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Abstract: sonAIR is a recently developed aircraft noise sim-

ulation model designed for single �ight simulation while

still being applicable for calculation of entire airport sce-

narios. This paper presents a rigorous validation exercise,

wherein roughly 20’000 single �ights were simulated using

the 22 currently available sonAIR emission models of tur-

bofan aircraft and compared against noise measurements.

The measurements were recorded with the noise monitor-

ing terminals at Zurich and Geneva airport, Switzerland,

and with additional microphones installed by the author’s

institution. Data from 22 measurement positions were an-

alyzed, covering all departure and approach routes at dis-

tances from 1.8 to 53 kilometers from the airports. sonAIR

was found to be accurate for departures and approaches

under di�erent operating conditions and aircraft con�gu-

ration. The mean overall di�erences between simulation

and measurements were well below ±1 dB in terms of noise

event levels, with standard deviations of ±1.7dB respec-

tively ±2.4 dB, depending on the model type. A few aircraft

types that displayed larger deviations are discussed indi-

vidually. A sensitivity analysis on the input data found the

quality and level of detail of the land cover data to be crit-

ical for the simulation accuracy. Changes in other input

data such as atmospheric pro�les and buildings had non-

signi�cant impacts.
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Abbreviations

FDR �ight data recording

GVA Geneva airport

LAE,tg A-weighted sound exposure level over tg

LAS,max A-weighted maximum sound level

NMT noise monitoring terminal

N1 rotational speed of low pressure fan

tg time with sound level above threshold

ZRH Zurich airport

1 Introduction

Aircraft noise calculations arewell-established for land-use

planning and management worldwide. Harmonized best

practice approaches such as ICAO Doc. 9911 [1] and ECAC

Doc. 29 [2] are designed to reproduce long-term averages.

However, to calculate single �ights or new�ight procedures,

the demands on the model accuracy are higher. There are

scienti�c semi-empirical models such as ANOPP [3], CAR-

MEN [4], SOPRANO [5] and PANAM [6] for this application,

but their drawbacks are the demand for very detailed input

data (e.g. primary jet speed or air�ow mass) and their lim-

ited accessibility to a wide user base. Yet, these scienti�c

models are the only choice to assess novel aircraft designs

and technology.

The sonAIR aircraft noise simulation tool was devel-

oped at the author’s institution to bridge the gap between

these two approaches [7–9]. It was designed to accurately

simulate noise emission and propagation of single �ights

with a high level of detail, while still being applicable for

noise mapping of entire airport scenarios. The model de-

sign was held �exible in order to allow for di�erent levels

of detail of the input parameters. The sonAIR model design

allows the extension of the current emission lookup tables

by incorporating existing noise databases from external

sources or simulations done with one of the scienti�c tools

described above. This allows the noise assessment of novel

aircraft designs and technology, as demonstrated in [10].
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To ensure that aircraft noise models produce realistic

noise contours, a systematic comparison of simulations

and independent measurements is necessary. Such vali-

dation e�orts were conducted in the past for certain noise

models such as ANCON in the United Kingdom [11–13] and

FLULA2 in Switzerland [14, 15]. However, not all of those

publications show complete results for all available aircraft

types. Some e�ort was also taken to test scienti�c aircraft

noise models, but these are limited to a few exemplary

aircraft types and to comparisons between di�erent tools

without validation against measurements [16, 17]. Other

widely used aircraft noise models o�er no readily available

validation data at all.

The publication of complete and detailed validation re-

sults is essential for the transparency and credibility of any

aircraft noise model. We already presented a �rst sonAIR

validation case study, where simulations were compared

to independent measurements of approaches to Schiphol

airport in the Netherlands. This small-scale validation re-

vealed good agreement between simulation and measure-

ments, with mean deviations of −0.2 ± 1.1dB in terms of

the sound event level [18]. However, a full validation re-

quires a much larger set of independent measurement data,

covering departures and approaches under di�erent op-

erating conditions, aircraft con�guration and in di�erent

distances to the airport.

This article presents the results of a validation exercise

of the sonAIR aricraft noisemodel, based on a large number

of operational noise measurements at the airports of Zurich

and Geneva, Switzerland, over an entire year. It quanti�es

the accuracy of the 22 currently available sonAIR emission

models of turbofan aircraft. Section 2 gives an overview

of sonAIR and the applied validation method, including a

detailed description of the measurements, input data and

simulation. Section 3 shows the validation results, which

are then discussed in-depth in section 4. Finally, a short

conclusion and outlook is given in section 5.

2 Data and methods

2.1 sonAIR aircraft noise model

The sonAIR aircraft noise model consists of two separate

modules: the sound emission is calculated based on a set

of linear regression equations derived from an extensive

measurement campaign of real-world air tra�c. The propa-

gation calculation is based on physical de�nitions of sound

propagation through the air. Both models are de�ned for

one-third octave bands.

The emission model is further subdivided into engine

and airframe noise. The engine noise levels are modeled as

the sum of a source term and radiation angle terms (Equa-

tion 1).

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

+ ∆L̂θ,eng + ∆L̂φ,eng︸ ︷︷ ︸
radiation angle terms

(1)

The source term for engine noise includes the intercept

Le0 along with the Mach number Ma and the rotational

speed of the low pressure compressor (N1) multiplied with

their coe�cients ae1, be1 and be2 (Equation 2).

L̂0,eng = Le0 + ae1 ·Ma + be1 · N1 + be2 · N
2
1 (2)

The radiation angle terms for engine noise consist of

two summands: the �rst describes the interaction of N1

with the polar angle θ (Equation 3). The second de�nes the

interaction of N1 with the azimuth angle φ, whereby sym-

metry of φ in the vertical plane is assumed (Equation 4).

The engine noise therefore features a three dimensional

directivity pattern, changing its shape with N1. The corre-

sponding model coe�cients are ke,j to pe,j with index j for

each interaction.

∆L̂θ,eng = (ke,j · cos θ + le,j · cos 2θ (3)

+ me,j · sin θ + ne,j · sin 2θ)

· (1 + N1 + N12)

∆L̂φ,eng = (oe,j · sinφ + pe,j · sin 2φ) · (1 + N1) (4)

Like the engine model, the airframe noise is modeled

as the sum of a source term and a radiation angle term

(Equation 5).

L̂em,afm(f ) = L̂0,afm︸ ︷︷ ︸
source term

+ ∆L̂θ,afm︸ ︷︷ ︸
radiation angle term

(5)

The source term for the airframemodel is formulated in

two versions, depending on the level of detail of the avail-

able input data. Advanced airframe noise models (here-

inafter referred to as fullmodels) account for the aircraft con-

�guration, i.e. the position of the �aps (FH), speedbrakes

(SB) and the landing gear (LG), as well as the aircraft Mach

number Ma and the air density ρ. These variables are in-

cluded in the airframe noise source term along with their

frequency-dependent coe�cients aa1 to ea3, the procedure

(Proc) and the intercept La0 as described in Equation 6. To

generate thesemodels, full �ight data recordings (FDR) con-

taining information on the aircraft con�guration at every

point of the trajectory are required, in order to determine
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the e�ects of each variable by time-wise correlation of the

FDR data with noise measurements on the ground.

L̂0,afm = La0 + aa1 · lMa + Proc · (aa2 + aa3 · lMa) (6)

+ ba1 · lρ + LG · (ca1 + ca2 · Proc + ca3 · lMa)

+

4∑

j=1

FHj · (da1j + da2j · LG + da3j · Proc)

+ SB · (ea1 + ea2 · LG + ea3 · lMa)

Reduced airframe noise models (hereinafter referred to

as reduced models) do not explicitly account for the aircraft

con�guration. They can be generatedwithout access to FDR

data. The corresponding airframe source term is therefore

shortened to Equation 7.

L̂0,afm = La0+aa1 ·lMa+Proc·(aa2+aa3 ·lMa)+ba1 ·lρ (7)

The radiation angle term for the airframemodel only de-

pends on the polar angle θ without any interactions (Equa-

tion 8). The coe�cients for the airframe directivity are ka

to na. The airframe model therefore features a two dimen-

sional directivity pattern, assuming axially symmetric radi-

ation along the longitudinal axis.

∆L̂θ,afm = ka ·cos θ+ la ·cos 2θ+ma ·sin θ+na ·sin 2θ (8)

For further detail on the emission model, see [7–9].

The soundpropagation calculation is accounting for ge-

ometrical spreading, air absorption according to ISO 9613-1

[19] with an extension for broadband tones according to

[20], shielding e�ects as given in ISO 9613-2 [21] or proposed

by Pierce [22], foliage attenuation according to the annex

of ISO 9613-2 [21], ground re�ections and meteorological

e�ects. Air absorption is calculated using average values

of temperature, humidity and pressure for sections of 100

m height of a strati�ed atmosphere up to 10 km. Represen-

tative air absorption coe�cients per one-third octave band

are calculated for each section and summed up. Ground

re�ections are calculated for spherical waves over �at and

homogeneous ground according to [23], with an extension

for uneven terrain and varying ground properties. Thereby,

the frequency dependent ground impedance model by De-

lany and Bazley [24] is used with the �ow resistance of the

ground as single free parameter. Meteorological e�ects are

calculated based on arbitrary vertical sound speed pro�les

as input, using a ray tracing algorithm that yields varia-

tions of barrier e�ects as well as level decreases in acousti-

cal shadow zones as results [25]. For further details on the

sound propagation calculation, see [9].

During the initial development phase of sonAIR, a set

of 19 emissionmodels was generated based on an extensive

measurement campaign of air tra�c at Zurich airport in

2013 and 2014 [7, 8]. These models are hereinafter referred

to as published models. For �ights operated by Swiss Air-

lines, FDR data was available. The corresponding six Swiss

aircraft types are therefore available as full models: Airbus

A319, A320 and A321 with engine type CFM56-5B; Airbus

A333 with engine type TRENT7; Airbus A343 with engine

type CFM56-5C; and BAE Systems Avro RJ100 with engine

type LF507 (since Swiss Airlines were phasing out their

RJ100 �eet during the validation measurements in 2016

and 2017, the corresponding model was not validated). The

remaining 13 models are available as reduced models. As

some reduced models can be applied to an entire family of

aircraft (e.g. the emission model A32X_CFM56-5A which is

applicable for the A319, A320 and A321), this set of models

covers 31 individual aircraft-engine-combinations.

Since the initial sonAIR project, some updates and ex-

tensions were implemented. The airframe noise models of

the Airbus A320 family were updated to account for the

air�ow de�ectors that were retro�tted onto the A320 �eets

of most large airlines [26]. These de�ectors suppress two

dominant cavity tones that were still present in the initial

sonAIR source measurements, necessitating a model up-

date. Furthermore, the change of the aircraft �eet operating

at large airports requires the ability to e�ciently and timely

update the sonAIR aircraft database. To this end, a setup of

mobile, energy self-su�cient, remote-controllednoisemon-

itoring terminals was developed in close collaboration with

NTi Audio [27]. This setup was used to update the model

database with the three newly acquired aircraft types of

Swiss Airlines (Bombardier CS100 and CS300, rebranded

as Airbus A220-100 and A220-300, and Boeing B777-300ER).

These additional emission models are hereinafter referred

to as new models.

2.2 Parameter estimation

sonAIR requires information on the engine rotational speed

N1 as input data. Yearly noise calculations are based on

radar data, which does not provide any information on

engine settings. Therefore, a new approach to estimate N1

from radar data was developed at the author’s institution

[28]. It treats departures and approaches separately.

The departure is split into the two phases take-o� thrust

and climb thrust. Take-o� thrust is usually a continuously

reduced thrust setting that is held constant until reaching

the cutback altitude. The cutback altitude depends on air-

port or airline procedures, in Switzerland it is prescribed at

1500 ft above airport elevation.

Based on either FDR data or acoustically derived N1-

data [29], a regression model was established at di�erent
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altitude levels. For reduced take-o� thrust, the altitude de-

pendent estimation of N1 accounts for the constant aircraft

massm, themean angle of climb γ of the initial climb phase

before cutback, and Th as the outside temperature at the

actual altitude h (Equation 9).

N12h = f (m, γ, Th) (9)

In case that no aircraft mass is available, the lift-o�

velocity vLO is applied as a proxy [2] (Equation 10).

N12h = f (vLO , γ, Th) (10)

After cutback, the engine usually operates at a constant

thrust level. As the density and temperature decrease with

altitude,N1 slightly increaseswith altitude. For continuous

climb, a di�erent regression model is applied to estimation

N1, which is again established for di�erent altitude levels

(Equation 11).

N1h = f (|Th|) (11)

Thereby, f (|Th|) describes the dependency of the

needed N1 for the constant thrust rating and considers

the limitation of overheating of the turbine as a function of

the outside air temperature and altitude.

Some wide-body aircraft such as the A333 with

TRENT772 engines provide two de-rated climb ratings for

standard �ight procedures. The de-rated climb rating is de-

tected via a balance of the total energy during continuous

climb. In the case of two or more ratings, the regression

model is established individually for each de-rated climb

rating.

This methodology is built on FDR data from Swiss Air-

lines or N1-data from the sonAIR measurements [8]. If the

database was not su�cient, only a median N1-pro�le was

generated. This way, the parameter estimation can be per-

formed for each available aircraft noise emission model,

but at di�erent levels of accuracy.

For approaches, no such methodology could be devel-

oped to reliably estimate N1. Therefore, approaches are

modelled via median N1-pro�les, which are based on the

air tra�c at Zurich airport from 2013 and 2014. For more

detail on the N1 estimation methodology, see [28].

2.3 sonAIR validation

The validation process consists of a comparison of sonAIR

single �ight simulations with independent measurements.

Full models and reduced models were validated separately,

since they require di�erent levels of detail in terms of input

data. A large set of measurement data was available from

the airports of Zurich and Geneva in Switzerland, recorded

by the airport-operated noise monitoring terminals (NMT).

The main datasets used for the validation covered all regu-

lar �ights during the year 2016. Since the Bombardier CS100

and CS300were introduced in the second half of 2016, NMT

data from 2017 was used for their validation.

In addition, data recorded during a measurement cam-

paign carried out in autumn of 2017 by the author’s insti-

tution in larger distances to Zurich airport was used, con-

taining measurements of approaches in clean and partial

con�guration.

2.3.1 Measurement layout

The NMT network of Zurich airport consists of 14 �xed ter-

minals which are located at distances of one to eight kilo-

meters from the airport (NMTs 1 to 14; see Figure 1). The

NMTs are distributed below all departure and approach

routes. The omnidirectional microphones are installed on

pylons of 3.5 to 9 meters height on top of rooftops located

in inhabited areas.

Figure 1:Measurement positions at Zurich airport (NMTs 1-14 and

additional measurement points A-D) with flight tracks.

The NMT network in Zurich covers all important �ight

phases during departure. However, approaches are only

recorded within the last few kilometers before touchdown,

where the airplanes are typically fully con�gured for land-

ing. To validate the sonAIR full models in earlier approach

phases with clean or partial con�guration, we carried out

an additional measurement campaign at Zurich airport in

autumn of 2017. Four measurement stations were installed

at distances between 13 and 53 kilometers from touchdown

(measurement stations A to D; see Figure 1). The omnidi-
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rectional microphones were mounted on pylons of six to

ten meters height in places with minimal obstruction and

background noise contamination.

Figure 2: NMT positions at Geneva airport with flight tracks.

Geneva airport has only one runway. Consequently, the

NMT network consists of only four terminals underneath

the two main directions for departure and approach (Fig-

ure 2). As in Zurich, the microphones are installed on py-

lons on top of rooftops, at distances between 1.8 and 4.2

kilometers from the airport.

During the result analysis, we noticed a systematic

overestimation of the measurements at NMT5 in Geneva

by roughly 2 dB with both full and reduced models. This

is by far the largest deviation observed at any single mea-

surement position in Geneva or in Zurich, despite the fact

that NMT5 is located directly underneath the �ight paths

without any particularly challenging propagation geome-

tries. Since [14] describes similar problems with this partic-

ular measurement position, we assume a general problem

withGenevaNMT5. Either themeasurement equipmentwas

faulty or it was inadequately calibrated. We therefore argue

that NMT 5 cannot adequately represent the validation test

case and excluded it from the analysis presented in section

3.

2.3.2 Measurement data processing

Both NMT systems automatically detect the aircraft noise

events by using individual and time-dependent noise

thresholds or dynamic background noise determination. In

addition, the measurements are correlated with radar data

and �ight plan data to �lter out non-aircraft noise events.

During post processing, the airports further verify the re-

sulting noise events and manually correct for events which

contain unwanted noise (road noise, strong winds etc.).

The �nal dataset consists of a list of noise events,

each assigned to a �ight number, a noise terminal and the

time of �yover. Each event includes information about the

maximum A-weighted sound pressure level LAS,max, the

A-weighted sound exposure level LAE,tg integrated over

the time interval tg during which the level was above a

set threshold, and the corresponding threshold. Full au-

dio recordings were not available, therefore we could not

implement additional quality control measures.

The additional measurement stations A to D in Zurich

recorded a continuous audio signal daily between 6 AM

and 11 PM. This signal was cut into noise events based on

temporal matching with �ight plan data. All events were

checked for validity; events with severe background noise

contamination were excluded from further analysis.

2.3.3 Position data

Depending on the model, one of two sources for position

data was used. The full models, which encompass the cur-

rent �eet of Swiss Airlines, were validated using �ight data

recordings (FDR) acquired from Swiss Airlines. Aside from

the position information, these datasets include all nec-

essary inputs such as �aps and gear position, N1, Mach

number and air density. The reducedmodelswere validated

using radar data for position information and as the basis

to estimate N1 employing the methodology described in

section 2.2.

2.3.4 Selection of noise events

Acquiring the FDR data to simulate all measured �ights

would have been too expensive. Therefore a subset of the

available noisemeasurements was generated. In a �rst step,

the noise event lists were extended with weather data in

order to exclude events recorded during precipitation or

strong wind conditions (wind speed above 5m/s). About

one �fth of the total number of noise events were hereby

excluded, 14% due to precipitation and 8% due to strong

wind conditions (2% intersecting). Thus, the models were

explicitly not validated for those weather situations.

Next, a subset of the remaining noise events was se-

lected for simulation. Since a random choice would only

represent the most frequent take-o� masses and atmo-

spheric conditions,we applied a strati�ed selection process.

The available range of take-o� masses of a speci�c aircraft

type was split into 20 equal bins. From each bin, a �xed



100 | D. Jäger et al.

number of �ights was randomly chosen for every route. The

same approach was then used for the available ranges in

air temperature and air humidity. This method increases

the in�uence of statistical fringe cases and ensures that

the entire range of take-o� masses, air temperature and

humidity was validated, making it the toughest possible

test case. Up to 210 noise events were selected per aircraft-

engine-combination.

Finally, the noise events were grouped into �ights car-

ried out by Swiss Airlines and into all other airlines. The

�rst group is available in sonAIR as full models. The �ights

operated by other airlines were mostly available as reduced

models and were therefore validated separately from the

Swiss types. In total, 4’892 noise events from 2’135 �ights

carried out by eight di�erent aircraft types were used to

validate the full models. For the reduced models, 15’434

noise events from 6’653 �ights carried out by 31 di�erent

aircraft-engine combinations were used.

2.3.5 Simulation

Each selected noise event was simulated as a single �ight

and evaluated at the corresponding measurement position.

sonAIR calculates full level-time histories for each noise

event. From these, the maximum A-weighted sound pres-

sure level LAS,max and the A-weighted sound exposure level

LAE,tg were calculated using the event-speci�c noise thresh-

olds provided in the NMT noise event list.

To characterize the sound re�ection on the ground,

a digital terrain model and surface properties based on

the o�cial surveying of the cantons Zurich and Geneva

were used as input. Meteorological in�uences were ac-

counted for by using COSMO1 pro�les of the atmosphere

(https://www.meteoswiss.admin.ch/home/measurement-

and-forecasting-systems/warning-and-forecasting-system

s/cosmo-forecasting-system.html).

Large-scale aircraft noise simulation typically ignores

buildings. In this speci�c validation case, however, the

focus lies on the speci�c levels at the exact positions of

the measurement stations, which were located on rooftops

in densely built-up areas. Therefore, a vectorized building

dataset based on swissBUILDINGS3D (https://shop.swissto

po.admin.ch/en/products/landscape/build3D2) was used

as additional input to account for shielding e�ects of large

nearby buildings. However, sonAIR is currently not able to

account for re�ections on the building facades and rooftops.

The facade re�ections could be neglected in this case, but

as the NMT stations were mostly installed on buildings,

rooftop re�ection needed to be considered. To that end, the

buildings which have NMTs installed on their roofs were

extracted from a digital surfacemodel andmanually pasted

into the digital terrain model, e�ectively making them a

terrain feature. This allowed the substitution of rooftop

re�ections by calculating ground re�ection at the rooftop

level.

2.3.6 Sensitivity analysis on input data

The main simulations presented in this study used the best

available input datasets. This level of detail might be un-

available or too costly in terms of calculation time for opera-

tional noise mapping. A sensitivity analysis was performed

to quantify the in�uence of each input dataset on the over-

all simulation performance. The simulation was therefore

re-calculated three times, each time implementing one of

the following changes in input data:

1. Replacing the high detail cantonal surveying

land cover data with widely available, coarser

data based on 1:25’000 scale national maps (Vec-

tor25; https://shop.swisstopo.admin.ch/en/produc

ts/maps/national/vector/smv25).

2. Omitting the vectorized building dataset.

3. Replacing the COSMO1 atmospheric pro�les (sonAIR

METEOmode) with a uniformmean atmosphere with

T = 14∘C, p = 1000mbar and relative humidity of

60% (sonAIR BASIC mode).

3 Results

The simulated event levels LAE,tg and maximum levels

LAS,max were compared individually with the correspond-

ing measurements. The results were then grouped by emis-

sion model and procedure (departure or approach). This

analysis was done separately for the full models and the

reduced models. The numeric results are shown in terms

of mean di�erences (simulation minus measurement) and

corresponding standard deviation.

3.1 Full models

4’892 noise events from 2’135 individual �ights were evalu-

ated for the validation of the full models. The scatterplot in

Figure 3 displays the direct comparison of measured and

calculated event levels from all noise events. The numeric

results, evaluated over all available measurement points in

Zurich and Geneva except GVA NMT5 (as discussed above),

are listed in Table 1. Averaged over all available measure-

https://www.meteoswiss.admin.ch/home/measurement-and-forecasting-systems/warning-and-forecasting-systems/cosmo-forecasting-system.html
https://www.meteoswiss.admin.ch/home/measurement-and-forecasting-systems/warning-and-forecasting-systems/cosmo-forecasting-system.html
https://www.meteoswiss.admin.ch/home/measurement-and-forecasting-systems/warning-and-forecasting-systems/cosmo-forecasting-system.html
https://shop.swisstopo.admin.ch/en/products/landscape/build3D2
https://shop.swisstopo.admin.ch/en/products/landscape/build3D2
https://shop.swisstopo.admin.ch/en/products/maps/national/vector/smv25
https://shop.swisstopo.admin.ch/en/products/maps/national/vector/smv25
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Figure 3: Comparison simulation vs. measurements for full models.

Top: Scatterplot with all measurements (ZRH and GVA combined),

grouped by procedure (D: Departure; A: Approach; SD: Standard de-

viation). Bottom: Box-whisker-plots of the measurements, grouped

by measurement origin and procedure.

ments, types and procedures, the full models could repro-

duce the measurements with a ∆LAE,tg of −0.3 ± 1.7dB.

At Zurich airport, 3’911 noise events from 1’758 in-

dividual �ights were evaluated. The results show good

agreement between simulation and measurement, with

∆LAE,tg = −0.4 ± 1.8dB. A subdivision by procedure

demonstrated very close agreement during approach with

∆LAE,tg = −0.1 ± 1.8dB. The departures showed a slight

underestimation of −0.6 ± 1.8dB (see box-whisker-plots

in Figure 3). A further subdivision of the results by aircraft

type showed comparable performances for all validated

full models.

The evaluation of the LAS,max (not shown) displayed

similar trends, but with larger underestimation of the mea-

surements. The di�erence in LAS,max is −1.0 ± 2.0dB, with

departures again showing stronger underestimation than

the approaches.

At Geneva airport, 981 noise events from 377 �ights

were evaluated. The simulation matched the Geneva mea-

surements well, with ∆LAE,tg = −0.3 ± 1.4dB. Departures

Table 1: Di�erences between simulation and measurements (ZRH

and GVA combined) for all full models, separated into departures

(D) and approaches (A). N: number of noise events; SD: standard

deviation.

Aircraft Engine Emission model Proc N Mean SD

A319 CFM56-5B A319_CFM56-5B
D 269 −1.0 1.5

A 333 −0.2 1.6

A320 CFM56-5B A320_CFM56-5B
D 315 −0.7 1.7

A 431 0.1 1.6

A321 CFM56-5B A321_CFM56-5B
D 327 −0.5 1.6

A 444 0.6 1.2

A333 TRENT7 A333_TRENT7
D 238 −0.9 1.4

A 293 −0.3 1.6

A343 CFM56-5C A343_CFM56-5C
D 300 −0.3 1.9

A 222 0.2 1.2

B77W GE90-115B B77W_GE90-115B
D 382 0.4 1.5

A 283 −0.7 1.4

BCS1 PW1500G BCS1_PW1500G
D 303 −0.5 1.8

A 234 −0.2 1.9

BCS3 PW1500G BCS3_PW1500G
D 292 −1.2 1.6

A 226 −0.1 2.1

Total

D 2426 −0.5 1.7

A 2466 0.0 1.6

all 4892 −0.3 1.7

matched very well (−0.1 ± 1.5dB), while the approaches

showed a slight underestimation (−0.4 ± 1.2dB; see box-

whisker-plots in Figure 3). All eight aircraft types achieved

comparable results.

The evaluation of the LAS,max (not shown) displayed

slightly larger underestimation of the measurements, with

∆LAS,max = −0.5 ± 1.5dB.

3.2 Reduced models

The validation dataset for the reduced models consisted

of 15’434 noise events from 6’654 �ights. The selection of

�ights explicitly excluded �ights from Swiss Airlines. The

validation of the reduced models used NMT measurements

only; no measurements from the additional measurement

points A to D were available for these types.

The scatterplot in Figure 4 displays the direct compari-

son of measured and calculated event levels from all noise

events from Zurich and Geneva combined. The numeric

results, evaluated over all available measurement points in

Zurich and Geneva except GVA NMT5 (as discussed above),

are listed in Table 2. Averaged over all available measure-

ments, types and procedures, the reduced models repro-

duced the measurements with ∆LAE,tg = −0.2 ± 2.4dB.

At Zurich Airport, 10’307 noise events from 4’630 �ights

were evaluated. The average over all reduced models at

Zurich airport shows good agreement between simulation

and measurements, with ∆LAE,tg = −0.4 ± 2.6dB. The
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Table 2: Di�erences between simulation and measurements (ZRH

and GVA combined) for all reduced models, separated into de-

partures (D) and approaches (A). N: number of noise events; SD:

standard deviation.

Aircraft Engine Emission model Proc N Mean SD

A319 CFM56-5B A319_CFM56-5B
D 536 0.4 2.2

A 362 1.9 1.6

A320 CFM56-5B A320_CFM56-5B
D 226 0.0 2.0

A 141 0.7 1.6

A321 CFM56-5B A321_CFM56-5B
D 326 −0.6 2.3

A 344 0.5 1.6

A333 TRENT7 A333_TRENT7
D 581 −1.0 3.3

A 367 −0.3 1.8

A343 CFM56-5C A343_CFM56-5C
D 304 0.5 2.5

A 242 0.6 1.9

A319 CFM56-5A A32X_CFM56-5A
D 321 0.0 1.6

A 353 −0.3 1.7

A319 V2500 A32X_V2500
D 444 0.1 1.7

A 310 1.4 1.9

A320 CFM56-5A A32X_CFM56-5A
D 344 −0.7 1.3

A 301 −0.6 1.4

A320 V2500 A32X_V2500
D 315 −0.7 1.8

A 186 0.8 1.9

A321 V2500 A32X_V2500
D 214 −3.2 1.9

A 119 0.9 2.2

A388 GP7270 A388_GP7270
D 165 −1.0 2.0

A 193 4.2 3.2

A388 TRENT9 A388_TRENT9
D 60 0.2 2.6

A 123 −0.7 1.9

B733 CFM56-3 B737_CFM56-3
D 272 −0.1 2.0

A 131 −1.0 1.2

B734 CFM56-3 B737_CFM56-3
D 195 −0.4 2.1

A 257 −1.1 1.3

B735 CFM56-3 B737_CFM56-3
D 338 −0.7 1.6

A 206 −1.1 1.2

B736 CFM56-7B B737_CFM56-7B
D 246 1.4 2.0

A 224 −0.8 2.2

B737 CFM56-7B B737_CFM56-7B
D 267 −0.4 2.2

A 255 −0.8 1.8

B738 CFM56-7B B737_CFM56-7B
D 323 −1.2 2.3

A 243 −1.3 2.0

B739 CFM56-7B B737_CFM56-7B
D 214 −2.4 2.0

A 208 −1.9 2.2

B762 CF6-80C2 B76X_CF6-80C2
D 11 2.1 2.7

A 18 4.8 1.7

B763 PW4060 B763_PW4060
D 261 −0.7 2.4

A 143 −0.5 1.6

B763 CF6-80C2 B76X_CF6-80C2
D 249 −0.7 2.6

A 265 2.2 2.2

B764 CF6-80C2 B76X_CF6-80C2
D 242 −1.0 2.2

A 239 2.2 2.4

CRJ7 CF34-8C5 CRJ9_CF34-8C5
D 343 −0.3 1.9

A 187 −0.4 1.4

CRJ9 CF34-8C5 CRJ9_CF34-8C5
D 230 −0.3 1.5

A 297 −0.9 1.6

CRJX CF34-8C5 CRJ9_CF34-8C5
D 68 −1.1 1.4

A 41 −1.9 1.3

E170 CF34-8E E170_CF34-8E
D 187 −0.1 2.2

A 178 −0.1 2.2

E190 CF34-10E E190_CF34-10E
D 477 −1.2 1.9

A 359 −0.5 1.6

E195 CF34-10E E190_CF34-10E
D 102 −0.5 1.4

A 102 −0.7 1.1

F100 TAY650-15 F100_TAY650-15
D 472 −2.0 2.2

A 312 0.2 3.1

FA7X PW307 FA7X_PW307
D 215 −0.3 3.2

A 180 0.5 2.6

Total

D 8548 −0.6 2.3

A 6886 0.2 2.3

all 15434 −0.2 2.4

Figure 4: Comparison simulation vs. measurements for reduced

models. Top: Scatterplot with all measurements, grouped by proce-

dure (D: Departure; A: Approach; SD: Standard deviation). Bottom:

Box-whisker-plots of the measurements, grouped by measurement

origin and procedure.

slight underestimation is againmainly caused by the depar-

tures (∆LAE,tg = −0.9 ± 2.4dB), whereas the approaches

matchwell (∆LAE,tg = +0.3 ± 2.6 dB; see box-whisker-plots

in Figure 4). The standard deviation is 0.7 dB larger than

that observed with the full models.

As with the full model validation, the LAS,max (not

shown) displayed larger underestimation of the measure-

ments in Zurich. The di�erence in LAS,max is −1.1 ± 2.6 dB,

with departures again showing larger underestimation than

approaches.

At Geneva airport, 5’127 noise events from 2’024 �ights

were evaluated. The reduced models achieved slightly bet-

ter results than in Zurich, with a ∆LAE,tg of +0.2 ± 1.8dB

(see box-whisker-plots in Figure 4). The maximum level

(not shown) was reproduced well, with a ∆LAS,max of 0.0 ±

2.2dB.
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3.3 Sensitivity analysis on input data

Using the coarser Vector25 dataset as land cover input led to

an overestimation of the simulated sound exposure levels

by roughly 0.7 dB. The cumulative e�ect of omitting the

3D building dataset on the entire validation was less than

0.1 dB. The mean di�erences between the simulations in

METEO and BASIC mode with less than 0.1 dB were equally

insigni�cant.

4 Discussion

4.1 Measurement uncertainties

The di�erences between simulation and measurements

given in section 3 on their own already con�rm the good

model performance of sonAIR, especially considering that

the validation is done on the basis of single events, which

scatter more pronounced than yearly averaged equivalent

sound pressure levels. However, they need to be put into

the context of the measurement setup, speci�cally by con-

sidering measurement uncertainties. These are partly intro-

duced by the instrumentation, consisting of microphone,

sound level meter and calibration equipment [14, 30]. In-

strumentation uncertainty for aircraft noise measurements

with class 1 measurement equipment was shown to be

roughly ±0.5 dB. Other e�ects, such as local re�ections and

background noise contamination, can further increase this

uncertainty. A detailed study of measurement uncertain-

ties of the NMT network in Zurich and Geneva showed that

these additional e�ects can range from +0.3dB to +0.9dB,

depending on the location. Together with the location-

independent instrumentation uncertainty, the resulting

total measurement uncertainty, averaged over all NMTs, is

around ±0.9dB [14, 30].

Based on those uncertainties, we consider mean dif-

ferences between calculation and measurements of below

one decibel as non-signi�cantly di�erent. Mean di�erences

between one and around 2.5 dB can be regarded as good

agreement. Di�erences above 2.5 dB need to be examined

closer.

4.2 Full vs. reduced models

Evaluated over all measurements and aircraft types, the

simulations reproduced the measurements well. The full

models were particularly accurate, with almost all aircraft

types matching the measurements with mean di�erences

below one decibel and standard deviations below two deci-

bels (Table 1). It is particularly notable that the approach

events with lower noise levels were reproduced very well by

the simulation. These events were mostly measured by the

additional measurement points A to D in the far range of up

to 53 kilometers from touchdown at Zurich airport, where

themeasured noise levels show an increased variation even

for the same aircraft type due to the large in�uence of con�g-

uration changes. The good agreement between simulated

andmeasured levels at those points demonstrates the accu-

rate representation of the full range of aircraft con�guration

in the full models. All individual full model aircraft types

displayed similar performances.

The reduced models achieved similar mean agreement

between simulation and measurements as the full models,

but with an increase in standard deviation of about 0.7 dB.

This increase in uncertainty is partly caused by the models

itself: as no FDR data was available for the generation of

the reduced models, radar data was used as position in-

formation and N1 was derived acoustically from the noise

measurements [29]. This input data is usually less accurate

than FDR data, leading to more inherent uncertainty in

the models. During simulation, the lack of FDR data again

introduces further uncertainty, since N1 has to be approxi-

mated using the parameter estimation methodology (see

section 2.2). Since the reduced models cannot account for

changes in the aircrafts con�guration, the simulated noise

emissions represent the average con�guration settings of

the airplane at any given point of the �ight. The reduced

models are therefore unable to reproduce the di�erences in

noise exposure levels introduced by the real-world con�g-

uration variability between individual �ights of the same

aircraft type. Another factor for the increased uncertainty

of the reduced models might be the fact that this group

covers a much larger pool of aircraft types operated by dif-

ferent airlines, whereas the full models only represent the

comparatively small �eet of Swiss Airlines.

4.2.1 Reduced models in far-range

The in�uence of the lack of aircraft con�guration as in-

put parameters for reduced models could only partially

be tested since no measurements in the mid- to far-range,

where con�guration changes are most prominent, were

available. To get an estimate on the increase of uncertainty

of the reduced models in the far range, the available mea-

surements of aircraft operated by Swiss Airlines atmeasure-

ment points A to D were re-evaluated using the reduced

version of the full models (i.e. the full models without the

con�guration parameters). This analysis revealed an in-

crease in the standard deviation of roughly 1 dB compared



104 | D. Jäger et al.

to the simulation using the full parameter range. Therefore,

simulation of approaches in the far-range using reduced

models will produce standard deviations that are roughly

1 dB higher than the values listed in Table 2.

Previous analysis on the in�uence of air absorption un-

der varying weather conditions for far-range propagation

let assume that using the approach with a strati�ed atmo-

sphere described in section 2.1, no signi�cant increase of

uncertainty is to be expected as a consequence of the larger

propagation distances [31]. As a consequence, the above

mentioned increase in uncertainty can bemainly attributed

to the lack of aircraft con�guration data as input.

4.2.2 Models with poor performance

Most reduced models were able to reproduce the mea-

surements well. There are however three notable excep-

tions with mean deviations of more than 2.5 dB: The

A388_GP7270, the B76X_CF6-80C2 applied to the B762 and

the A32X_V2500 applied to the A321. These models need to

be investigated further.

The model A388_GP7270 performed poorly upon ap-

proach (∆LAE,tg = +4.2 ± 3.2dB). There were no approach

measurements available for the Airbus A380 with GP7270

engine for the model generation. Therefore, this model was

patched from measurements of the A380 with TRENT9 en-

gine. The validation results suggest that this patch up is

not su�ciently accurate.

The model B76X_CF6-80C2 also su�ers from the lack of

measurements of important routes during the initial mea-

surement campaign, explaining the increased deviations

between simulation and measurements seen in Table 2.

Furthermore, the validation dataset contained very few

measurements of the B762, which further increased the

uncertainty of the analyzed level di�erences.

The B737 family showed good overall results (mean

di�erences < 2.5dB), but it displays an increase in under-

estimation of the simulation with increased aircraft size

and mass (B737 matches well, B738 was underestimated

by up to −1.2dB, B739 by up to −2.4dB). While all three

types were measured during the initial measurement cam-

paign, the number of measurements per subtype was too

small to generate individual emissionmodels. Therefore all

measurements were combined to generate a single model

for the B737 family. The validation results suggest that the

di�erences in fuselage length and aircraft mass have an

unneglectable in�uence on the noise emission and that one

single emission model for an entire aircraft family might

therefore not be su�cient.

We suspect the same reason for thepoor performanceof

the model A32X_V2500 when applied to the Airbus A321 at

departure (∆LAE,tg = −3.2 ± 1.9 dB): the regression dataset

of this model mostly consists of measurements of the A319

andA320, leading to an underestimation of noise emissions

of the larger and heavier A321.

In contrast to the above types, some models that were

derived from measurements of other subtypes within their

family worked well. There were no initial measurements

available for the Bombardier CRJ7 and CRJX, therefore these

types were simulated with the model CRJ9_CF34-8C5 which

is entirely based on measurements of the CRJ9. Neverthe-

less, all three subtypes performed equally well in the vali-

dation. The same holds true for the Embraer E195, which

was simulated using the E190 emissionmodel and achieved

comparable results to the E190 validation.

4.3 Maximum level

The analysis of the maximum levels revealed a a tendency

to underestimate the measurements by roughly one deci-

bel. The measured maximum level is highly susceptible to

turbulences in the air. Turbulences that occur around the

time of shortest source-receiver-distance (direct over�ight)

can increase the measured maximum level by several deci-

bels, leading to an increase in the averaged maximum level

over a large number of measurements. The simulation cur-

rently does not take this e�ect into account, leading to the

observed underestimation of the mean LAS,max. A distance-

dependent correction factor could potentially correct this.

However, a corresponding attempt using the original son-

AIR source measurements did not yield su�cient corre-

lation. Additional measured level-time histories, together

with detailed meteorological data, would be necessary for

a �nal assessment of such a correction factor.

4.4 Sensitivity analysis on input data

The largest in�uence of changed input data could be iden-

ti�ed in the land cover dataset, where the use of coarsely-

aggregated data led to a signi�cant overestimation of the

simulation. This e�ect is particularly prominent within set-

tlements, since the coarser dataset does not di�erentiate

between fully re�ective areas such as roofs or streets and

absorbing surfaces such as parks or gardens.

The vectorized building dataset is exclusively used to

calculate shielding e�ects, making it relevant solely for

grazing sound incidence. These situations typically occur
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only in the very close vicinity of airports, minimizing the

e�ect on large-scale noise mapping.

The mean di�erences between the simulations in ME-

TEO and BASIC mode were equally insigni�cant. It has to

be noted that the validation explicitly excluded measure-

ments taken during windspeeds of above 5m/s. Further,

the NMT network is set up in away that there are hardly any

measurements of gracing incidences where meteorological

e�ects might play a more prominent role.

4.5 Updated modelling approach

A separation of the calculations by procedure displayed a

very good reproduction of approach measurements, while

the simulation slightly underestimated the departures. To

investigate this underestimation, we further subdivided

the departure analysis of the full models by month. This

revealed an inter-annual trendwithhigher underestimation

duringwintermonths and better agreement during summer

(Figure 5, orange box-whisker-plots).

Figure 5: Comparison of inter-annual trends in departure event level

di�erences modelled with published (orange) and updated (purple)

full model versions.

This trend correlates with the yearly course of outside

air temperatures in Zurich, suggesting that the model does

not adequately consider atmospheric conditions during de-

parture. Changes in air temperature and density in�uence

the settings at which the engines are operated as well as the

incoming mass �ow and jet velocity of the engines, leading

to changes in noise emissions. While the parameter N1 is

able to account for the increase in the engine rotational

speed due to higher temperatures and lower air densities,

it appears to be insu�cient to describe the full extent of

in�uences on noise emissions due to atmospheric changes.

Aside from N1, the engine noise source term implicitly con-

siders the air temperature with the Mach number Ma, but

there is no parameter for the air density in the published

modelling approach (Equation 2 in section 2.1). Therefore,

a new modelling approach (Equation 12) was developed

which extends the engine source term with a variable ρ for

the outside air density:

L̂0,eng = Le0 + ae1 ·Ma + be1 · N1 + be2 · N
2
1 + ce1 · ρ (12)

The radiation angle terms remain unchanged.

To test this new approach, the full models were re-

calculated with the extended approach and the validation

repeated. The purple box-whisker-plots in Figure 5 show

that the new approach somewhat reduced the inter-annual

trend in the di�erences between simulation and measure-

ments. This is partly achieved by reducing the underesti-

mation during the winter months. However, the new ap-

proach introduced a new underestimation during summer

months. We suspect that this is a consequence of all source

measurements for take-o� having been carried out during

spring and mainly summer months. Therefore the regres-

sion dataset does not contain a su�cient range of air den-

sities to adequately predict such a parameter.

Due to the increased underestimation during summer

months, the new modelling approach performance is over-

all slightly poorer than the published approach. The un-

derestimation of the overall ∆LAE,tg of the engine model is

increased by 0.3 dB to −0.8 ± 1.7dB. An updated release of

the publishedmodels is therefore not appropriate. However,

we expect that models based on measurements covering

the full range of air densities (i.e.measurements taken over

the entire year) would produce better results with the new

modelling approach.

5 Conclusion and outlook

The sonAIR aircraft noise simulation model was validated

by simulating roughly 20’000 single �ights based on real air

tra�c at Zurich and Geneva airport and comparing the re-

sults with the corresponding measurements. The analyzed

noise measurements were recorded at 22 locations around

the airports, covering a large range of distances between

1.8 and 53 kilometers from the corresponding runways. The

validated �ights encompass all relevant procedures (depar-

tures before and after cutback, approaches with di�erent

con�gurational settings from clean to fully con�gured, at

di�erent �ight velocities and altitudes) and all months of

the year, therefore representing a large variety of operating
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conditions. The analysis over all aircraft types and mea-

surement locations revealed that sonAIR can reproduce the

measurements accurately, with mean overall di�erences

for departures as well as approaches of well below ± 1 dB

in terms of event levels.

The standard deviation of the simulation depends on

the model type: fully parameterized models displayed stan-

dard deviations below 2dB, while the reduced models

showed slightly increased uncertainty with standard devia-

tions around 2.5 dB.

The individual fullmodel aircraft types all show similar

performances, making them equally applicable for single

�ight simulations. While most reduced models performed

comparably well, there are some that displayed increased

uncertainty. Based on the presented validation results, we

explicitly discourage theuse of threemodels in their current

version for single �ight simulations: The B76X_CF6-80C2

for the subtype B762, the A32X_V2500 for the subtype A321

and the A388_GP7270. For all other reducedmodels, Table 2

shouldbe consultedbefore usingoneof them for simulating

single �ights.

The present analysis revealed that the simulation ac-

curacy strongly depends on the quality and resolution of

the used land cover data. We recommend the use of a high-

resolution land cover dataset (e.g. from o�cial surveying),

particularly for noise mapping in densely built-up areas.

Other additional input data such as a vectorized building

datasets and atmospheric pro�les were found to be less

critical.

The good performances on single �ight simulations

suggest that sonAIR is also well suited for calculating entire

airport scenarios. To con�rm, we are currently carrying out

a �rst test calculation of yearly air tra�c at Geneva and

Zurich Airport. In addition, a new study at the author’s

institution is currently repeating the simulation of all �ights

used in this validation using the simulationmodels FLULA2

and AEDT. This will allow a direct performance comparison

of the di�erent aircraft noise simulation models.
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