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A B S T R A C T

The impressive growth of the aviation industry and the number of flights entail several
environmental repercussions, such as increased aircraft noise emissions. With the worrying
number of complaints from the communities around airports comes also the distrust in
numerical models used for aircraft noise prediction. In this study, we compare the ‘Dutch aircraft
noise model’ predictions to measured values from the NOise MOnitoring System (NOMOS)
around Amsterdam Airport Schiphol between 2012 and 2018. While the model underestimates
aircraft noise in 2012, the model prediction improved throughout the years. We observe a
decreasing trend of measured aircraft-related 𝐿𝑑𝑒𝑛 values of 0.6 dB(A)∕year (a total of 3.6 dB(A)
over the investigation period), although the total number of flight movements increased during
the observation time. We propose that a change in fleet mix, as well as the implementation of
Noise Abatement Procedures at Schiphol Airport, fuelled this trend.

. Introduction

With its emergence, the aviation industry has shown impressive growth numbers and has given rise to important economic
enefits. This advantage, however, comes at the price of increased aviation-induced noise levels, resulting in annoyance, adverse
conomic effects, and health problems (Franssen et al., 2004; Hansell et al., 2013). Together with air pollution, environmental noise
s considered an important threat to health in Europe (Basner and McGuire, 2018).

This concern is widely recognised and measures are taken to counteract it. Firstly, aircraft are made less noisy, for example by
ncreasing the bypass-ratio of the turbofan engines and applying acoustic lining (Bertsch et al., 2015). Secondly, flight procedures
nd operations have been established that should result in a decrease in aircraft-induced noise in populated areas. Implementation
f these measures is pushed and enforced through charges and regulations (Morrell and Lu, 2000; Schiphol Airport, 2021).

In the Netherlands, these regulations are implemented by imposing hard limits upon the yearly cumulative noise levels at
ocations and zones around airports. These noise levels are determined using so-called best-practice methods. These models
re based on legal compliance requirements, such as those described in Document 29 of the ECAC, European Civil Aviation
onference, (ECAC.CEAC, 2016). With these methods, noise contours around airports can be calculated with low computational cost
nd limited model inputs, representing the noise impact of aircraft operations over large areas and, for example, a full year. The
esulting contours are employed to check compliance with noise limits and estimate future aircraft impacts. The best-practice method
sed for calculating the noise contours around Schiphol is the so-called ‘Dutch aircraft noise model’. Similar to the other best-practice
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methods, this model makes use of look-up tables. The tables containing the noise data are denoted noise-power-distance (NPD)
tables, providing sound levels at predefined distances and thrust settings. A variety of metrics are known to be relevant measures of
annoyance (Vieira et al., 2020). Noise annoyance can lead to lack of sleep, over-stress, and thus several health complications (Basner
and McGuire, 2018; Dobruszkes and Efthymiou, 2020). However, out of these annoyance metrics, aircraft noise monitoring mainly
considers the yearly-averaged day–evening–night average values (𝐿𝑑𝑒𝑛).

This current practice of noise monitoring comes with model approximations and consequently deviations of the model predictions
from the actual noise levels (Merino-Martínez et al., 2016b; Zellmann et al., 2017; Merino-Martínez et al., 2018). Approximations
are, for example, those in modelling the aircraft as a point source, ignoring the noise directivity (ECAC.CEAC, 2016), and in the input,
assuming a predefined variation of engine thrust settings along flight paths (Snellen et al., 2017). These known limitations of the
current aircraft noise monitoring approach give rise to distrust in communities located close to the airports (Bewoners Aanspreekpunt
Schiphol, 2021).

Therefore, it is important to compare the modelled 𝐿𝑑𝑒𝑛 values with those measured and assess their agreement quantitatively.
Although an attractive means for measuring noise is to make use of arrays that allow for discriminating between the different noise
sources on board the aircraft (Merino-Martínez et al., 2016a; Sijtsma, 2010; Siller, 2012; Simons et al., 2015), this is not needed for
this research. The reason is that the best-practice models provide total aircraft noise levels only. The present research, therefore,
considers the total aircraft noise levels recorded by individual microphones of the NOise MOnitoring System (NOMOS) around
Amsterdam Airport Schiphol in the Netherlands.

In this paper we consider a six-year period of measurements to statistically investigate the long-term trends in 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡
values, in contrast to year by year comparisons in corresponding predictions typically performed by airports. The scope of this paper
is thus limited in such a way that we only address 𝐿𝑑𝑒𝑛 evolutions, also in comparison with the model, and not the related health
issues.

The aim of the study is threefold:

(a) To investigate the trend in the measured 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 data over the period 2012–2018 per NOMOS station and averaged
over all stations;

(b) To compare the measured 𝐿𝑑𝑒𝑛 values with those obtained by the ‘Dutch aircraft noise model’, i.e., the best-practice model
used in the Netherlands for calculating noise exposure at Dutch airports;

(c) To investigate a possible correlation between the observed trend in the measured 𝐿𝑑𝑒𝑛 over the years with changes in
operations and fleet composition at the airport.

For the third aim (c) we will use the certification data of the most frequently occurring aircraft types taking off and landing at
Schiphol.

The paper is organised as follows. First, Section 2 presents the data and methods used for this study, including a presentation of
the NOMOS measurement system, and the explanation of the 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 metrics. Also, Section 2 presents a brief description of
the ‘Dutch aircraft noise model’ (NRM) including its differences with other best-practice aircraft noise models such as the Federal
Aviation Authority’s Integrated Noise Model (INM). Section 3 starts by illustrating the measured (yearly-averaged) 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡
data for the period 2012–2018. The yearly trend is presented for a few NOMOS stations separately and a linear least-squares fit
provides the trend in dB(A)/year (per station). The section continues with a comparison of the measured 𝐿𝑑𝑒𝑛 data with those
calculated with the NRM. First, a local approach is taken to statistically investigate the agreement at each NOMOS station, followed
by a global assessment at the level of the whole measuring system.

Next, in Section 4 an attempt is made to explain the observed overall trend in the measured 𝐿𝑑𝑒𝑛 for the period 2007–2019 by
assuming that this is due to either actual changes in the fleet composition or noise mitigating procedures at Schiphol airport. Lastly,
Section 5 summarises the results and a number of conclusions are drawn.

2. Data and methods

This study is based on the 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 data available at the website (European Aircraft Noise Services, 2021), which provides
yearly-averaged 𝐿𝑑𝑒𝑛 values for the NOMOS measurement stations around Schiphol airport, see Fig. 1. A NOMOS station consists of a
calibrated microphone mounted on a 6 to 10m high mast, which continuously measures the sound in the environment. The NOMOS
system comprises more than 40 stations, the locations of which are shown in Fig. 1. The figure also illustrates the population density
per square kilometre. The central yellow-shaded area next to the runways (in purple lines) represents the capital of Amsterdam.

The data retrieved from the website (European Aircraft Noise Services, 2021) consists of the year-averaged 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 data
for the period 2012–2018 concerning both aircraft noise events alone and total noise measured.

For the third aim (c) (see Section 1) we will use the certification data of the most frequently occurring aircraft types taking off
and landing at Schiphol.

2.1. The 𝐿𝑑𝑒𝑛 metric

The 𝐿𝑑𝑒𝑛 metric (Crocker, 2008) for a period of one year (in units dB(A)) is given by

𝐿𝑑𝑒𝑛 = 10 log10(
𝑁𝑑
∑

10
𝑆𝐸𝐿𝑖
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Fig. 1. Locations of the NOMOS stations around Schiphol Airport (black dots) (Casper.Aero, 2021). Only the IDs of the NOMOS stations described in Fig. 3 are
visible. The purple lines indicate the runways of the Airport. The green/yellow background represents the population density (of 2019) around Schiphol Airport
expressed in people per square kilometre (WorldPop and Center for International Earth Science Information Network (CIESIN), 2020).

Table 1
Noise classes per weight categories and representative aircraft.

Weight category [ton] Noise class 1 Noise class 2 Noise class 3 Noise class 4

1 (6 ≤ MTOW < 15) BAe-3100 Jetstream 31 BAe-3100 Jetstream 31 BAe-3100 Jetstream 31 BAe-3100 Jetstream 31
2 (15 ≤ MTOW < 40) Fokker F-28 Fellowship Fokker F-27 Friendship Fokker 100 Fokker 70
3 (40 ≤ 𝑀𝑇𝑂𝑊 < 60) Boeing 737-200 DC-90-30 (−3 dB)) Boeing 737-300 HWFAP BAe-146-200
4 (60 ≤ MTOW < 100) Boeing 737-200 Boeing 737-300 Boeing 737-300 HWFAP MD-90
5 (100 ≤ MTOW < 160) DC-8-63 Airbus A-310-203 (+3 dB) Airbus A-310-203 Boeing 757-200/ RB211-535E4
6 (160 ≤ MTOW < 230) DC-8-63 Boeing 767-300 ER (+3 dB) Boeing 767-300 ER Boeing 787-8
7 (230 ≤ MTOW < 300) DC-10-30 (+3 dB) DC-10-30 DC-10-30 (−3 dB) Boeing 777-200
8 (300 ≤ MTOW < 400) Boeing 747-200B Boeing 747-300 Boeing 747-400 Boeing 777-300ER
9 (MTOW ≥ 400) – – – Airbus

where 𝑁𝑑 , 𝑁𝑒 and 𝑁𝑛 are the number of (detected) aircraft noise events during day-time (07.00: 19.00), evening-time (19.00: 23.00)
and night-time (23.00: 07.00), respectively. 𝑆𝐸𝐿𝑖, 𝑆𝐸𝐿𝑗 and 𝑆𝐸𝐿𝑘 are the corresponding Sound Exposure Levels of the day-time,
evening-time and night-time events, respectively. The term −75 dB(A) originates from the normalisation for the one year period (in
seconds), i.e., it is equal to −10 log10(365.25 × 24 × 3600). The Sound Exposure Level of an aircraft noise event is given by

𝑆𝐸𝐿 = 10 log10(∫

𝑇

0
10

𝐿𝐴(𝑡)
10 𝑑𝑡) (2)

where 𝐿𝐴(𝑡) is the (measured) instantaneous A-weighted sound pressure level of the event and the integration time T is chosen such
that it covers the time interval during which 𝐿𝐴(𝑡) is not more than 10 dB(A) below the maximum value of 𝐿𝐴(𝑡).

Typically, 30% of the population is highly annoyed by aircraft noise at 𝐿𝑑𝑒𝑛 = 55 dB(A) (Gjestland, 2019) although large
differences for different airports can occur and also non-acoustic factors such a demographic, social and personal, can influence
the perceived noise annoyance. Contours in 𝐿𝑑𝑒𝑛 around this value are determined for airports, with a range of 40 dB(A) to 70 dB(A).

The 𝐿𝑛𝑖𝑔ℎ𝑡 metric (also for a period of one year and expressed in units dB(A)) is similar to 𝐿𝑑𝑒𝑛. According to the (Council of the
European Union, 2002), 𝐿𝑛𝑖𝑔ℎ𝑡 is computed for the aircraft events during night-time, without applying the 10 dB(A) penalty. Hence,
it is given by

𝐿𝑛𝑖𝑔ℎ𝑡 = 10 log10(
𝑁𝑛
∑

𝑘=1
10

𝑆𝐸𝐿𝑘
10 ) − 70.2 (3)

The normalisation term of −70.2 dB(A) equals −10 log (365.25 × 8 × 3600) as there are only 8 h night-time.
3
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2.2. Dutch aircraft noise model (NRM)

The noise level calculations within the current Dutch best-practice model for predicting aircraft noise in the Netherlands,
articularly at Schiphol Airport (van der Wal et al., 2001a,b; Heppe, 2014), comprises the following steps:

(a) A limited number of aircraft classes are specified that represent multiple aircraft types with comparable weight and noise
characteristics. Aircraft are subdivided into nine weight categories based on their maximum take-off weight (MTOW), each of
which is linked to four noise classes based on aircraft noise certification data. This combination results in 36 aircraft classes
each having one representative aircraft, see Table 1.
Noise class 1 represents the oldest, i.e., loudest, aircraft. Newer i.e., less noisy, aircraft, are represented by higher noise
classes (up to class 4). Because of this simplified classification, noise characteristics are assumed to be independent of the
actual aircraft configuration and engine type. Aircraft class 4/3 (i.e., weight category 4, noise class 3), accounting for a
considerable amount of flights at Schiphol (see Section 4), is represented by the Boeing 737-300 HWFAP (which stands for
‘hard wall forward acoustic panel’ (Geng et al., 2015)). Most of the operational Boeing 737 (including Boeing 737-800) and
Airbus 320 aircraft are placed in this class.

(b) Flight profiles for each aircraft class are selected based on the chosen procedure and the distance of the flight. A flight profile
table gives height, flight speed and corresponding thrust setting as a function of distance for various distance segments. Since
the flight profiles are constructed for ideal situations, the actual flight profile will deviate from these, e.g., because of pilot
input and actual aircraft configuration.
There are nine procedures (numbered from 00 to 08) for take-off, including standard ICAO procedures, but also airport specific
procedures such as NADP (Noise Abatement Department Procedure). There are three procedures (numbered 10, 11 and 12) for
landing, including the standard landing configuration (‘normal instrument approach’) and procedures with adjusted aircraft
settings to reduce the emitted noise. For each of the nine take-off procedures there are four class numbers (numbered 00 to
03) based on the distance to destination of the flight. For each of the three landing procedures there are three class numbers
(00, 01 and 09), providing additional information about the landing procedure, like initial approach height in case of ‘step
approach’ (00 and 01) or the ‘continuous descent approach’ (09). For each procedure/class combination, fixed flight profiles
have been determined.

(c) The noise data corresponding to a representative aircraft are listed in a Noise-Power-Distance (NPD) table consisting of the
overall A-weighted sound pressure level (in dB(A)) for predetermined source-receiver distances (in m) and engine settings
(in thrust force in kN or fan rotational speed in rpm). Noise levels at other distances and thrust settings than those listed in
the NPD table are obtained by linear interpolation. The NPD data do not account for noise directionality, i.e., the aircraft is
modelled as an omnidirectional point source. Each NPD table is assigned a unique number, for instance, 469 for the Boeing
737-300 HWFAP.

(d) The overall A-weighted sound pressure levels 𝐿𝐴 obtained from the NPD tables are corrected for the effect of lateral
attenuation using simple empirical formulas. This takes into account the effect of attenuation due to the ground (assumed to
be a flat sand surface covered by grass) and, to a certain extent, meteorological effects and the effect of directionality of the
aircraft sound. The ground attenuation effect, however, vanishes for elevation angles larger than 20◦ (the elevation angle is
the angle the line connecting source (the aircraft) and receiver makes with the ground). Further, the effect of directionality
is maximally 3 dB(A).

(e) A grid on the ground is defined around the flight path, where the x-coordinate is parallel to the flight path and the y-
coordinate perpendicular to it. Given a fixed grid point (𝑥, 𝑦), the instantaneous distance and thrust setting are determined
from the given flight profile as a function of time. Time is obtained using the ground velocity in the flight profile table.
Typically, a time step of 1 s is chosen. Subsequently, the instantaneous 𝐿𝐴 is calculated as a function of time by linear
interpolation of the data in the relevant NPD table. Then, from the obtained 𝐿𝐴 versus time curve the SEL value is determined
using Eq. (2). This calculation procedure is repeated for each grid point defined, yielding a noise contour of the SEL metric
for a particular flight movement.
As an example we consider a Boeing 737-300 HWFAP taking off using procedure 06 (NADP2) and take-off class number
00 (distance to destination < 750 km). This flight movement is denoted 4690600, a concatenation of NPD table number,
flight procedure and the class number of the flight. Figs. 2(a) and 2(c) show the flight profile and the corresponding SEL
noise contour, respectively. As a second example we consider a landing Boeing 737-300 HWFAP using procedure 10 (3◦

glide angle, normal instrument approach) and landing class numbers 00 (initial approach altitude 2000 f t). The results of the
modelling for this flight movement 4691000 are shown in Figs. 2(b) and 2(d).

The 𝐿𝑑𝑒𝑛 metric is calculated per grid point using Eq. (1) taking into account all SEL values calculated for the various flight
ovements occurring during a period of one year.

Although the best-practice modelling approaches are quite similar, there are some differences between them, and thus they can
ield different results. One such other best-practice model is FAA’s Integrated Noise Model (INM) which is in compliance with
CAC’s Document 29. Both NRM and INM make use of the NPD look-up tables. Differences between NRM and INM involve, among
thers, the lateral sound attenuation, as a result of which INM calculations result in a higher noise load close to the airport and
lower noise load further away from the airport (Strategische Milieuverkenning, 2008). Another difference involves part of the
4

alculation method, as the NRM is a point-based model and the INM is a segment-based calculation model.
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Fig. 2. Flight profile (a) and corresponding 𝑆𝐸𝐿 contour (c) of flight movement 4690600 (take-off). Flight profile (b) and corresponding 𝑆𝐸𝐿 contour (d) of
flight movement 4691000 (landing).

3. Results

3.1. Trends in measured 𝐿𝑑𝑒𝑛

Measured 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 data over the period 2012–2018 (European Aircraft Noise Services, 2021) are shown in Fig. 3 for a few
stations selected for illustrative purposes. A linear fit over time illustrates that in most cases a significant decrease is obtained. The
same trend is observed in the case of other stations. Five out of 26 stations, like station 18 (see Fig. 3), show an anomalous decrease
in 𝐿𝑑𝑒𝑛 in the year 2015 with a subsequent upward trend in the period 2016–2018. However, we did not find any correlation of
this phenomenon with the location of the stations, specific use of runways, temporary closures, maintenance, etc.

Additionally, all measured 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 data is shown as a function of year (blue squares) in Fig. 4, both for the aircraft noise
events and the total measured noise. The data per year are averaged over all NOMOS stations (thick red line). Subsequently, these
averaged data are linearly fitted (dashed red line). For the aircraft noise events (Figs. 4(a) and 4(b)) an overall decrease of 3.6 dB(A)
and 3.1 dB(A) over the 6-year period is obtained for 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡, respectively, which corresponds to a 0.6 dB(A)∕year decrease.

For the total noise (Figs. 4(c) and 4(d)) there is a slight 𝐿𝑑𝑒𝑛 increase of 0.03 dB(A)∕year and a strong 𝐿𝑛𝑖𝑔ℎ𝑡 decrease of
0.45 dB(A)∕year. This may show that a lot of the night-time noise was mainly due to aircraft-related events and with its decrease,
the total noise during night-time also decreases. The decrease of night-time aircraft noise may be attributed to the implementation
of Continuous Descent Approaches (CDA), although this only holds for stations at a sufficient distance from the runway (> 10
km). In addition, the increased airport charges for take-off and landing that Schiphol airport has imposed and the change in fleet
composition can play important roles in this respect (see Section 4).

Although the original data may look fairly scattered, these trend values are statistically significant, as demonstrated later. A
3 dB(A) decrease in 𝐿𝑑𝑒𝑛 for aircraft noise corresponds to a reduction of a factor of two in number of flight movements, provided
the aircraft in the fleet are the same (i.e., they have the same loudness). Hence, a decrease of 3.6 dB(A) (in 6 years) is substantial.

Further note that, on average, the 𝐿𝑑𝑒𝑛 for total noise is 10 dB(A) higher than the noise due to aircraft events alone, i.e., the
contribution of background noise to the 𝐿 for total noise (background plus aircraft events) is dominant. The 𝐿 for total noise
5
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Fig. 3. Measured 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 as a function of year for six selected NOMOS stations (only aircraft noise events). Both the 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 data are linearly
fitted to quantify the trend in dB(A) over 6 years as indicated.

amounts to approximately 65 dB(A) (see Fig. 4(c)). This can be explained by a constant and continuously present A-weighted sound
pressure level of 58 dB(A) due to background noise. Such an average background noise level is considered realistic. The 𝐿𝑑𝑒𝑛 for
aircraft noise events alone amounts to approximately 55 dB(A), which corresponds to 30 events per hour during day-time, each event
having a SEL value of about 80 dB(A) (which is a realistic value for aircraft events).

Fig. 5 shows the 𝐿𝑑𝑒𝑛 levels for all stations, identified by their ID, for 2012 and 2018. As concluded from the previous figures
as well, we notice an overall decrease in 𝐿𝑑𝑒𝑛 of about 3 dB(A) from 2012 to 2018. For the stations active in both years (stations 1
to 32 and 92) there are no clear ‘winners’ (i.e. decrease of 𝐿𝑑𝑒𝑛) or ‘losers’ (i.e. increase of 𝐿𝑑𝑒𝑛). Extreme outliers, such as NOMOS
30 may have been subjected to maintenance or calibrations.

3.2. Comparison with modelled 𝐿𝑑𝑒𝑛 data

To create a more complete overview of the yearly noise trend at Schiphol, we consider the ‘Dutch aircraft noise model’ (NRM)
used for calculating the noise contours around Schiphol. We compare the model with the measured values in order to identify
patterns in the trends. This section is divided into a local and global assessment of the agreement between measurements and
model.

3.2.1. Local agreement
For a local investigation, the differences between modelled and measured 𝐿𝑑𝑒𝑛 values throughout an entire year were analysed,

see Fig. 6 where NOMOS stations are plotted in blue squares. The mean difference is marked with a dashed red horizontal line
surrounded by its 68% confidence interval (mean ±standard deviation). Shown with the solid black line is the zero difference
between the measured and modelled values. It can be observed that in 2012 the model underestimates the measured 𝐿𝑑𝑒𝑛 (�̄�𝑚𝑒𝑎𝑠

𝑑𝑒𝑛 >
�̄�𝑚𝑜𝑑
𝑑𝑒𝑛 ). For 2018 the opposite is true, where the distribution is also more peaked and closer to zero. One should notice the different

number of active stations in different years.
The correlation coefficient between the absolute difference (between modelled and measured values) was studied with respect

to the distance to each NOMOS station’s closest runway. Table 2 presents the correlation coefficient and associated 𝑝-value.
We consider, in line with common practice in statistical analysis, a 𝑝-value below 0.05 (5% error probability) as statistically

significant. Given that all 𝑝-values are above the significance level 𝛼 = 0.05, we cannot conclude that there is a correlation between
the distance to the closest runway and the absolute difference between the measurements and modelled values. Given the lower
6

correlation coefficient values, this is even more so the case for later years.
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F
a

Fig. 4. All measured 𝐿𝑑𝑒𝑛 and 𝐿𝑛𝑖𝑔ℎ𝑡 data versus year (blue squares) for the aircraft noise events alone, (a) and (b), and the total measured noise, (c) and (d).
or each year, the data have been averaged over all stations (red solid line) and subsequently fitted by a linear function (red dashed line). The obtained trends
re indicated in the figures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Correlation coefficients between the absolute dif-
ference (between measured and modelled 𝐿𝑑𝑒𝑛
values) and the distance to the closest runway.

Year 𝜌 𝑝-value

2012 −0.30 0.16
2013 −0.37 0.07
2014 −0.27 0.19
2015 −0.29 0.16
2016 −0.16 0.36
2017 −0.10 0.53
2018 −0.08 0.60

3.2.2. Global agreement
In this section we investigate the global agreement between measured and modelled 𝐿𝑑𝑒𝑛 values. Fig. 7 shows maps of the

modelled 𝐿𝑑𝑒𝑛 data for the Schiphol area (aircraft events only) for the years 2012 and 2018. These maps of size 54 km × 67 km
have been calculated using the ‘Dutch aircraft noise model’. The measured 𝐿𝑑𝑒𝑛 values at the NOMOS station positions have been
superimposed on the maps. The illustration allows a visual inspection of how well the measurements agree with the model. The
thin white lines give a rough indication of the Dutch coastlines. There are not many differences between the modelled values of
these two years. What can be observed is that some tracks are more pronounced in 2012 compared to 2018 at a level of around
50 dB(A). This suggests that in the later years, the lateral dispersion of the tracks has been taken into consideration.

For a more quantitative comparison, scatter diagrams of measured 𝐿𝑑𝑒𝑛 values against modelled 𝐿𝑑𝑒𝑛 values are exemplary shown
7

in Fig. 8 for the years 2012 and 2018. Only the modelled 𝐿𝑑𝑒𝑛 values for the NOMOS station positions are considered now. The
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Fig. 5. Distribution of measured 𝐿𝑑𝑒𝑛 data per NOMOS station for the years 2012 (top) and 2018 (bottom). The plots contain a scatter plot of all NOMOS
stations (blue squares), and a distribution of these measured 𝐿𝑑𝑒𝑛 with the mean as a dashed red line and the spread in red background.

Fig. 6. Distribution of deviation between modelled and measured 𝐿𝑑𝑒𝑛 data per NOMOS station for the years 2012 (a) and 2018 (b). The plots contain a scatter
plot of all NOMOS stations (blue squares), and a distribution of this deviation with the mean as a dashed red line, zero deviation as a solid black line, and the
spread as red background.

correlation coefficient 𝜌 is indicated in the figures. From Fig. 8, the same observation as in Fig. 6 can be made, i.e. the modelled
𝐿𝑑𝑒𝑛 values for 2012 underestimate the measurements and the agreement increases in later years.

Table 3 lists the correlation coefficient 𝜌, the coefficient of determination 𝜌2 and the corresponding 𝑝 -value between measured
and modelled values for all years considered. Furthermore, the mean (𝜇) and standard deviation (𝜎) of the quantity 𝐿𝑚𝑜𝑑

𝑑𝑒𝑛 − 𝐿𝑚𝑒𝑎𝑠
𝑑𝑒𝑛

are used as metrics to evaluate the agreement between measurements and model.
It is observed that for the years 2015, 2016, 2017, and 2018, the agreement between measurements and model is quite good.

For the years 2014, 2013 and especially 2012, the model-data agreement gets worse. All correlation coefficients obtained are
statistically significant as can be observed from the 𝑝-values. Note that the modelled mean 𝐿𝑑𝑒𝑛 is virtually constant over the years.
One possibility is that the increase in the number of flight movements is compensated by the less noisy aircraft. The lower measured
8
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Fig. 7. Maps of modelled 𝐿𝑑𝑒𝑛 (for a grid of size 54 km × 67 km) for the years 2012 (a) and 2018 (b). Measured 𝐿𝑑𝑒𝑛 values at the NOMOS stations are also
shown (colour inside the white circles). The Dutch coastlines are indicated with white lines. The Schiphol runways are indicated by the solid black lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Scatter diagrams of measured 𝐿𝑑𝑒𝑛 against modelled 𝐿𝑑𝑒𝑛 for the NOMOS station positions for the years 2012 (a) and 2018 (b). The correlation coefficient
is indicated as 𝜌 in the top-left corners.

Table 3
Correlation coefficients between modelled and measured 𝐿𝑑𝑒𝑛, its variance and 𝑝-values, and the average difference and standard
deviation for all NOMOS stations.

Year �̄�𝑚𝑒𝑎𝑠
𝑑𝑒𝑛 �̄�𝑚𝑜𝑑

𝑑𝑒𝑛 𝜌 𝜌2 𝑝-value 𝜇 𝜎

2012 53.5 52.5 0.46 0.21 2.8 × 10−2 −1.0 4.8
2013 53.9 52.3 0.72 0.52 1.1 × 10−4 −1.7 3.0
2014 54.3 52.4 0.72 0.52 7.2 × 10−5 −1.9 3.2
2015 51.7 52.1 0.89 0.80 2.1 × 10−9 0.3 2.1
2016 51.3 52.2 0.92 0.85 3.3 × 10−14 0.9 1.9
2017 51.1 52.0 0.91 0.83 2.7 × 10−15 0.9 2.0
2018 51.1 52.0 0.91 0.83 1.5 × 10−15 0.9 1.9

𝐿𝑑𝑒𝑛 values in 2015 might be due to the effects of the updated Noise Abatement Departure Procedures (NADP-2) implemented the
previous year. To a certain extent this is also seen in the modelled mean 𝐿𝑑𝑒𝑛. These assumptions are addressed in the next section.

We further again quantify the 𝑝-value as a measure for statistical significance of the observed correlations (Chatfield et al., 1987).
Note that for all years, the found 𝑝-values are below 0.05 and thus statistically significant. The correlation coefficients for the years
9
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2015–2018 are higher than for the period 2012–2014, thus indicating an improved agreement between measurements and model
over the years.

The coefficient of determination 𝜌2 is equal to the fraction of the variability in two variables that is shared, i.e., when 𝜌2 is
above 0.80, as is the case for the years 2015–2018, more than 80% of the total variability observed in measured 𝐿𝑑𝑒𝑛 is explained
by variations in modelled 𝐿𝑑𝑒𝑛. 𝜌2 is smaller for the years 2012–2014 than for 2015–2018, where also the 𝑝-value is higher, especially
for the year 2012.

The metric 𝜎 is a measure for the spread of the scatter diagram of measured 𝐿𝑑𝑒𝑛 against modelled 𝐿𝑑𝑒𝑛 and this metric
considerably decreases from 2012 to 2018. At the same time, the metric 𝜇, i.e., the mean difference between measured 𝐿𝑑𝑒𝑛 and
modelled 𝐿𝑑𝑒𝑛, is less than 1 dB(A) in absolute value, except for the years 2013 and 2014. However, 𝜇 changes from sign negative
to positive, i.e., for the years 2015–2018 the measured 𝐿𝑑𝑒𝑛 is, on the average, lower than the modelled 𝐿𝑑𝑒𝑛, whereas for the years
2012–2014 the reverse is true (as concluded earlier). The modelled 𝐿𝑑𝑒𝑛 is fairly stable over the period 2012–2018. Hence, the jump
in 𝜇 from 2014 to 2015 is mainly due to the measured mean 𝐿𝑑𝑒𝑛.

In conclusion, the model-data agreement in the period 2015–2018 is quite good on the average (𝜇 is less than 1 dB(A)). The
remaining scatter in the differences, as reflected by 𝜎 (2 dB(A) for the same period), is mostly due to assumptions in the model
concerning adopted thrust values and assumed standard flown trajectories (see Section 2.2).

4. Discussion

In this section we discuss the observed trend in the measured 𝐿𝑑𝑒𝑛 data, see Section 2.1. We postulate that the average decrease
of −3.6 dB(A) over the period 2012–2018 (i.e., a decrease of −0.6 dB(A)∕year) is due a to various factors, such as the implementation
of noise abatement procedures and changes in fleet composition at Schiphol Airport.

Noise abatement measures implemented at Schiphol Airport include runway usage (in such a way to avoid flying above residential
areas), Noise Abatement Departure Procedures (NAPD-2), Continuous Descent Approaches (CDA) during nighttime, higher take-off
and landing rates for noisy aircraft, and higher rates for movements during nighttime (Schiphol Airport, 2021). By default, certain
runways are assigned for either take-off or landing. However, due to the instability in wind directionality, the use of runways is
changed regularly to provide safer operations. Fig. 9(a) shows the measured 𝐿𝑑𝑒𝑛 and the corresponding population density at each
NOMOS location for both 2012 and 2018. We noticed that the stations situated in the more populated areas yielded similar results
for both years in most cases. Fig. 9(b) shows the flown trajectories for July 2018 at Schiphol Airport. The superposition on the
population density illustrates how the procedures are meant to avoid the residential areas and cities.

In addition to this, according to the State Decree of May 2014 (Ministerie van Infrastructuur en Milieu, 2014), Schiphol Airport
enforced NADP-2 for departure procedures. This procedure aims at reducing noise in areas further away from Schiphol airport
by starting its climb earlier and at a lower altitude than the previously used NADP-1 take-off (Veerbeek and Brouwer, 2012). Its
implementation in 2014 might explain the sudden decrease of 𝐿𝑑𝑒𝑛 values between 2014 and 2015 (see Fig. 4(a) and Table 3).

Another factor that must be taken into account is the change in fleet mix at Schiphol Airport. The total number of flight
movements per year is shown in Fig. 10 for the period 2007–2019. This data includes freight flights, however, these are limited to
20,000 per year. We select this new time window as it includes the period over which the aircraft noise was investigated, but also
the years 2007 and 2019 for which certification data was available.

It is observed that the number of flights has increased from 440,000 around 2007 to 500,000 around 2019. This has the limited
effect of about 10log10(5∕4.4) ≈ 0.55 dB(A) increase in 𝐿𝑑𝑒𝑛 in this 12 year period, i.e., an increase of approximately 0.04 dB(A)∕year.
Zooming in on the time segment 2012–2018, we observe the same trend of 0.04 dB(A) increase per year. Hence, the observed
decrease in 𝐿𝑑𝑒𝑛 of 3.6 dB(A)∕year over the same period can be explained, at least partly, by the occurrence of less noisy aircraft
in 2018 compared to those in 2012. To evaluate this hypothesis, the number of flight movements per year for the most frequently
occurring aircraft types at Schiphol are shown in Fig. 11 for the period 2007–2019.

From Fig. 11 the following observations can be made:

(1) a transition of Boeing 737-300 and 737-400 flights in 2007 to mainly Boeing 737-700 and 737-800 flights in 2019 (Fig. 11(a));
(2) an increase in Airbus 319, 320, 321 flights from 60,000 in 2007 to 100,000 in 2019 (Fig. 11(b));
(3) a transition of Fokker 50, 70 and 100 flights in 2007 to mainly Embraer 170 and 190 flights in 2019 (Fig. 11(c));
(4) a decrease of Boeing 747-400 and 767 flights in the period 2007–2019 and an increase of Boeing 777 and 787 flights in the

same period (Fig. 11(d)).

To investigate whether there are less noisy aircraft in 2019 compared to 2007, we consider the noise certification data (EASA,
2020) of the most frequently occurring aircraft types at Schiphol. These data are given in Table 4 where the left 5 columns of the
table are representative for the situation in 2007 (mostly Boeing 737-300, 737-400, 737-500, Boeing 767-300, Boeing 747-400 and
Fokker 70 and 100) and the right 5 columns are representative for the situation in 2019 (mostly Boeing 737-700, 737-800, Boeing
777-200, 777-300, Boeing 787-9, Embraer 170 and 190 and Airbus 319, 320, 321). Also given in Table 4 are the MTOW values of
the various aircraft. Noise certification data are provided at three positions relative to the flight path and are expressed in the unit
EPNdB (effective perceived noise level, a noise metric similar to SEL). These positions are denoted ‘lateral’, ‘flyover’ and ‘approach’.

The certification data are graphically depicted in Fig. 12, where we have plotted the EPNdB values as a function of MTOW. The
blue squares are the noise certification data for the situation of 2007, whereas the red squares are the data for the situation of 2019.
10

The data have been linearly least-squares fitted in order to be able to assess underlying trends.
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Fig. 9. (a) The measured 𝐿𝑑𝑒𝑛 for all NOMOS stations of 2012 (blue squares) and 2018 (red circles) against the population density from 2019 at their location.
2018 stations active since 2012 are marked with filled red circles and they are connected to their 2012 correspondent with a solid black line. One outlier of
2012 was excluded from this figure. (b) Operations at Schiphol Airport of July 2018. The green/yellow background represents the population density map of
2019. The black short lines indicate the runways and the black dots are the locations of the NOMOS stations. The red lines show arrivals and the blue lines
departures. Only the IDs of the NOMOS stations shown in Fig. 3 are visible. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

The ‘flyover’ and ‘approach’ linear regressions of 2019 are below those of 2007, particularly at higher MTOW values. For the
‘lateral’ data points this is less obvious, although it is still the case for the highest MTOW values. Overall, EPNdB levels for 2019 are
1–5 EPNdB lower than for 2007 (depending on MTOW value), which indeed helps explaining the significant decrease in measured
𝐿𝑑𝑒𝑛 over this period.

5. Summary and conclusions

In this research triggered by increasing distrust and complaints of local communities around Schiphol, we have investigated the
level of agreement between the NOMOS-measured 𝐿𝑑𝑒𝑛 values and those predicted by the ’Dutch aircraft noise model’ (NRM). In
this best-practice modelling approach, substantial approximations of the real world are made and hence deviations of the model
predictions with the actual noise levels can be expected. The comparison and statistical analysis were performed both at a local (per
NOMOS station) and a global level (entire NOMOS system).

The agreement with the model improves significantly throughout the years (2012–2018), evolving from an underestimation of
the model predictions to a slight overprediction. Specifically, for 2018, the correlation coefficient between measured and modelled
𝐿𝑑𝑒𝑛 (for all NOMOS stations) is high and equal to 0.91 and the average difference amounts to only 0.9 dB(A).

The measured 𝐿𝑑𝑒𝑛 trend throughout the years was also investigated. Supported by aircraft noise certification data, we have
demonstrated qualitatively that the observed decrease in 𝐿 of 3.6 dB(A) (for the period 2012–2018) can be explained by the fact
11
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Fig. 10. Total number of flight movements (take-offs and landings) per year (including freight) for the period 2007–2019.

Fig. 11. Number of flight movements per year for the most frequently occurring aircraft types at Schiphol for the period 2007–2019.

that the most frequently occurring aircraft types at Schiphol in 2019 are less noisy than those in 2007. Furthermore, we observed a
sudden decrease in the noise levels which coincides with the implementation of the updated Noise Abatement Departure Procedures
(NADP-2) in 2014. From the same year on, we also noticed an improvement in the agreement level between measured and modelled
12

values. Hence, the model might perform better with these new types of aircraft.
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Table 4
Noise certification data.

Situation 2007 Situation 2019

Aircraft MTOW Lateral Flyover Approach Aircraft MTOW Lateral Flyover Approach
Type (t) (EPNdB) (EPNdB) (EPNdB) Type (t) (EPNdB) (EPNdB) (EPNdB)

737-300 61 90.5 84.4 98.6 737-700 62 93.3 83.2 95.8
737-400 66 90.8 85.7 98.4 737-800 74 93.8 85.3 96.2
737-500 58 89.6 83.7 97.9

767-300 182 96.4 88.8 98.5 777-200 298 96.6 90.0 99.1
747-400 395 98.7 97.4 103 777-300 349 98.5 90.4 100.2

787-9 253 91.8 85.9 96.1

F70 37 89.8 77.8 88.1 E170 38 92.0 82.5 94.7
F100 45 90.6 82.6 93.1 E190 45 92.3 84.3 92.6

A319 66 92.3 83.1 93.7
A320 75 92.6 84.4 95.3
A321 87 96.1 86.7 96.5

Fig. 12. Noise certification data of the most frequently occurring aircraft at Schiphol plotted as a function of their MTOW value. Blue: data for 2007. Red:
data for 2019. The data have been linearly least-squares fitted, where a distinction has been made between the ‘lateral’, ‘flyover’ and ‘approach’ data. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Another observation regards the consistent decrease in 𝐿𝑛𝑖𝑔ℎ𝑡 both for aircraft related events and total noise. This leads us to
elieve that most of the night-time total noise comes from aircraft. The 3.1 dB(A) decrease throughout the years might be due to
oth the CDA procedures used during night-time and the higher take-off and landing rates.

This study has shown that improved Noise Abatement Departure Procedures (for take-off) and CDA (for landing) at Schiphol,
nd changes in fleet mix to less noisy aircraft, lead to less noise exposure for the residents around Schiphol Airport.

Further, the assessment method described in this paper can be used for a noise exposure analysis per runway and for specific
perational procedures, which are particularly useful for policy-makers.
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