E+00 −1.70E+01 −9.82E+00
5011.9 −5.97E+01 0.00E+00 −1.01E+02 1.31E+01 3.70E−01 3.15E+00 −1.01E+01

Table A.9: Engine model 3D, Part 1: Model coefficients of the A333 TRENT7 for each
mid-frequency fm. The number of observations N and the term σ̂2

E,afm,CR

for the energy correction are provided. V1.0-0436.

Intercept Ma N1 N12

fm N σ̂2
E,eng,CR Le0 ae1 be1 be2

25.1 1181775 15.9 1.10E+02 −3.62E+01 6.63E−01 −2.98E−03
31.6 1180272 14.7 9.00E+01 −3.09E+01 1.29E+00 −8.19E−03
39.8 1208525 14.2 8.87E+01 −3.58E+01 1.27E+00 −7.42E−03
50.1 1200809 12.9 1.01E+02 −3.59E+01 6.98E−01 −2.69E−03
63.1 1198263 12.4 1.09E+02 −3.87E+01 5.26E−01 −1.96E−03
79.4 1188102 11.9 1.11E+02 −3.50E+01 6.15E−01 −3.63E−03

100.0 1215056 11.0 1.13E+02 −2.50E+01 9.31E−01 −8.17E−03
125.9 1201690 9.5 1.21E+02 −2.61E+01 5.75E−01 −5.11E−03
158.5 1206488 8.4 1.28E+02 −2.69E+01 −1.23E−01 2.08E−03
199.5 1218075 7.6 1.23E+02 −2.54E+01 1.85E−01 −8.92E−04
251.2 1235149 6.7 1.24E+02 −2.57E+01 1.73E−01 −6.41E−04
316.2 1237104 5.8 1.26E+02 −2.63E+01 1.49E−01 −5.98E−04
398.1 1235540 5.2 1.29E+02 −2.49E+01 −7.87E−02 1.50E−03
501.2 1226912 4.6 1.31E+02 −2.41E+01 −4.13E−03 3.86E−04
631.0 1211575 4.1 1.34E+02 −2.30E+01 −1.27E−01 1.13E−03
794.3 1191238 4.0 1.38E+02 −1.64E+01 −2.76E−01 1.94E−03

1000.0 1170815 3.8 1.42E+02 −7.70E+00 −5.58E−01 4.42E−03
1258.9 1132839 4.0 1.76E+02 −6.57E+00 −1.94E+00 1.50E−02
1584.9 1057370 4.0 1.69E+02 −8.78E+00 −1.56E+00 1.17E−02
1995.3 935851 3.9 1.70E+02 −5.08E+00 −1.74E+00 1.33E−02
2511.9 776887 4.3 1.71E+02 −3.31E+00 −1.77E+00 1.36E−02
3162.3 591439 4.8 1.89E+02 −1.91E−01 −2.54E+00 2.05E−02
3981.1 390483 5.4 1.60E+02 5.67E+00 −1.11E+00 9.26E−03
5011.9 201387 5.9 1.00E+02 2.69E+01 1.12E+00 −8.60E−03
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Table A.10: Engine model 3D, Part 2: Model coefficients of the A333 TRENT7 for each
mid-frequency fm. V1.0-0436.

· · · cos(θ) cos(2θ) sin(θ) sin(2θ) sin(ϕ) sin(2ϕ)
fm ke,1 le,1 me,1 ne,1 oe,1 pe,1

25.1 −3.79E+00 7.33E+00 1.70E+01 1.44E+01 −3.68E+00 −4.66E+00
31.6 2.15E+01 1.20E+01 3.81E+01 −3.51E+00 4.22E−01 −8.37E−01
39.8 2.83E+01 1.43E+01 4.17E+01 −9.92E+00 −3.06E+00 4.59E+00
50.1 2.02E+01 9.40E+00 2.69E+01 −4.63E+00 −7.54E+00 6.02E+00
63.1 1.86E+01 4.95E+00 1.77E+01 −3.24E+00 −1.16E+01 7.96E+00
79.4 1.35E+01 5.02E+00 1.74E+01 −1.61E+00 −5.77E+00 2.64E+00

100.0 7.40E+00 8.26E+00 2.01E+01 1.75E−01 −2.12E+00 −2.40E+00
125.9 5.35E+00 6.36E+00 1.32E+01 8.61E−01 −8.04E+00 1.09E+00
158.5 3.90E+00 6.52E−01 1.23E+00 −2.90E−01 −1.19E+01 4.97E+00
199.5 4.06E+00 3.28E+00 5.92E+00 −2.62E+00 −1.48E+01 8.95E+00
251.2 1.78E+00 5.08E+00 8.18E+00 −2.05E+00 −1.17E+01 5.79E+00
316.2 −2.35E+00 5.07E+00 7.15E+00 1.43E−01 −7.01E+00 3.39E+00
398.1 −4.01E+00 3.10E+00 2.55E+00 3.64E−01 −9.94E+00 6.84E+00
501.2 −7.04E+00 3.29E+00 −4.72E−01 2.44E+00 −7.38E+00 4.10E+00
631.0 −8.27E+00 −1.18E−01 −8.18E+00 2.87E+00 −8.58E+00 4.67E+00
794.3 −8.75E+00 −4.15E+00 −1.73E+01 2.91E+00 −8.88E+00 5.02E+00

1000.0 −1.37E+01 −8.68E+00 −2.60E+01 4.83E+00 −1.04E+01 6.76E+00
1258.9 −1.62E+01 −3.15E+01 −8.30E+01 3.12E+00 −1.25E+01 6.11E+00
1584.9 −1.77E+01 −2.63E+01 −7.21E+01 4.77E+00 −1.12E+01 6.44E+00
1995.3 −1.71E+01 −2.74E+01 −7.75E+01 4.21E+00 −1.19E+01 7.15E+00
2511.9 −2.70E+01 −2.60E+01 −8.20E+01 1.19E+01 −1.26E+01 7.74E+00
3162.3 −2.88E+01 −3.30E+01 −1.10E+02 1.00E+01 −1.06E+01 8.06E+00
3981.1 −2.14E+01 −1.30E+01 −6.84E+01 1.75E+00 −1.14E+01 9.00E+00
5011.9 −1.94E+01 1.40E+01 1.16E+01 −6.29E−01 −5.88E+00 3.14E+00

Table A.11: Engine model 3D, Part 3: Model coefficients of the A333 TRENT7 for each
mid-frequency fm. V1.0-0436.

· · · cos(θ):N1 cos(2θ):N1 sin(θ):N1 sin(2θ):N1 sin(ϕ):N1 sin(2ϕ):N1
fm ke,2 le,2 me,2 ne,2 oe,2 pe,2

25.1 2.95E−01 −3.42E−01 −7.85E−01 −5.25E−01 −7.17E−02 1.14E−01
31.6 −7.14E−01 −5.39E−01 −1.61E+00 2.09E−01 −1.01E−01 6.31E−02
39.8 −1.01E+00 −5.85E−01 −1.63E+00 4.96E−01 −5.20E−02 −1.52E−03
50.1 −6.14E−01 −3.15E−01 −8.86E−01 2.19E−01 1.47E−02 −1.74E−02
63.1 −5.09E−01 −2.06E−01 −6.88E−01 1.19E−01 6.03E−02 −3.38E−02
79.4 −3.86E−01 −2.95E−01 −8.84E−01 1.36E−01 −6.05E−03 3.05E−02

100.0 −1.84E−01 −6.80E−01 −1.60E+00 6.14E−02 −3.02E−02 7.37E−02
125.9 −1.32E−01 −5.30E−01 −1.14E+00 −1.64E−02 5.69E−02 2.88E−02
158.5 −1.37E−01 −1.18E−02 −1.56E−02 5.84E−02 1.15E−01 −2.71E−02
199.5 −2.13E−01 −1.82E−01 −4.26E−01 2.12E−01 1.47E−01 −7.27E−02
251.2 −2.02E−01 −2.36E−01 −4.90E−01 2.76E−01 1.08E−01 −3.18E−02
316.2 2.42E−02 −3.05E−01 −4.94E−01 1.18E−01 5.69E−02 −3.68E−03
398.1 1.15E−01 −1.78E−01 −1.65E−01 7.54E−02 9.46E−02 −4.48E−02
501.2 2.50E−01 −2.99E−01 −3.06E−01 −1.56E−02 6.61E−02 −1.11E−02
631.0 3.46E−01 −1.38E−01 −2.15E−02 −6.92E−02 7.94E−02 −1.46E−02
794.3 4.51E−01 1.63E−02 2.43E−01 −1.19E−01 8.75E−02 −2.18E−02

1000.0 6.65E−01 2.54E−01 6.84E−01 −2.05E−01 1.10E−01 −4.92E−02
1258.9 7.87E−01 1.18E+00 2.99E+00 −1.62E−01 1.35E−01 −3.52E−02
1584.9 9.68E−01 8.74E−01 2.36E+00 −3.37E−01 1.24E−01 −4.24E−02
1995.3 1.03E+00 9.76E−01 2.68E+00 −3.89E−01 1.33E−01 −5.02E−02
2511.9 1.45E+00 9.01E−01 2.84E+00 −7.14E−01 1.38E−01 −5.41E−02
3162.3 1.56E+00 1.15E+00 3.96E+00 −6.89E−01 1.13E−01 −5.63E−02
3981.1 1.37E+00 1.92E−01 1.92E+00 −4.72E−01 1.15E−01 −6.55E−02
5011.9 1.30E+00 −8.26E−01 −1.19E+00 −3.56E−01 4.49E−02 6.11E−03
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Table A.12: Engine model 3D, Part 4: Model coefficients of the A333 TRENT7 for each
mid-frequency fm. V1.0-0436.

· · · cos(θ):N12 cos(2θ):N12 sin(θ):N12 sin(2θ):N12

fm ke,3 le,3 me,3 ne,3

25.1 −4.64E−03 3.62E−03 7.87E−03 4.13E−03
31.6 3.71E−03 5.75E−03 1.55E−02 −2.05E−03
39.8 6.30E−03 6.00E−03 1.54E−02 −4.64E−03
50.1 2.95E−03 3.55E−03 8.92E−03 −2.15E−03
63.1 1.92E−03 2.95E−03 8.31E−03 −1.02E−03
79.4 1.49E−03 4.00E−03 1.10E−02 −1.64E−03

100.0 3.02E−04 8.00E−03 1.92E−02 −1.23E−03
125.9 2.04E−04 6.39E−03 1.48E−02 −5.19E−04
158.5 6.37E−04 1.05E−03 3.26E−03 −1.25E−03
199.5 1.60E−03 2.55E−03 7.23E−03 −2.63E−03
251.2 1.96E−03 2.65E−03 7.17E−03 −3.46E−03
316.2 3.58E−05 3.33E−03 7.19E−03 −1.94E−03
398.1 −6.10E−04 2.06E−03 3.97E−03 −1.55E−03
501.2 −1.62E−03 3.36E−03 5.92E−03 −8.42E−04
631.0 −2.48E−03 2.02E−03 3.91E−03 −3.13E−04
794.3 −3.65E−03 8.27E−04 2.20E−03 2.85E−04

1000.0 −5.47E−03 −1.30E−03 −1.70E−03 1.06E−03
1258.9 −6.40E−03 −8.51E−03 −1.96E−02 8.04E−04
1584.9 −8.21E−03 −5.66E−03 −1.39E−02 2.63E−03
1995.3 −9.32E−03 −6.81E−03 −1.70E−02 3.55E−03
2511.9 −1.28E−02 −6.32E−03 −1.84E−02 6.20E−03
3162.3 −1.36E−02 −8.64E−03 −2.85E−02 6.00E−03
3981.1 −1.21E−02 −1.05E−03 −1.29E−02 4.45E−03
5011.9 −1.15E−02 6.69E−03 1.14E−02 3.36E−03
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A.3 Model coefficients for the A333 TRENT7

3Dred Model

Table A.13: Airframe model 3Dred, Part 1: Model coefficients of the A333 TRENT7
for each mid-frequency fm. The number of observations N and the term
σ̂2
E,afm,CR for the energy correction are provided. V1.0-0436

Intercept lMa lρ Proc lMa:Proc
fm N σ̂2

E,afm,CR La0 aa1 ba1 aa2 aa3

25.1 1181775 15.8 1.83E+02 7.58E+01 1.93E+02 −1.32E+01 −2.46E+01
31.6 1180272 14.7 1.78E+02 7.88E+01 1.89E+02 −1.23E+01 −2.28E+01
39.8 1208525 14.2 1.71E+02 7.34E+01 1.68E+02 −1.35E+01 −2.49E+01
50.1 1200809 12.8 1.67E+02 6.91E+01 1.43E+02 −1.49E+01 −2.76E+01
63.1 1198263 12.4 1.65E+02 6.83E+01 1.24E+02 −1.60E+01 −2.94E+01
79.4 1188102 11.9 1.65E+02 6.63E+01 1.17E+02 −1.56E+01 −2.87E+01

100.0 1215056 11.0 1.65E+02 6.11E+01 1.11E+02 −1.56E+01 −2.85E+01
125.9 1201690 9.6 1.70E+02 6.48E+01 1.28E+02 −1.61E+01 −2.92E+01
158.5 1206488 8.5 1.71E+02 6.93E+01 1.20E+02 −1.73E+01 −3.13E+01
199.5 1218075 7.7 1.69E+02 6.70E+01 1.07E+02 −1.73E+01 −3.16E+01
251.2 1235149 6.8 1.67E+02 6.29E+01 1.02E+02 −1.73E+01 −3.14E+01
316.2 1237104 5.8 1.63E+02 5.81E+01 8.66E+01 −1.71E+01 −3.10E+01
398.1 1235540 5.3 1.62E+02 5.68E+01 8.89E+01 −1.68E+01 −3.04E+01
501.2 1226912 4.7 1.65E+02 5.90E+01 1.06E+02 −1.63E+01 −2.96E+01
631.0 1211575 4.2 1.67E+02 6.28E+01 1.17E+02 −1.57E+01 −2.88E+01
794.3 1191238 4.1 1.69E+02 6.37E+01 1.30E+02 −1.41E+01 −2.59E+01

1000.0 1170815 4.0 1.68E+02 6.11E+01 1.41E+02 −1.20E+01 −2.25E+01
1258.9 1132839 4.0 1.66E+02 5.79E+01 1.14E+02 −1.30E+01 −2.51E+01
1584.9 1057370 4.1 1.67E+02 5.97E+01 1.22E+02 −1.18E+01 −2.23E+01
1995.3 935851 4.0 1.61E+02 5.19E+01 1.04E+02 −1.01E+01 −1.95E+01
2511.9 776887 4.3 1.54E+02 4.26E+01 5.34E+01 −1.01E+01 −1.98E+01
3162.3 591439 4.8 1.50E+02 3.44E+01 3.71E+01 −9.05E+00 −1.81E+01
3981.1 390483 5.5 1.43E+02 1.27E+01 −3.65E+00 −7.93E+00 −1.68E+01
5011.9 201387 5.9 1.26E+02 4.59E+00 −5.36E+01 −1.38E+01 −2.62E+01
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Table A.14: Airframe model 3Dred, Part 2: Model coefficients of the A333 TRENT7 for
each mid-frequency fm. V1.0-0436.

· · · cos(θ) cos(2θ) sin(θ) sin(2θ)
fm ka la ma na

25.1 −3.58E+00 −4.65E+00 −1.33E+01 2.23E+00
31.6 −1.86E+00 2.20E−01 −1.27E+00 5.16E−01
39.8 1.52E−01 1.70E+00 4.07E+00 −9.70E−01
50.1 5.47E−01 2.51E+00 6.91E+00 −1.28E+00
63.1 3.44E−01 2.70E+00 8.36E+00 −1.36E+00
79.4 −5.14E−01 2.12E+00 7.30E+00 −1.10E+00

100.0 −8.65E−01 1.25E+00 5.25E+00 −1.30E+00
125.9 −1.37E+00 1.90E−02 2.22E+00 −1.12E+00
158.5 −1.39E+00 7.77E−01 4.89E+00 −1.09E+00
199.5 −1.35E+00 7.24E−01 4.80E+00 −8.28E−01
251.2 −1.52E+00 6.28E−01 4.69E+00 −6.36E−01
316.2 −1.32E+00 9.70E−01 6.52E+00 −7.45E−01
398.1 −1.04E+00 9.08E−01 6.92E+00 −1.09E+00
501.2 −1.10E+00 1.43E−01 4.60E+00 −1.09E+00
631.0 −4.79E−01 1.05E−01 3.49E+00 −1.53E+00
794.3 1.80E−01 −6.30E−02 2.29E+00 −1.90E+00

1000.0 4.78E−01 −1.55E−01 1.71E+00 −2.04E+00
1258.9 1.61E+00 −4.85E−01 −2.79E−01 −2.89E+00
1584.9 2.55E+00 −7.68E−01 −8.76E−01 −3.54E+00
1995.3 3.21E+00 −9.17E−01 −1.42E+00 −3.75E+00
2511.9 4.21E+00 −9.77E−01 −2.55E+00 −4.33E+00
3162.3 5.83E+00 −1.64E+00 −4.95E+00 −6.17E+00
3981.1 1.03E+01 −5.51E+00 −1.59E+01 −9.59E+00
5011.9 1.31E+01 2.41E−01 2.89E+00 −1.01E+01

Table A.15: Engine model 3Dred, Part 1: Model coefficients of the A333 TRENT7
for each mid-frequency fm. The number of observations N and the term
σ̂2
E,afm,CR for the energy correction are provided. V1.0-0436.

Intercept Ma N1 N12

fm N σ̂2
E,eng,CR Le0 ae1 be1 be2

25.1 1181775 15.9 1.23E+02 −4.24E+01 2.22E−01 6.56E−04
31.6 1180272 14.7 9.83E+01 −3.65E+01 1.02E+00 −5.94E−03
39.8 1208525 14.2 9.36E+01 −3.86E+01 1.10E+00 −6.09E−03
50.1 1200809 12.9 1.05E+02 −3.62E+01 5.46E−01 −1.48E−03
63.1 1198263 12.4 1.13E+02 −3.70E+01 3.74E−01 −8.03E−04
79.4 1188102 11.9 1.15E+02 −3.63E+01 4.63E−01 −2.49E−03

100.0 1215056 11.0 1.19E+02 −2.98E+01 7.40E−01 −6.67E−03
125.9 1201690 9.5 1.31E+02 −3.03E+01 2.07E−01 −2.16E−03
158.5 1206488 8.4 1.39E+02 −3.17E+01 −5.18E−01 5.28E−03
199.5 1218075 7.6 1.32E+02 −3.12E+01 −8.56E−02 1.23E−03
251.2 1235149 6.7 1.33E+02 −3.22E+01 −8.54E−02 1.36E−03
316.2 1237104 5.8 1.35E+02 −3.49E+01 −1.01E−01 1.37E−03
398.1 1235540 5.2 1.38E+02 −3.46E+01 −3.21E−01 3.43E−03
501.2 1226912 4.6 1.39E+02 −3.07E+01 −2.35E−01 2.13E−03
631.0 1211575 4.1 1.43E+02 −2.92E+01 −4.01E−01 3.16E−03
794.3 1191238 4.0 1.48E+02 −2.37E+01 −5.73E−01 4.16E−03

1000.0 1170815 3.8 1.50E+02 −1.17E+01 −8.43E−01 6.49E−03
1258.9 1132839 4.0 1.85E+02 −9.07E+00 −2.24E+00 1.72E−02
1584.9 1057370 4.0 1.75E+02 −1.08E+01 −1.77E+00 1.33E−02
1995.3 935851 3.9 1.75E+02 −7.19E+00 −1.89E+00 1.45E−02
2511.9 776887 4.3 1.73E+02 −3.52E+00 −1.82E+00 1.39E−02
3162.3 591439 4.8 1.90E+02 1.74E+00 −2.57E+00 2.06E−02
3981.1 390483 5.4 1.62E+02 8.67E+00 −1.18E+00 9.63E−03
5011.9 201387 5.9 9.97E+01 2.86E+01 1.13E+00 −8.79E−03
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A.3 Model coefficients for the A333 TRENT7

Table A.16: Engine model 3Dred, Part 2: Model coefficients of the A333 TRENT7 for
each mid-frequency fm. V1.0-0436.

· · · cos(θ) cos(2θ) sin(θ) sin(2θ) sin(ϕ) sin(2ϕ)
fm ke,1 le,1 me,1 ne,1 oe,1 pe,1

25.1 −5.55E+00 3.20E+00 4.36E+00 1.73E+01 −4.78E+00 −5.94E+00
31.6 2.04E+01 9.22E+00 3.01E+01 −1.18E+00 −1.38E−01 −1.60E+00
39.8 2.77E+01 1.25E+01 3.66E+01 −8.54E+00 −3.26E+00 3.97E+00
50.1 1.94E+01 7.99E+00 2.24E+01 −3.82E+00 −8.20E+00 5.43E+00
63.1 1.74E+01 3.87E+00 1.33E+01 −2.48E+00 −1.26E+01 7.56E+00
79.4 1.29E+01 3.98E+00 1.35E+01 −8.44E−01 −6.74E+00 2.27E+00

100.0 6.68E+00 7.44E+00 1.65E+01 1.41E+00 −3.85E+00 −2.65E+00
125.9 3.36E+00 3.66E+00 3.79E+00 2.89E+00 −1.07E+01 7.71E−01
158.5 1.88E+00 −2.70E+00 −9.34E+00 1.65E+00 −1.45E+01 4.57E+00
199.5 2.79E+00 1.18E+00 −9.93E−01 −1.32E+00 −1.68E+01 8.87E+00
251.2 6.49E−01 3.20E+00 1.55E+00 −1.10E+00 −1.35E+01 5.90E+00
316.2 −3.90E+00 3.64E+00 1.31E+00 1.35E+00 −8.66E+00 3.51E+00
398.1 −5.93E+00 1.91E+00 −2.75E+00 1.72E+00 −1.16E+01 6.92E+00
501.2 −9.04E+00 2.01E+00 −6.51E+00 3.85E+00 −8.67E+00 4.04E+00
631.0 −1.06E+01 −1.77E+00 −1.56E+01 4.30E+00 −1.04E+01 4.62E+00
794.3 −1.14E+01 −5.81E+00 −2.49E+01 4.49E+00 −1.11E+01 5.05E+00

1000.0 −1.60E+01 −1.09E+01 −3.46E+01 6.15E+00 −1.23E+01 6.63E+00
1258.9 −1.80E+01 −3.44E+01 −9.30E+01 3.90E+00 −1.44E+01 5.90E+00
1584.9 −1.92E+01 −2.80E+01 −7.86E+01 5.44E+00 −1.27E+01 6.20E+00
1995.3 −1.79E+01 −2.85E+01 −8.20E+01 4.56E+00 −1.34E+01 7.00E+00
2511.9 −2.71E+01 −2.62E+01 −8.35E+01 1.19E+01 −1.34E+01 7.68E+00
3162.3 −2.90E+01 −3.38E+01 −1.12E+02 1.04E+01 −1.07E+01 7.99E+00
3981.1 −2.15E+01 −1.45E+01 −7.23E+01 1.95E+00 −1.13E+01 8.77E+00
5011.9 −2.01E+01 1.41E+01 1.21E+01 −3.34E−01 −6.01E+00 3.48E+00

Table A.17: Engine model 3Dred, Part 3: Model coefficients of the A333 TRENT7 for
each mid-frequency fm. V1.0-0436.

· · · cos(θ):N1 cos(2θ):N1 sin(θ):N1 sin(2θ):N1 sin(ϕ):N1 sin(2ϕ):N1
fm ke,2 le,2 me,2 ne,2 oe,2 pe,2

25.1 3.84E−01 −1.57E−01 −2.24E−01 −6.37E−01 −5.89E−02 1.33E−01
31.6 −6.62E−01 −4.18E−01 −1.26E+00 1.24E−01 −9.44E−02 7.62E−02
39.8 −9.72E−01 −5.08E−01 −1.41E+00 4.45E−01 −4.92E−02 6.99E−03
50.1 −5.78E−01 −2.52E−01 −6.90E−01 1.88E−01 2.40E−02 −1.17E−02
63.1 −4.54E−01 −1.61E−01 −5.10E−01 8.63E−02 7.46E−02 −3.22E−02
79.4 −3.55E−01 −2.54E−01 −7.27E−01 1.06E−01 4.76E−03 3.55E−02

100.0 −1.45E−01 −6.44E−01 −1.44E+00 1.54E−02 −1.15E−02 8.03E−02
125.9 −4.01E−02 −4.10E−01 −7.18E−01 −9.66E−02 8.92E−02 3.47E−02
158.5 −4.86E−02 1.37E−01 4.56E−01 −1.63E−02 1.47E−01 −2.07E−02
199.5 −1.58E−01 −9.13E−02 −1.27E−01 1.65E−01 1.70E−01 −6.92E−02
251.2 −1.56E−01 −1.57E−01 −2.13E−01 2.44E−01 1.28E−01 −2.98E−02
316.2 8.72E−02 −2.40E−01 −2.38E−01 7.55E−02 7.54E−02 −1.12E−03
398.1 1.91E−01 −1.20E−01 7.64E−02 2.62E−02 1.14E−01 −4.18E−02
501.2 3.27E−01 −2.43E−01 −5.48E−02 −6.63E−02 8.12E−02 −7.94E−03
631.0 4.35E−01 −6.81E−02 2.81E−01 −1.21E−01 1.01E−01 −1.14E−02
794.3 5.56E−01 8.96E−02 5.61E−01 −1.77E−01 1.14E−01 −1.89E−02

1000.0 7.57E−01 3.44E−01 1.02E+00 −2.54E−01 1.33E−01 −4.64E−02
1258.9 8.60E−01 1.29E+00 3.37E+00 −1.93E−01 1.58E−01 −3.22E−02
1584.9 1.03E+00 9.35E−01 2.61E+00 −3.66E−01 1.42E−01 −3.92E−02
1995.3 1.07E+00 1.02E+00 2.85E+00 −4.07E−01 1.50E−01 −4.82E−02
2511.9 1.46E+00 9.04E−01 2.89E+00 −7.20E−01 1.48E−01 −5.33E−02
3162.3 1.57E+00 1.18E+00 4.03E+00 −7.05E−01 1.14E−01 −5.54E−02
3981.1 1.37E+00 2.38E−01 2.04E+00 −4.80E−01 1.15E−01 −6.31E−02
5011.9 1.33E+00 −8.28E−01 −1.21E+00 −3.67E−01 4.84E−02 1.77E−03
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Table A.18: Engine model 3Dred, Part 4: Model coefficients of the A333 TRENT7 for
each mid-frequency fm. V1.0-0436.

· · · cos(θ):N12 cos(2θ):N12 sin(θ):N12 sin(2θ):N12

fm ke,3 le,3 me,3 ne,3

25.1 −5.48E−03 1.98E−03 3.00E−03 4.98E−03
31.6 3.21E−03 4.68E−03 1.25E−02 −1.42E−03
39.8 5.95E−03 5.33E−03 1.35E−02 −4.25E−03
50.1 2.61E−03 2.99E−03 7.23E−03 −1.90E−03
63.1 1.42E−03 2.58E−03 6.86E−03 −7.38E−04
79.4 1.18E−03 3.66E−03 9.77E−03 −1.40E−03

100.0 −8.02E−05 7.69E−03 1.79E−02 −8.82E−04
125.9 −6.25E−04 5.37E−03 1.12E−02 1.13E−04
158.5 −1.37E−04 −2.27E−04 −7.57E−04 −6.75E−04
199.5 1.13E−03 1.80E−03 4.77E−03 −2.29E−03
251.2 1.56E−03 2.00E−03 4.94E−03 −3.25E−03
316.2 −4.66E−04 2.78E−03 5.10E−03 −1.64E−03
398.1 −1.20E−03 1.56E−03 1.97E−03 −1.20E−03
501.2 −2.21E−03 2.91E−03 3.96E−03 −4.90E−04
631.0 −3.16E−03 1.47E−03 1.59E−03 4.60E−05
794.3 −4.47E−03 2.40E−04 −2.59E−04 7.02E−04

1000.0 −6.20E−03 −2.00E−03 −4.24E−03 1.42E−03
1258.9 −6.98E−03 −9.33E−03 −2.25E−02 1.03E−03
1584.9 −8.76E−03 −6.11E−03 −1.58E−02 2.87E−03
1995.3 −9.68E−03 −7.11E−03 −1.83E−02 3.71E−03
2511.9 −1.30E−02 −6.33E−03 −1.87E−02 6.27E−03
3162.3 −1.37E−02 −8.79E−03 −2.90E−02 6.13E−03
3981.1 −1.21E−02 −1.36E−03 −1.37E−02 4.51E−03
5011.9 −1.17E−02 6.68E−03 1.16E−02 3.47E−03
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A.4 Parameter ranges for the established models

Table A.19: Parameter ranges (minimum to maximum) of the continuous flight para-
meters on which the aircraft noise emission models were established and
verified. These parameter ranges should not be exceeded for a model pre-
diction. However, regression models with multiple dimensions naturally
extrapolate for some combinations of the data ranges. N1 values marked
with * were estimated for approach in far range with 30%.

Model name Proc N1 [%] Ma [-] ρ [kg/m3]

A319 CFM56-5B A 26 - 65 0.18 - 0.35 1.02 - 1.19
D 67 - 91 0.20 - 0.45 0.88 - 1.19

A320 CFM56-5B A 23 - 69 0.18 - 0.35 1.04 - 1.19
D 71 - 97 0.19 - 0.47 0.89 - 1.20

A321 CFM56-5B A 28 - 71 0.19 - 0.34 1.03 - 1.20
D 70 - 98 0.20 - 0.47 0.92 - 1.21

A32X CFM56-5A A 30* - 63 0.18 - 0.31 1.05 - 1.17
D 83 - 97 0.20 - 0.41 0.96 - 1.19

A32X V2500 A 30* - 70 0.18 - 0.34 1.04 - 1.18
D 77 - 97 0.17 - 0.45 0.89 - 1.19

A333 TRENT7 A 25 - 66 0.20 - 0.36 1.02 - 1.20
D 61 - 92 0.22 - 0.48 0.93 - 1.21

A343 CFM56-5C A 25 - 84 0.20 - 0.37 1.01 - 1.20
D 87 - 99 0.21 - 0.45 0.96 - 1.20

A388 GP7270 A 30* - 30 0.21 - 0.32 1.06 - 1.15
D 88 - 106 0.23 - 0.48 0.89 - 1.18

A388 TRENT9 A 30* - 55 0.20 - 0.36 1.04 - 1.19
D 81 - 94 0.24 - 0.48 0.96 - 1.19

B737 CFM56-3 A 30* - 66 0.18 - 0.34 1.04 - 1.18
D 73 - 100 0.19 - 0.43 0.90 - 1.19

B737 CFM56-7B A 30* - 66 0.18 - 0.32 1.01 - 1.17
D 74 - 104 0.19 - 0.48 0.86 - 1.19

B763 PW4060 A 30* - 64 0.19 - 0.35 1.03 - 1.18
D 89 - 102 0.23 - 0.44 0.92 - 1.17

B76X CF6-80C2 A 30* - 62 0.21 - 0.39 1.02 - 1.18
D 82 - 110 0.26 - 0.44 0.90 - 1.19

CRJ9 CF34-8C5 A 30* - 66 0.19 - 0.35 1.03 - 1.17
D 75 - 96 0.23 - 0.40 0.99 - 1.18

E170 CF34-8E A 30* - 67 0.16 - 0.36 1.05 - 1.18
D 59 - 95 0.15 - 0.38 0.98 - 1.18

E190 CF34-10E A 30* - 67 0.18 - 0.35 1.02 - 1.18
D 79 - 99 0.19 - 0.44 0.86 - 1.19

F100 TAY650-15 A 30* - 75 0.18 - 0.38 1.02 - 1.18
D 70 - 91 0.14 - 0.45 0.95 - 1.18

FA7X PW307 A 30* - 62 0.16 - 0.38 1.04 - 1.16
D 64 - 92 0.20 - 0.43 0.84 - 1.18

RJ1H LF507 A 32 - 83 0.17 - 0.41 0.84 - 1.18
D 77 - 96 0.18 - 0.43 0.70 - 1.19
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Table A.20: Parameter ranges (minimum to maximum) of the categorical (FH and LG)
and continuous flight parameters (Ma,α) on which the advanced aircraft
noise emission models were established and verified. These parameter ranges
should not be exceeded for a model prediction. The angle of attack (α) is
provided as additional information but is no model parameter.

Approach Departure

Model name FH LG Ma [-] α [◦] Ma [-] α [◦]

A319 CFM56-5B 0 0 - - 0.27 - 0.45 1.5 - 6.9
0 1 - - - -
1 0 0.28 - 0.35 4.7 - 7.6 0.22 - 0.36 2.3 - 7.2
1 1 0.29 - 0.34 4.7 - 7.4 - -
2 0 0.21 - 0.33 1.4 - 8.6 0.20 - 0.28 3.1 - 8.8
2 1 0.21 - 0.31 1.8 - 8.6 0.22 - 0.26 4.6 - 9.4
3 0 0.21 - 0.30 1.4 - 8.3 - -
3 1 0.20 - 0.28 2.2 - 8.6 - -
4 0 0.22 - 0.28 −2.1 - 4.0 - -
4 1 0.18 - 0.27 −1.2 - 7.7 - -

A320 CFM56-5B 0 0 0.30 - 0.34 3.8 - 6.4 0.29 - 0.47 1.5 - 6.6
0 1 - - - -
1 0 0.30 - 0.35 3.8 - 8.6 0.23 - 0.38 1.7 - 8.2
1 1 0.33 - 0.33 4.9 - 4.9 - -
2 0 0.24 - 0.33 0.7 - 8.8 0.19 - 0.32 2.2 - 9.9
2 1 0.24 - 0.33 0.7 - 7.2 0.22 - 0.26 3.5 - 12.2
3 0 0.22 - 0.31 0.7 - 7.3 0.24 - 0.25 4.1 - 7.2
3 1 0.21 - 0.30 0.1 - 8.5 0.25 - 0.25 5.5 - 8.6
4 0 0.20 - 0.27 −1.3 - 6.5 - -
4 1 0.18 - 0.29 −1.8 - 8.4 - -

A321 CFM56-5B 0 0 - - 0.30 - 0.47 1.7 - 6.4
0 1 - - - -
1 0 0.31 - 0.34 5.8 - 8.0 0.24 - 0.39 1.1 - 7.8
1 1 - - - -
2 0 0.25 - 0.34 0.1 - 7.1 0.20 - 0.32 2.1 - 8.4
2 1 0.24 - 0.32 1.7 - 6.2 0.23 - 0.28 3.5 - 9.0
3 0 0.22 - 0.31 −0.9 - 6.1 - -
3 1 0.24 - 0.29 −0.9 - 6.2 - -
4 0 0.19 - 0.29 −1.9 - 5.2 - -
4 1 0.19 - 0.28 −1.1 - 7.4 - -

A333 TRENT7 0 0 0.29 - 0.29 5.1 - 5.9 0.25 - 0.48 2.7 - 8.7
0 1 0.21 - 0.28 4.4 - 6.5 - -
1 0 0.29 - 0.36 5.6 - 9.5 0.24 - 0.41 4.0 - 9.4
1 1 0.28 - 0.34 6.1 - 9.4 - -
2 0 0.26 - 0.34 2.3 - 9.9 0.22 - 0.33 2.8 - 10.9
2 1 0.24 - 0.34 2.4 - 8.8 0.23 - 0.28 4.9 - 10.7
3 0 0.23 - 0.30 1.3 - 6.8 - -
3 1 0.22 - 0.30 1.5 - 7.8 - -
4 0 0.20 - 0.22 4.4 - 6.7 - -
4 1 0.20 - 0.29 0.8 - 8.4 - -

A343 CFM56-5C 0 0 0.29 - 0.29 1.6 - 2.8 0.26 - 0.45 1.3 - 9.2
0 1 0.23 - 0.27 2.0 - 6.2 - -
1 0 0.30 - 0.37 6.1 - 9.5 0.23 - 0.42 1.4 - 9.7
1 1 - - - -
2 0 0.26 - 0.34 0.4 - 9.4 0.21 - 0.34 2.2 - 10.5
2 1 0.24 - 0.32 1.1 - 5.2 0.21 - 0.27 5.5 - 10.2
3 0 0.23 - 0.30 0.9 - 5.5 - -
3 1 0.20 - 0.30 1.4 - 7.6 - -
4 0 0.22 - 0.28 0.0 - 7.1 - -
4 1 0.20 - 0.29 0.9 - 12.1 - -

RJ1H LF507 0 0 0.24 - 0.41 −4.8 - 11.8 0.18 - 0.43 −0.8 - 16.5
0 1 0.17 - 0.34 −8.8 - 11.6 0.19 - 0.24 2.2 - 14.8
FH was not available for this type.
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Table A.21: Parameter ranges (minimum to maximum) of the categorical (SB and LG)
and continuous flight parameters (Ma,α) on which the advanced aircraft
noise emission models were established and verified. These parameter ranges
should not be exceeded for a model prediction. The angle of attack (α) is
provided as additional information but is no model parameter.

Approach Departure

Model name SB LG Ma [-] α [◦] Ma [-] α [◦]

A319 CFM56-5B 0 0 0.21 - 0.35 −2.1 - 8.6 0.20 - 0.45 1.5 - 8.8
0 1 0.18 - 0.34 −1.2 - 8.6 0.22 - 0.26 4.6 - 9.4
1 0 0.25 - 0.35 3.9 - 7.6 - -
1 1 0.27 - 0.33 3.0 - 7.6 - -

A320 CFM56-5B 0 0 0.20 - 0.35 −1.3 - 7.5 0.19 - 0.47 1.5 - 9.9
0 1 0.18 - 0.33 −1.8 - 8.5 0.22 - 0.26 3.5 - 12.2
1 0 0.22 - 0.35 0.7 - 8.8 - -
1 1 0.27 - 0.31 2.9 - 7.2 - -

A321 CFM56-5B 0 0 0.19 - 0.34 −1.9 - 8.0 0.20 - 0.47 1.1 - 8.4
0 1 0.19 - 0.32 −1.1 - 7.4 0.23 - 0.28 3.5 - 9.0
1 0 0.25 - 0.34 −0.6 - 6.6 - -
1 1 0.28 - 0.28 2.6 - 2.9 - -

A333 TRENT7 0 0 0.20 - 0.36 1.3 - 9.9 0.22 - 0.48 2.7 - 10.9
0 1 0.20 - 0.33 0.8 - 9.2 0.23 - 0.28 4.9 - 10.7
1 0 0.25 - 0.36 2.3 - 9.7 - -
1 1 0.23 - 0.34 1.8 - 9.4 - -

A343 CFM56-5C 0 0 0.22 - 0.35 0.0 - 9.3 0.21 - 0.45 1.3 - 10.5
0 1 0.20 - 0.32 0.9 - 12.1 0.21 - 0.27 5.5 - 10.2
1 0 0.24 - 0.37 0.7 - 9.5 - -
1 1 0.24 - 0.32 1.4 - 7.1 - -

RJ1H LF507 0 0 0.24 - 0.37 −4.8 - 11.8 0.18 - 0.43 −0.8 - 16.5
0 1 0.17 - 0.34 −8.8 - 11.6 0.19 - 0.24 2.2 - 14.8
1 0 0.26 - 0.41 −4.5 - 10.1 - -
1 1 0.17 - 0.31 −8.8 - 10.9 - -
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A.5 Model performance for aircraft types with FDR data
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Figure A.3: Model performance of the A319 CFM56-5B, model attributes for variants
3D, 3Dred and 2Dred
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A.5 Model performance for aircraft types with FDR data
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Figure A.4: Model performance of the A320 CFM56-5B, model attributes for variants
3D, 3Dred and 2Dred
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Figure A.5: Model performance of the A321 CFM56-5B, model attributes for variants
3D, 3Dred and 2Dred
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A.5 Model performance for aircraft types with FDR data
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Figure A.6: Model performance of the A333 CFM56-5B, model attributes for variants
3D, 3Dred and 2Dred
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Figure A.7: Model performance of the A343 CFM56-5B, model attributes for variants
3D, 3Dred and 2Dred
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A.5 Model performance for aircraft types with FDR data
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Figure A.8: Model performance of the RJ1H CFM56-5B, model attributes for variants
3D, 3Dred and 2Dred

147



Appendix

A.6 Model performance for aircraft types without FDR data
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Figure A.9: Model performance of the A32X CFM56-5A, 3Dred model
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Figure A.10: Model performance of the A32X V2500, 3Dred model
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Figure A.11: Model performance of the A388 GP7270, 3Dred model
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Figure A.12: Model performance of the A388 TRENT9, 3Dred model
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Figure A.13: Model performance of the B737 CFM56-3, 3Dred model
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Figure A.14: Model performance of the B737 CFM56-7B, 3Dred model
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Figure A.15: Model performance of the B763 PW4060, 3Dred model
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Figure A.16: Model performance of the B76X CF6-80C2, 3Dred model
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Figure A.17: Model performance of the CRJ9 CF34-8C5, 3Dred model
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Figure A.18: Model performance of the E170 CF34-8E, 3Dred model
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Figure A.19: Model performance of the E190 CF34-10E, 3Dred model
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Figure A.20: Model performance of the F100 TAY650-15, 3Dred model
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Figure A.21: Model performance of the FA7X PW307, 3Dred model
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A.7 Effects of the parameters

A.7 Effects of the parameters

The effects are presented for the total sound emission level at the source (left side, red)
as well as for the total sound pressure level at a receiver (right side, blue). The former
represents the energetic sum of all predicted frequency bands of the regression models
applying the Doppler and flight effect, as these effects occur at the source. The latter
represents the propagated sound to a receiver at a fix distance of 304.8 m. The receiver
level is additionally corrected for:

• A-filter

• direct sound propagation

– geometrical divergence

– atmospheric absorption (T=15 ◦C, p=1013.25 hPa, H=70 %)

– mean ground effect
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Figure A.22: Relationship of (a) L̂em and (b) LpA to the polar angle for different N1
settings at take-off for the A320 CFM56-5B. Predicted with 3Dred model
at ϕ=0◦, Ma=0.24, ρ=1.15 kg/m3.
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Figure A.23: Relationship of (a) L̂em and (b) LpA to N1 for different polar angles at
departure for the A320 CFM56-5B. Predicted with 3Dred model at ϕ=0◦,
Ma=0.24, ρ=1.15 kg/m3.
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Figure A.24: Relationship of (a) L̂em and (b) LpA to the Mach number for different polar
angles at departure for the A320 CFM56-5B. Predicted with 3Dred model
at ϕ=0◦, N1=92 %, ρ=1.1 kg/m3.
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Figure A.25: Relationship of (a) L̂em and (b) LpA to the Mach number for different
aeroplane configurations (FH: flap handle, LG: landing gear) at approach for
the A320 CFM56-5B. Predicted with 3D model at θ=90◦, ϕ=0◦, N1=30 %,
ρ=1.1 kg/m3.
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Figure A.26: Relationship of (a) L̂em and (b) LpA to the Mach number for different
aeroplane configurations (SB: speedbrakes, LG: landing gear) at appro-
ach for the A320 CFM56-5B. Predicted with 3D model at θ=90◦, ϕ=0◦,
N1=30 %, ρ=1.1 kg/m3, FH=2.
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Figure A.27: Relationship of (a) L̂em and (b) LpA to the polar angle for different N1
settings at take-off for the A343 CFM56-5C. Predicted with 3Dred model
at ϕ=0◦, Ma=0.26, ρ=1.15 kg/m3.
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Figure A.28: Relationship of (a) L̂em and (b) LpA to N1 for different polar angles at
departure for the A343 CFM56-5C. Predicted with 3Dred model at ϕ=0◦,
Ma=0.26, ρ=1.15 kg/m3.
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Figure A.29: Relationship of (a) L̂em and (b) LpA to the Mach number for different polar
angles at departure for the A343 CFM56-5C. Predicted with 3Dred model
at ϕ=0◦, N1=95 %, ρ=1.1 kg/m3.
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Figure A.30: Relationship of (a) L̂em and (b) LpA to the Mach number for different
aeroplane configurations (FH: flap handle, LG: landing gear) at approach for
the A343 CFM56-5C. Predicted with 3D model at θ=90◦, ϕ=0◦, N1=30 %,
ρ=1.1 kg/m3.

157



Appendix

Ma, -

0.15 0.2 0.25 0.3 0.35 0.4

L
e

m
, 

d
B

130

135

140

145

150

155

160
SB: 0, LG: 0

SB: 1, LG: 0

SB: 0, LG: 1

SB: 1, LG: 1

(a) Level at source (d=1m)
Ma, -

0.15 0.2 0.25 0.3 0.35 0.4

L
p

A
, 

d
B

65

70

75

80

85

90

95
SB: 0, LG: 0

SB: 1, LG: 0

SB: 0, LG: 1

SB: 1, LG: 1

(b) Level at receiver (d=304.8m)

Figure A.31: Relationship of (a) L̂em and (b) LpA to the Mach number for different
aeroplane configurations (SB: speedbrakes, LG: landing gear) at appro-
ach for the A343 CFM56-5C. Predicted with 3D model at θ=90◦, ϕ=0◦,
N1=30 %, ρ=1.1 kg/m3, FH=2.
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Figure A.32: Relationship of (a) L̂em and (b) LpA to the polar angle for different N1
settings at take-off for the RJ1H LF507. Predicted with 3Dred model at
ϕ=0◦, Ma=0.22, ρ=1.15 kg/m3.
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Figure A.33: Relationship of (a) L̂em and (b) LpA to the azimuth angle for different N1
settings at take-off for the RJ1H LF507. Predicted with 3Dred model at
θ=90◦, Ma=0.22, ρ=1.15 kg/m3.
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Figure A.34: Relationship of (a) L̂em and (b) LpA to N1 for different polar angles at
departure for the RJ1H LF507. Predicted with 3Dred model at ϕ=0◦,
Ma=0.22, ρ=1.15 kg/m3.
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Figure A.35: Relationship of (a) L̂em and (b) LpA to the Mach number for different polar
angles at departure for the RJ1H LF507. Predicted with 3Dred model at
ϕ=0◦, N1=90 %, ρ=1.1 kg/m3.
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Figure A.36: Relationship of (a) L̂em and (b) LpA to the Mach number for different
aeroplane configurations (SB: speedbrakes, LG: landing gear) at approach
for the RJ1H LF507. The dashed black line shows an example parameter
setting during approach on the glide path. Predicted with 3D model at
θ=90◦, ϕ=0◦, N1=30 %, ρ=1.1 kg/m3.
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A.8 Level-time histories for 1/3-octave bands

The following level-time histories are the detailed results of the examples in Fig. 5.21 of
Sec. 5.6.
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Figure A.37: Simulation and measurement of a departing A320 CFM56B at two different
locations. Low frequencies 25-50 Hz.
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Figure A.38: Simulation and measurement of a departing A320 CFM56B at two different
locations. Low frequencies 63-125 Hz.
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A.8 Level-time histories for 1/3-octave bands
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Figure A.39: Simulation and measurement of a departing A320 CFM56B at two different
locations. Mid frequencies 160-315 Hz.
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Figure A.40: Simulation and measurement of a departing A320 CFM56B at two different
locations. Mid frequencies 400-800 Hz.

163



Appendix

0 20 40 60 80
20

40

60

80

L
P

,1
0

0
0

H
z
, 

d
B

0 20 40 60 80
20

40

60

80

L
P

,1
2

5
0

H
z
, 

d
B

0 20 40 60 80
20

40

60

80

L
P

,1
6

0
0

H
z
, 

d
B

0 20 40 60 80
20

40

60

80

L
P

,2
0

0
0

H
z
, 

d
B

(a) Microphone 5

0 20 40
20

40

60

80

L
P

,1
0

0
0

H
z
, 

d
B

0 20 40
20

40

60

80

L
P

,1
2

5
0

H
z
, 

d
B

0 20 40
20

40

60

80

L
P

,1
6

0
0

H
z
, 

d
B

0 20 40
20

40

60

80

L
P

,2
0

0
0

H
z
, 

d
B

(b) Microphone 7

Figure A.41: Simulation and measurement of a departing A320 CFM56B at two different
locations. High frequencies 1-2 kHz.
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Figure A.42: Simulation and measurement of a departing A320 CFM56B at two different
locations. High frequencies 2.5-5 kHz.
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A.8 Level-time histories for 1/3-octave bands

Two additional simulations for an approach are shown in Fig. A.43. Microphone 4
corresponds to a flight configuration at the beginning of the glide path, which is at
Ma≈0.3 in idle power Fig. A.43a. Flaps 2 are already deployed and speedbrakes are used
partly. During the overflight of microphone 2, the aircraft prepares the final approach
by deploying the landing gear and flaps while reducing to landing airspeed Fig. A.43b.
Again, the level-time histories for both examples agree very well. The measurements
show a higher variability which are caused by atmospheric turbulence or background
noise.
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(a) Microphone 4: Idle at begin of the glide path
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(b) Microphone 2: Preparation to final approach

Figure A.43: Level-time histories for an approaching A320 CFM56B at two different
locations in the far range. Model: 3D.
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A.9 Verification

55

65

75

85

95

105

55 65 95 105

L A
S

,m
ax

 (
3D

re
d)

, d
B

75 85
LAS,max (3D), dB

Approach

Departure

1:1 line

(a) 3Dred versus 3D

55

65

75

85

95

105

55 65 95 105
L A

S
,m

ax
 (

2D
re

d)
, d

B
75 85

LAS,max (3D), dB

Approach

Departure

1:1 line

(b) 2Dred versus 3D

Figure A.44: Scatter plot based on LAS,max to compare the model variants with each
other.
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Figure A.45: Comparison based on LAS,max of the 3Dred variant with measurements.
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Figure A.46: Comparison of the 3Dred variant with measurements including all aircraft
types with FDR data (10 524 events).

Table A.22: Level differences ∆LAE,t10 and ∆LAS,max (calculation minus measurement)
of all types with FDR data for 3D and 3Dred. Mean values and standard
deviations (in brackets) are given for each model based on N events.

3D 3Dred

Model name Proc. N ∆LAE,t10 [dB] ∆LAS,max [dB] ∆LAE,t10 [dB] ∆LAS,max [dB]

A319 CFM56-5B A 164 +0.0 (±1.0) −0.1 (±1.4) +0.0 (±1.1) −0.2 (±1.4)
D 358 −0.2 (±0.9) −0.9 (±1.2) −0.1 (±0.8) −0.8 (±1.2)

A320 CFM56-5B A 1 288 +0.0 (±1.1) −0.2 (±1.5) +0.0 (±1.1) −0.2 (±1.5)
D 1 884 +0.0 (±0.9) −0.4 (±1.1) +0.1 (±0.9) −0.4 (±1.1)

A321 CFM56-5B A 670 +0.0 (±1.1) −0.2 (±1.5) +0.1 (±1.1) −0.2 (±1.6)
D 1 015 +0.1 (±0.8) −0.5 (±1.1) +0.1 (±0.8) −0.5 (±1.1)

A333 CFM56-B A 602 +0.3 (±0.8) +0.0 (±1.2) +0.3 (±1.0) +0.0 (±1.3)
D 1 110 +0.2 (±0.8) +0.0 (±1.1) +0.2 (±0.8) +0.0 (±1.2)

A343 TRENT7 A 560 +0.5 (±0.8) +0.5 (±1.1) +0.5 (±1.1) +0.4 (±1.2)
D 618 +0.2 (±1.1) −0.2 (±1.3) +0.2 (±1.1) −0.2 (±1.3)

RJ1H LF507 A 947 +0.1 (±1.2) −0.2 (±1.7) +0.1 (±1.2) −0.3 (±1.7)
D 1 308 +0.2 (±0.8) −0.1 (±1.1) +0.2 (±0.9) −0.1 (±1.1)
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Table A.23: Level differences ∆LAE,t10 and ∆LAS,max (calculation minus measurement)
of all types with FDR data for 2Dred. Mean values and standard deviations
(in brackets) are given for each model based on N events.

2Dred

Model name Proc. N ∆LAE,t10 [dB] ∆LAS,max [dB]

A319 CFM56-5B A 164 −0.2 (±1.2) −0.3 (±1.5)
D 358 −0.1 (±1.0) −0.8 (±1.3)

A320 CFM56-5B A 1 288 −0.2 (±1.3) −0.4 (±1.6)
D 1 884 +0.1 (±1.1) −0.3 (±1.3)

A321 CFM56-5B A 670 −0.2 (±1.3) −0.4 (±1.7)
D 1 015 +0.1 (±0.9) −0.4 (±1.2)

A333 CFM56-B A 602 +0.1 (±1.1) −0.2 (±1.4)
D 1 110 +0.4 (±1.0) +0.2 (±1.3)

A343 TRENT7 A 560 +0.4 (±1.3) +0.3 (±1.3)
D 618 +0.3 (±1.1) −0.1 (±1.4)

RJ1H LF507 A 947 −0.1 (±1.5) −0.5 (±1.9)
D 1 308 +0.9 (±1.7) +0.6 (±1.9)

Table A.24: Level differences ∆LAE,t10 and ∆LAS,max (calulation minus measurement) of
all types without FDR data for the model 3Dred. Mean values and standard
deviations (in brackets) are given for each model based on N events.

3Dred

Model name Proc. N ∆LAE,t10 [dB] ∆LAS,max [dB]

A32X CFM56-5A A 79 +0.0 (±0.7) −0.1 (±1.0)
D 159 −0.1 (±1.0) −0.6 (±1.3)

A32X V2500 A 116 +1.2 (±1.8) +1.1 (±2.2)
D 558 −0.2 (±1.0) −0.7 (±1.4)

A388 GP7270 A 7 +1.0 (±1.9) +0.2 (±2.5)
D 85 +0.5 (±1.1) +0.2 (±1.3)

A388 TRENT9 A 53 −0.3 (±1.3) −0.9 (±1.6)
D 144 −0.1 (±1.3) −0.4 (±1.7)

B737 CFM56-3 A 214 −0.1 (±1.0) −0.4 (±1.3)
D 224 +0.1 (±0.9) −0.4 (±1.1)

B737 CFM56-7B A 191 +0.0 (±1.2) −0.2 (±1.6)
D 658 −0.2 (±1.1) −0.9 (±1.4)

B763 PW4060 A 152 −0.4 (±1.3) −0.5 (±1.6)
D 27 −0.8 (±1.4) −1.5 (±2.0)

B76X CF6-80C2 A 190 +0.3 (±2.0) +0.0 (±2.6)
D 112 −0.1 (±1.1) −0.4 (±1.3)

CRJ9 CF34-8C5 A 96 +0.0 (±1.2) −0.1 (±1.5)
D 107 −0.1 (±0.9) −0.8 (±1.4)

E170 CF34-8E A 152 +0.2 (±1.0) +0.2 (±1.3)
D 162 +0.1 (±1.2) −0.4 (±1.3)

E190 CF34-10E A 223 +0.0 (±1.0) −0.3 (±1.5)
D 662 +0.1 (±0.9) −0.6 (±1.2)

F100 TAY650-15 A 207 +0.6 (±1.8) +0.3 (±2.3)
D 614 −0.4 (±1.0) −1.2 (±1.2)

FA7X PW307 A 43 +1.3 (±2.0) +0.8 (±2.5)
D 43 +0.0 (±2.0) −0.4 (±1.8)
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