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ARTICLE INFO ABSTRACT

Keywords: Aircraft noise has a significant impact on communities near airports. To regulate noise, annual
DO? 29 a“?raf_t noise “_“’del average levels such as L, are modelled across large areas. This study examines the consistency
Noise monitoring terminal between L., predicted by the European Civil Aviation Conference Doc 29 model and measure-

Noise measurements

Validation ments from noise monitoring terminals around Amsterdam Airport Schiphol from 2017 to 2024.

Ly While strong correlations confirm Doc29s suitability for system-level assessments, systematic bi-

Background noise ases persist, with nighttime levels L, generally overestimated and L., underestimated. Three

Noise event detection. potential sources were identified: difference between modelled and flown tracks, background
noise influencing measured levels, and undetected flights, particularly for quieter aircraft and in
low noise regions. Accounting for these factors improves correlation and reduces deviation be-
tween measurements and predictions. These results demonstrate promising methods for enabling
noise model validation near airports. Further improvements in detection methods and operational
modelling will increase the robustness of noise assessments and better support evidence-based
policy development around major airports.

1. Introduction

A growing aviation industry is causing increased annoyance in the communities around large airports (Gjestland, 2019; Janssen
et al., 2011). Noise policies are developed to address these concerns and to find a balance between aviation activities and noise
pollution. Beyond annoyance, research has demonstrated that aircraft noise exposure can lead to adverse health effects, including
sleep disturbance and cardiovascular impacts (Peters et al., 2018). In particular, nighttime aircraft noise has been shown to trigger
acute cardiovascular responses and is associated with increased risks of cardiovascular mortality (Saucy et al., 2021). These findings
underline the societal relevance of aircraft noise and the importance of accurately quantifying noise exposure.

To address these impacts, noise policies are developed to balance aviation activity with environmental and community constraints.
These policies are often based on noise modelling, using best-practice models, such as the Aviation Environmental Design Tool
(U. S. Department of Transportation Volpe National Transportation Systems Center, 2023) or the European Civil Aviation Conference
(ECAC) Document 29 methodology (Conference, 2016b), short Doc 29. With these models, the noise impact of different aircraft and
flight routes can be evaluated. This evaluation is performed through calculations of yearly average Day-Evening-Night noise levels
Lgen> €xpressed as noise contours. This metric represents the noise experienced on the ground due to all flight movements over a full
year. The models are generally accurate within 1-2 dBA (Engineers, 2012) and are widely used for route optimisation, environmental
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impact assessments, and even regulatory decisions such as flight limitations. Given their influence on policy, it is essential that these
noise predictions are both accurate and robust. Therefore, validation through direct measurements is a topic of interest.

Dedicated measurement campaigns can be deployed to gain insight into the characteristics of aircraft noise. For example, aircraft
noise measurements can be used to investigate the source noise of aircraft as a function of different flight parameters (Snellen et al.,
2017; Vieira et al., 2022; Zellmann et al., 2018). At larger measurement distances, the effects of noise propagation and incidence
angles also become increasingly important. These effects can also be investigated using such measurements (Filippone and Harwood,
2016; Wunderli et al., 2022). Measurement campaigns are also often used to investigate the effectiveness of specific noise reduction
measures (Bertsch et al., 2024).

Studies that use noise measurements to validate best-practice noise models often rely on existing noise measurement systems
around airports. A common method is to compare the single-flight noise levels of a specific aircraft type with measurements (Rind-
fleisch et al., 2024; Giladi and Menachi, 2024). In general, good agreement has been reported, with deviations within 3 dBA. However,
such validation efforts are inherently selective. Measurements are usually taken from large aircraft operating close to airports, where
noise levels are high, and data quality is more reliable. This introduces a measurement bias, as only certain flight phases and propaga-
tion distances are captured (Rhodes, 2018). Consequently, these studies may not fully represent the diverse noise exposure scenarios
that support policy decisions. Validating annual average noise levels, such as Lg.,, is therefore essential, yet remains challenging.

Next to this measurement bias, an additional challenge arises from the difficulty of detecting and isolating aircraft noise events in
real-world measurement environments. Noise monitoring systems are frequently affected by background noise, which complicates the
identification and classification of aircraft-related sound events. Recent studies have therefore explored the integration of surveillance
data, such as Automatic Dependent Surveillance-Broadcast (ADS-B), to support the identification and attribution of noise events
(Giladi, 2020). These approaches have demonstrated improved detection performance compared to traditional radar-based methods,
but they also highlight the complexity of linking acoustic measurements to individual flights.

Moreover, the increasing availability of flight trajectory data has revealed significant discrepancies between prescribed flight
procedures and actual operations. Analyses based on ADS-B data show substantial variability in aircraft trajectories and flight profiles,
even for standardised procedures such as noise abatement departures (Bhanpato et al., 2021). Such variability can lead to differences
in predicted noise levels and spatial exposure patterns, particularly when simplified or representative trajectories are used in modelling
frameworks. Incorporating real-world trajectories into noise modelling has been shown to improve the representation of operational
variability and improved comparison with noise measurements (Pretto et al., 2024). Recent studies have also highlighted limitations
associated with the aircraft performance assumptions embedded in ECAC-based noise modelling approaches. For example, Guo et al.
(2025) showed that the use of fixed thrust coefficients can reduce the accuracy of aviation noise estimates and proposed a probabilistic
framework to better represent operational variability. Similarly, van der Grift et al. (2025b) demonstrated that uncertainties in thrust
estimation can result in differences of several decibels in predicted aircraft noise levels. These findings underline the importance of
accurately characterising aircraft performance when comparing modelled and measured noise levels.

These challenges become particularly relevant when considering cumulative noise metrics such as Lg,,. Unlike single-event com-
parisons, the validation of annual average noise levels requires a comprehensive representation of all contributing flights, including
those with low sound exposure levels that may not be detected by measurement systems. Previous work has shown that measurement
systems can miss a substantial number of low-level events, especially at larger distances from the airport, leading to potential biases
in estimated annual averages (van der Grift et al., 2025a). Consequently, validating cumulative noise metrics remains an open chal-
lenge, despite its importance for policy applications (Simons et al., 2022). Recent work has demonstrated the value of long-term noise
monitoring datasets for analysing airport noise exposure and quantifying the contribution of different aircraft types to annual noise
levels (Simons et al., 2026). Such studies highlight the growing importance of cumulative noise indicators and further emphasize the
need for robust validation methodologies for policy-relevant noise metrics.

The objective of this research is to identify and quantify the challenges that arise when comparing measured and modelled
aircraft noise levels when the focus is on annual average indicators such as Lg,,. These challenges originate from three main sources:
i) the modelling framework, where of10 a mismatch exists between the assumed and actual flown track and used thrust, ii) the
measurements, for example, due to background noise, and iii) dataset selection or incomplete detection of flights. Differences between
measured and modelled noise levels cannot be attributed to only a single source. This study dives into the three sources by addressing
them and estimating how these influence measured annual average noise levels. Finally, it provides a structured interpretation of
discrepancies between models and measurements in the context of policy-relevant noise metrics. By addressing these objectives, this
research contributes to a clearer understanding of the reliability of annual noise predictions. It also supports the development of
validation strategies that can strengthen confidence in noise modelling for both regulatory and community applications.

For the above aims, this research considers the averaged aircraft noise level as predicted by the Doc 29 model with measurements
around Amsterdam Airport Schiphol. Section 2 describes the model and measurement data used for this research. In Section 3, an initial
comparison between modelled and measured noise levels is presented. Based on these results, several observations are highlighted
and investigated in the subsequent sections. In Section 4, the uncertainty introduced by the model input assumptions is discussed by
comparing standard procedures to proprietary onboard flight data. Section 5 analyses the effect of background noise on measuring in
an uncontrolled environment by quantifying the differences between daytime and nighttime measurements. Lastly, Section 6 addresses
the dataset bias by analysing the flights that are not detected by the measurement system and consequently investigates their effect
on total annual noise levels. In Section 7, above effects are combined to give a good estimate of the comparison of modelled and
measured annual noise levels. Finally, Section 8 summarises the main findings and their implications for future noise modelling and
validation efforts.



R.C. van der Grift et al. Transportation Research Part D 161 (2026) 105620

Table 1
Number of flights performed in each opera-
tional year at Schiphol Airport, rounded off.

Year Night N Total N y;,p,
2017 32,300 495,000
2018 31,200 497,400
2019 30,100 497,300
2020 16,100 272,600
2021 16,500 238,700
2022 23,900 395,100
2023 24,500 430,800
2024 24,900 473,800

2. Noise model and noise measurements
2.1. Noise metrics

Aircraft noise quantification can be performed using a variety of noise metrics. Most commonly, instantaneous metrics such as the
maximum A-weighted noise level L, ,,,,, or time-integrated metrics such as the Sound Exposure Level (SEL), are used. These metrics
describe the noise intensity of individual aircraft flyovers. To quantify noise exposure for a full year, a Day-Evening-Night average
indicator can be used, calculated as

N
Lgen = 1010g ( Y, 10SFLA/10) — 1010g (T ) @
i=1

where SEL; are the SEL values per aircraft event (measured or modelled) at specific locations, and W; are the assigned penalties
for day (0 dBA), evening (5 dBA) or night (10 dBA) flights. The T is the total reference time (in seconds) over which the period is
averaged. This results in a factor of 75 for all seconds within a year. For the night-time metric Lygy, an eight-hour period (23:00 to
07:00) is used, resulting in a normalisation factor of 70.2.

2.2. Noise model

The model used in this research is the European standard Doc 29 aircraft noise model (Conference, 2016b). The reference (Con-
ference, 2016a) describes the calculation methodology in detail. The Doc 29 methodology utilises the Aircraft Noise and Performance
(ANP) database (European Union Aviation Safety Agency, 2026) and works in a manner similar to the Aviation Environmental Design
Tool (AEDT) (U. S. Department of Transportation Volpe National Transportation Systems Center, 2023). Both models are denoted
as best-practice noise models. The ANP database contains so-called Noise-Power-Distance (NPD) tables for different aircraft types.
These tables provide the expected noise level (e.g. SEL) on the ground, as a function of the engine thrust setting and distance from
the aircraft.

Often, the most challenging part of best-practice noise modelling is the availability of accurate operational input parameters. For
this research, the methodology developed by the Royal Netherlands Aerospace Centre (NLR) is used. References (Heblij and Derei,
2019; Heblij et al., 2019) describe how airport-specific operational procedures are developed for Amsterdam Airport Schiphol. This
methodology is a trade-off between accuracy and computational demands.

The model output consists of Lygh: and Lge, predictions on a spatial grid around the airport, roughly 80 x 80 km. These noise
contours include all flights of commercial traffic and general aviation. Helicopter noise is outside the scope of this research. Commer-
cial traffic refers to flights operated by airlines that are available for individual bookings of passengers, cargo, and/or mail transport.
These aircraft movements can be subdivided into scheduled flights, which follow fixed routes according to published timetables, and
non-scheduled flights, which include charter services with a non-regular operational character. General aviation traffic comprises all
other traffic that does not fall under commercial traffic and is independent of aircraft size. This category includes, for example, small
business aviation, technical flights following maintenance, and public service operations.

Aviation policy in the Netherlands is based on operational years, which run from November 1st to October 31st.! This research
utilises the data from 2017 to 2024.% In Table 1, the number of flights operated at the airport of each operational year is given with
its corresponding number of nighttime flights. A clear effect of the COVID-19 pandemic is visible in the years 2020 and 2021.

2.3. Noise measurements

Schiphol Airport is equipped with the Noise Monitoring System NOMOS, consisting of 41 Noise Monitoring Terminals (NMTs),
placed at different distances from the runways as illustrated in Fig. 1. These NMTs are often installed in and around residential areas

! Detailed noise contour assessments are available in the usage forecast evaluation reports: https://www.schiphol.nl/nl/jij-en-schiphol/
gebruiksprognose-alles-wat-je-maar-wilt-weten/.
2 For example, the operational year 2017 spans from 1st November 2016 to 31st October 2017.
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Fig. 1. Locations of the 41 NOMOS NMTs around Schiphol Airport with respect to the modelled L, of 2023. Red NMTs are not used for validation
purposes.

Fig. 2. Visualisation of aircraft-observer geometry.

as their primary goal is to inform the public about aircraft noise exposure. A Dutch national research campaign has investigated
the suitability of these NMTs for aircraft noise model validation purposes (Sahai et al., 2021). Each NMT was given a quality score
based on criteria such as location, background noise, and the potential for reflection and obstruction. These criteria match the ones
outlined in ISO20906 (Standardization, 2009). Only the NMTs considered suitable for noise model validation are used for the research
presented in this contribution. The NMTs deemed not suitable are depicted in red in Fig. 1. For example, NMT 33 (marked as red) is
mounted on a pole approximately one meter above a roof surface and located near a large air-conditioning unit. This causes a high
measured background noise and reflections.

The NMTs are placed on high poles 6 to 10m tall to minimise ground reflections. A recent study measured differences up to 2
dBA depending on the elevation angle of the aircraft when compared to measurements without ground effect (Jayanthi et al., 2026).
The Doc 29 model predicts noise levels for a height of 1.2 m above the ground, but states that “Comparison of measurements at 1.2m
and 10 m and theoretical calculation of ground effects show that variations of the A-weighted sound exposure level are relatively insensitive to
receiver height.” (Conference, 2016a). Jayanthi et al. (2026) confirmed this result by showing minimal differences for measurements
at 1.75m and 4.5 m.

In addition to the noise metrics L, ,,, and SEL for each noise event, NOMOS gathers operational characteristics such as radar
tracks, aircraft type, operation type, tail number, and departure/arrival time. An important parameter used in this study is the Point of
Closest Approach (PCA). For each flight-NMT combination, the system calculates the slant distance r, elevation angle g, and altitude
h at the moment the aircraft passes closest to the NMT, as visualised in Fig. 2. Each flight thus results in 41 PCAs, one for each
NMT. For NMTs where increased noise levels are detected, the corresponding PCA is coupled to the specific measured noise event.
At Schiphol, there is a capacity of up to 500,000 flights per year, which results in a large dataset. The availability of PCA data for all
NMTs enables the identification of flights with no corresponding noise measurements.

2.3.1. Noise measuring thresholds
NMTs register aircraft noise by identifying increased noise levels, while accompanied software simultaneously uses radar data to
check for aircraft nearby. To prevent non-aircraft events such as road traffic, dogs, or alarms from being falsely detected as aircraft

4
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Fig. 3. Boxplot of daily L90 background noise levels per NMT during the year 2023 and their corresponding daytime thresholds.

noise, NMTs are equipped with thresholds. These thresholds are often defined relative to the local background noise level and defined
as the noise value in dBA that the peak of the noise of the event L ,,,, must surpass. A 10 dBA difference with L, ,,,, is the standard
to adequately remove background noise levels (Standardization, 2009). Around Schiphol, background noise levels are often around
45 dBA. This results in thresholds ranging from approximately 58 to 65 dBA, depending on location and time of the day. For some
NMTs, nighttime thresholds are set 2-5 dBA lower due to less background noise. Average background noise levels can be estimated
using an L90 metric, the noise level exceeded during 90% of the measurement period. A boxplot of daily L90 values and their
daytime thresholds for each NMT is presented in Fig. 3. The circles outside the boxplot represent outlier days. The figure illustrates
the variability in background noise conditions at each NMT throughout the year 2023. This highlights the importance of selecting a
high-enough threshold to exclude background noise from real aircraft noise events.

Although thresholds decrease the chance of contamination of aircraft noise events by other factors, they also prevent the detection
of aircraft noise events that lie below the threshold. This mainly affects quieter aircraft like the A320-NEO, or flights at larger distances
from NMTs. This effect is one of the challenges addressed in Section 6. For some NMTs, like NMTs 10 and 25, the applied threshold
is more than 10 dBA higher than the highest recorded L90 values. This indicates that the threshold at these locations is likely set too
high and should be readjusted in future monitoring efforts.

2.3.2. Pre-processing and outlier removal

Several pre-processing steps are required to ensure data quality before analysis. Because measurements have been taken in un-
controlled outdoor environments, disturbances or incorrect coupling to aircraft can occur. Aircraft at low elevation angles relative
to an NMT are particularly problematic, as signals may be obstructed or reflected. In addition, unrelated noise sources such as road
traffic may be incorrectly linked to an aircraft that is still on the runway at an elevation angle of 0°.

ISO 20,906 recommends using only measurements at elevation angles above 60° to limit the effect of ground reflection and lateral
attenuation. Applying this criterion, however, would discard a large portion of flights and hence would not provide a realistic image of
the noise exposure at certain locations. Fig. 4 shows the measured SEL for the B737-800 versus elevation angle and slant distance for
arrivals and departures separately. It highlights increased variability at low elevation angles and indicates background noise influences
beyond 10,000 ft. Based on data analysis, a more practical compromise was set in this study. Only events with elevation angles below
10° were excluded. This filter effectively removes the most unreliable measurements, where disturbances are most prevalent, while
preserving a sufficiently large dataset for statistical analysis. Although the likelihood of disturbed measurements increases at the
lower elevation angles (10 to 60°), these data are retained to ensure representativeness of real operational conditions.

It should be noted that lateral attenuation effects become more pronounced at low elevation angles, as described in Doc 29, where
attenuation increases significantly as the elevation angle decreases. While this may influence the spread observed in the measurements
by a given distance, the same effects are also inherently included in the Doc 29 modelling results used in this study. Therefore,
both measured and modelled datasets are affected in a consistent manner, allowing for a fair comparison. Nevertheless, increased
uncertainty in both measurement and modelling is expected in this angular range, which should be considered when interpreting the
results.
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Fig. 5. Complete eight years of arrival measurements of the A21N with respect to slant distance, where outliers are identified by the w-test.

Fig. 4 also shows a clear cut-off in the measurements at 10,000 ft. This is due to a software constraint that limits the correlation
of noise events with aircraft beyond this slant distance for all but a small number of NMTs.

ISO 20,906 also recommends using only measurements recorded under wind speeds below 10m/s and in the absence of precip-
itation (Standardization, 2009). For the Netherlands, this would result in a 24% reduction in the dataset. In this study, however,
measurements under such less favourable weather conditions are retained, even though this would likely lead to somewhat elevated
noise levels during these periods.

Further analysis revealed that some NMTs exhibited unexpected large noise levels. A small number of measurements exhibited
physically unrealistic noise levels of approximately 120 dBA, most likely due software-related errors. These observations were re-
moved during an initial quality-control step and are not included in the subsequent statistical analysis. To identify less obvious
outliers, a w-test (Teunissen, 2000; Baarda, 1968) was applied to the residuals of a least-squares (LS) regression model. The data
were first grouped by aircraft type and operation (arrival or departure), after which an LS model relating the measured SEL to slant
distance was fitted for each group. For every observation, the normalized residual was computed and tested using the w-test. The
null hypothesis assumes that the observation is free from gross errors, whereas the alternative hypothesis assumes the presence of
an outlier. Observations were flagged as outliers when the test statistic exceeded the critical value corresponding to the selected
significance level. A significance level of « = 0.005 was adopted. This value provides a balance between sensitivity to actual outliers
and protection against falsely rejecting valid measurements. Fig. 5 illustrates the procedure for arrival measurements of the A21N
aircraft, where observations identified as outliers by the w-test are shown in red.

Lastly, the NOMOS system occasionally experiences interruptions in data availability. In twelve instances, gaps exceeding one
week within a given year were identified. For a fair comparison of yearly average results, these specific NMTs and years are excluded
from further analysis.
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Table 2
Baseline results of comparing modelled g, and Lg., to measurements around Schiphol Air-
port. (The number of flights is rounded off).

Lyight Lgen
Year N flights u [dBA] o [dBA] P N fiights u [dBA] o [dBA] P
2017 32,300  1.31 2.92 0.96 495,000  -0.68 1.53 0.96
2018 31,200  0.23 2.20 0.94 497,400  -0.99 1.76 0.94
2019 30,100  0.78 2.37 0.97 497,300  -0.63 1.86 0.95
2020 16,100  0.82 4.88 0.88 272,600  -1.39 2.42 0.92
2021 16,500  1.43 4.08 0.91 238,700  0.10 2.11 0.94
2022 23,900  1.90 3.67 0.93 395,100  -0.14 2.28 0.92
2023 24,500  1.68 3.54 0.94 430,800  -0.51 1.91 0.95
2024 24,900  0.23 3.25 0.92 473,800  -1.07 2.24 0.94
Average 1.05 3.36 0.93 -0.66 2.02 0.94
55 % 70 —
—-— Correlation = 0.94 .1{‘ —-— Correlation = 0.95 20
. 307 p-value =2.05e-14 4’ ) . 651 p-value =6.99¢-15 -~
= 20 49 = /1'6
O 45 ) Y 60 1 o
5 1A 8 280117
= R = s A
5 33 Jo 5 .
z 40 1 D4 2 55 1 3 }
£ /'/ 1 g "
. P 29
o 351 el 501 2453
o7y l®) 715
S 39 "% = 39,6
Z 30- 4 5 451 o4
4 ,}f‘}ﬁ% Z /‘7'
VR 7 40
20 A | | | | 35 4—— 8 | | |
20 25 30 35 40 45 50 55 35 40 45 50 55 60 65 70
Doc 29 model Doc 29 model
(a) Lnight (b) Lgen

Fig. 6. Measured and modelled L and Ly, of all NMTs for the year 2023, including the correlation coefficient and p-value.

night

3. Baseline modelled-measured results

For each year, the Ly, and Lge, noise metrics were calculated from the available measurements and compared with their
respective modelled values for all NMTs. The correlation coefficient (p) was calculated between the modelled noise levels L 4. and
the measured noise levels L ,.,,. Furthermore, the difference between model and measurement is defined as:

AL = Lyodel — Limeas @

where a negative AL indicates that the model underestimates noise relative to the measurements. For all NMTs, the median difference
(u) and standard deviation (¢) of AL were computed. Results are summarised in Table 2.

A strong correlation between modelled and measured noise levels is observed across all years, for both Lpjgn, and Lge,. The
correlation coefficients are slightly lower for the years 2020 and 2021. These two years coincide with a substantially reduced number
of flights due to the COVID-19 pandemic. A clear difference emerges between ALy, and ALge, when analysing the x. While the
model generally overestimates nighttime noise levels, it tends to underestimate noise levels over the full day.

Another notable difference includes a larger standard deviation (¢) for A Ly;gp,, compared to ALge,. Fig. 6 illustrates these variations
for 2023, showing measured and modelled noise levels per NMT. The correlation coefficient and its corresponding p-value are also
given. A p-value smaller than 0.05 indicates statistical significance of the estimated correlation. As mentioned in Section 2, NMTs
deemed unsuitable for validation are indicated in red. These NMTs were excluded from the calculation of y, ¢, and p, but are shown
for completeness.

When analysing the performance of individual NMTs, big differences were observed. Some NMTs, such as NMT 15, showed con-
sistently lower measured noise than predicted by the model. For L, predictions, and to a lesser extent for Lge,, the differences
between measured and modelled noise levels increase in the so-called low-noise regions, defined, for example, as Ly, < 50. Mea-
surements further from the airport have lower signal-to-noise ratios, making it more difficult to accurately isolate aircraft noise
from background noise. As a result, noise measurements may be overestimated due to the presence of background noise, or aircraft
noise events may not be detected at all. In the latter case, the noise contribution of some of the flights is entirely omitted from the
measurements, leading to the underestimation of Lye OF Lipjgh-
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In the next three sections, the main identified causes that challenge this comparison of measured and modelled L, are addressed.
Starting with the potential mismatch between the actual track and thrust and the assumed model input in Section 4. After, in Section 5,
the influence of ambient noise on the noise measurements is discussed. Finally, in Section 6, the effect of missing flights, due the fact
that they have not been detected by the NOMOS system, on the comparison is quantified.

4. Model input discrepancies

The first challenge in comparing measured and modelled aircraft noise levels lies in the discrepancies between the assumed operational
procedures in the noise model and the actual flight operations. This section provides a preliminary analysis of these operational
differences and their potential impact on noise modelling.

When comparing measured and modelled aircraft noise, it is essential to assess how the modelled flight inputs differ from the
actual flown tracks. In best-practice noise modelling, so-called procedures are used. These procedures consist of consecutive segments
with changing altitude, speed, flap settings, and thrust. The procedures are defined as the distance from the start-of-roll (SOR) for
departures and the distance to the landing threshold for arrivals. The ANP database provides default departure and arrival procedures
for most aircraft types (European Union Aviation Safety Agency, 2026). As each airport often has its own operational preferences,
Schiphol has developed a procedure database specific to the airport in the form of Fixed Point Profiles (FPP) (Heblij and Derei,
2019). To evaluate the discrepancy between these procedures and actual operations, an analysis is performed. The results presented
in this section are based on van Pijlen (2026), who examined four aircraft types (A330-300, B737-800, B777-300 and A321neo) using
proprietary airline data, consisting of 100 departure and 100 arrival flights per type. The dataset includes flight parameters such as
calculated net corrected thrust F, /6.

4.1. Departures

Departure procedures typically include acceleration on the runway, an initial climb, a second acceleration, and a subsequent climb.
Above an altitude of 10,000 ft, altitude, speed, and thrust profiles are extrapolated for simplicity. FPPs vary based on the aircraft take-
off weight, which is estimated from trip length and fuel load. In addition to weight and aircraft type, the specific procedure can differ.
The most common departure procedure is the Noise Abatement Departure Procedure 2 (NADP2), which includes an acceleration step
at 800 ft. Variants with acceleration at 1000 or 1500 ft are also used. For modelling purposes, the departure procedure for a flight
is assigned based on airline questionnaires. This introduces uncertainty because weather conditions or operational restrictions can
cause deviations from the selected FPP.

Fig. 7 illustrates example A330-300 departure profiles using airline flight data. The graphs show the lower and upper bounds of
the FPP as a function of the aircraft weight. The upper bound of the altitude profile in Fig. 7(a) represents the lowest aircraft take-off
weights, while in the FPP thrust profile (Fig. 7(b)), it represents the highest aircraft take-off weights. It is evident that the flown
altitudes are significantly lower than those prescribed by the FPP. Additionally, the corresponding thrust settings are also reduced
compared to the model assumptions. To assess the effect of these discrepancies on the noise, the summed SEL (not normalised to
L 4en) was calculated for a spatial grid around Schiphol, using both the airline data and the FPPs, respectively. Fig. 8 shows that noise
levels are estimated to be lower when actual aircraft performance is used instead of the standard NADP2 procedure. This effect can
be significant, depending on NMT location, up to -3 dBA. For this aircraft type, reduced thrust has a larger impact on noise levels than
the lower flown altitudes. However, few definitive conclusions can be drawn because performance differences vary among aircraft
types. In addition, proprietary flight data listing the thrust is not available for all aircraft types, which restricts a more comprehensive
analysis.

4.2. Arrivals

Arrival procedures at Schiphol are classified as Continuous Descent Approach (CDA) or stepped approaches. In stepped approaches,
aircraft maintain level flight segments at altitudes such as 2000 or 3000 ft. Such procedures are often used at congested airports to
facilitate traffic sequencing. Schiphol’s arrival FPP includes both reduced- and full-flap variants for the CDA and stepped approaches.
The stepped approach has variants starting the level segment at 5 to 40 km before the runway. For modelling noise at Schiphol, arrival
FPPs are matched to flown vertical flight profiles (from radar data) using a weighted least-squares error metric, reducing mismatches
between modelled and flown trajectories. However, deviations in the start location and extent of the stepped approach remain. For
example, in Fig. 9(a), stepped approaches starting at 50 km or even 85km before the runway are visible. Thrust prediction during
arrivals is challenging because small deviations in altitude or speed require short thrust increases, as shown in Fig. 9(b).

A similar analysis as for departures was performed for arrivals, producing the SEL grid illustrated in Fig. 10. In contrast to
departures, using actual flight data results in higher modelled noise levels. This is mainly due to lower flown altitudes and intermittent
thrust increases during the approach operations. Because thrust patterns during arrivals are highly irregular, predicting their effect
on total Lyjgh, and Lge, remains difficult.

Finally, atmospheric conditions introduce additional variation in the noise model input. Doc 29 provides a methodology to account
for impedance and atmospheric absorption, but temperature variations also affect aircraft performance. For example, colder conditions
or nighttime operations generally require less thrust for similar altitude and speed changes, while hot conditions typically lead to
increased thrust requirements. Although average meteorological conditions in the Netherlands are close to ISA, these variations can
still significantly influence aircraft performance. For example, in van der Grift et al. (2025b) it is found that the thrust of an aircraft
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Fig. 10. Effect on summed SEL of actual A330 arrival performance compared to standard FPP. Modified from van Pijlen (2026).

can be reduced by roughly 5% for a 10 C° colder day. This would consequently correspond to a 1 dBA noise decrease for a B738.
Quantifying this effect for the annual averages is outside the scope of this research.

5. Offset in measured noise levels due to ambient noise

The second challenge in comparing modelled and measured aircraft noise levels arises from the presence of ambient noise, af-
fecting the measurements of the continuous noise measurement system. In contrast to measurement campaigns with more controlled
conditions, NMTs are placed in an uncontrolled environment with background noise. This background noise can cause higher mea-
sured noise levels in SEL and thus higher measured Lg., noise values. Background noise levels differ per NMT and time of day.
Analysis showed lower L90 background noise levels during night hours (23:00-7:00) than during day hours (7:00-19:00). This sys-
tematic difference between day and night can help analyse the effect of background noise on the measured SEL of the aircraft noise
events. In Section 5.1, the differences between measured noise during day and night are quantified. Section 5.2 tries to extract the
effect of background noise on the measured SEL and calculate the effect on the total measured Lgep.

5.1. Quantification of differences in measured day and night noise levels

To quantify the day-night differences, the average measured SEL per NMT were calculated separately for day and night. The
resulting differences between SELp,, and SE Lygy, are illustrated in Fig. 11 for the year 2024. Most NMTs show lower measured
nighttime noise levels. The average difference is approximately 0.9 dBA. However, this result alone does not confirm a causal re-
lationship between time of day and measured noise levels. Operational differences between daytime and nighttime traffic may also
contribute. For example, 72% of nighttime arrivals use CDA, compared to only 38% during the day. CDA procedures maintain higher
aircraft altitudes for a longer period. This increases the average PCA distance at night, lowering SELy;gy, compared to SELp,y.
Further analysis of average PCA during arrivals revealed substantial differences at NMTs located farther from the arrival paths, such
as NMT 39. This can explain the large difference in measured SEL in Fig. 11 for this NMT, as an average altitude difference of ap-
proximately 1,500 ft was observed between day and night operations. This difference can correspond to noise level differences of up
to 3 dBA. Differences in PCA were negligible for NMTs directly under fixed arrival routes (e.g., NMTs 1, 10, and 14). Aircraft over
these latter NMTs typically follow the Instrument Landing System (ILS), maintaining similar altitude profiles during day and night.

Additional operational differences between day and night are observed in fleet composition. Smaller aircraft types, such as the
E190, fly less frequently during the night. Conversely, a higher proportion of large (cargo) aircraft, such as the B747-400, fly during
the night. This change in fleet mix would be expected to increase the measured nighttime noise levels, which does not seem to be the
case. To find the effect of the different ambient noise levels between day and night on the measured SEL, the uncertainties within
operational differences need to be removed.

To isolate the effect of background noise, SEL values were analysed across fixed PCA distance bins. Measurements were grouped
into bins of 1000 ft. For each aircraft type and operation, median SEL values were calculated separately for day and night. The
Mann-Whitney U test was applied to assess statistical significance between these non-normally distributed, unpaired datasets (Mann
and Whitney, 1947). Only bins with more than 20 measurements and statistically significant differences were considered. To avoid
location bias, comparisons were restricted to measurements from the same NMTs with sufficient nighttime data. The results, averaged
across NMTs per distance bin, are shown in Fig. 12 for three different aircraft type groups. For most aircraft, like the B737NG series
depicted in Fig. 12(a), the measured differences increase with the PCA distance. This effect is more pronounced for arrivals than
departures, which is expected given the lower source noise levels of arriving aircraft. The day-night SEL differences (ASEL 5 ) were
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Fig. 12. Weighted average differences in measured SEL between day and night for three aircraft groups for arrival and departure operations with a
fitted curve. This includes measurements for all eight operational years. The area size of the points indicates the relative number of measurements

in the respective bins.

fitted using second-order polynomial curves (see Fig. 12). The fitted curve through the bins is constrained to start at 0 dBA at the O ft

bin.

Note that most aircraft types lack sufficient data at either close or far distances. For example, few close-range departure measure-
ments in the 0-1000 ft bin exist due to rapid climb rates and NMT placement away from runways. Similarly, quieter aircraft, such as
the A21N or regional jets, often lack long-distance data. This limits the ability to detect statistically significant day-night differences.
For the available measurements of the A21N in Fig. 12(b), larger differences in measured SEL between the daytime and nighttime
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Fig. 13. Estimated effect of background noise on the measured SEL per NMT (arrivals and departures combined), averaged over 8 operational years
and the standard deviation between the years.

Table 3

Comparison between modelled and measured Lg,, with
estimated effect of ambient noise. Results without ambient
noise incorporated are given within brackets.

Year u [dBA] o [dBA] p

2017 -0.31 (-0.68) 1.55 (1.53) 0.96
2018 -0.57 (-0.99) 1.65 (1.76) 0.94
2019 -0.21 (-0.63) 1.85 (1.86) 0.95
2020 -0.91 (-1.39) 2.40 (2.42) 0.93
2021 0.48 (0.10) 2.07 (2.11) 0.94
2022 0.32 (-0.14) 2.30 (2.28) 0.93
2023 -0.01 (-0.51) 1.99 (1.91) 0.95
2024 -0.53 (-1.07) 2.22 (2.24) 0.94
Average -0.22 (-0.66) 2.00 (2.02) 0.94

measurements are found due to the lower source noise level of this aircraft type. In contrast, larger aircraft like the B747, shown in
Fig. 12(c), show smaller or insignificant differences. This is likely due to their higher source noise levels, which reduce the relative
impact of background noise.

From the above results,

¢ almost always higher levels per event during daytime compared to nighttime
consistently smaller differences for aircraft with high source noise levels
consistently larger differences for aircraft with low noise levels, such as the A21IN
increasing effect with distance

demonstrated that the ambient noise has a significant impact on the measurements during daytime (increased noise levels).

5.2. Effect of background noise

The obtained polynomial curves for ASEL,, were used to estimate the effect of background noise on individual daytime measure-
ments by subtracting the ASEL,, from the measured levels. This results in the values in Fig. 13 where the effect is averaged over the
eight years of measurements. For most NMTs, the effect of background noise is modest, limited to 1 dBA and similar for all evaluated
years. For the NMTs further away from the flight path, such as NMTs 4 and 24, the estimated effect is almost twice as large.

The last step is to implement these newfound background noise corrections on all daytime measurements of the total measured
Lgen and compare this to the modelled values at each NMT. The results presented in Section 3 are updated, and the new figures of
the year 2023 are visible in Fig. 14(b). The effect on Lyg is not calculated, as this methodology assumes that background noise at
night is already limited. In comparison to Fig. 14(a), the overall impact of the background noise correction on L, is modest, despite
larger corrections at NMTs farther from the airport (i.e. > 1 dBA). The average correction across all NMTs is approximately 0.4 dBA.
A summary of statistics across years is presented in Table 3, where the values in brackets are the results without the background
noise correction. The median difference (1) between modelled and measured L., decreases after applying the correction, though not
entirely eliminated. Standard deviation ¢ also improves slightly, while the correlation coefficient p remains the same for all years.
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Fig. 15. Percentage of undetected flights per NMT in comparison to the modelled L, averaged over all eight operational years.

In summary, background noise has a significant influence on aircraft noise measurements in uncontrolled environments. Lower
nighttime background levels result in lower measured SEL values. These effects are larger for noise events with relatively low SEL
values, such as for the quieter aircraft types. The resulting background noise corrections on SEL affect the measured L4, only to a
small extent, resulting in a modest total correction.

6. Analysis of undetected flights

The third challenge in comparing modelled and measured aircraft noise levels is the fact that not all flights are acoustically
recorded by the monitoring system. The modelled noise contours are based on the summation of all flights departing from or arriving
at Schiphol. The measured Ly;gp, and Lge,, however, only consist of the noise levels of flights that surpass the detection threshold of
the respective NMT. Flights that fly past NMTs without being detected are referred to as undetected flights.

6.1. Percentage of undetected flights

To determine the factors contributing to the non-detection of flights, the percentage of undetected flights is calculated with respect
to the total number of flights with a PCA within 10,000 ft. The relationship between the percentage of undetected flights and the
modelled noise levels L, is shown in Fig. 15. A weak but consistent negative relationship is observed, which can be described by an
exponential decay function. To reduce the influence of data scatter, the analysis was performed with a binned representation of the
results. In low-noise regions (i.e. lower L., values), flights are more frequently undetected. This is likely because their noise levels
remain below the ambient background noise and thus do not exceed the NMT threshold. Despite this trend, the moderate coefficient
of determination (R? = 0.59) and the marginal statistical significance (p = 5.05 x 1072) indicate that detection performance is also
influenced by other factors such as background noise, measurement conditions, and flight variability. A similar trend is observed for

Lnight .
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Fig. 16. Slant distances of measured and unmeasured flights of all aircraft types over NMT 18 during the year 2023.

Table 4

Number and percentage of undetected flyovers
within 10,000 ft per aircraft type for the opera-
tional year 2024.

Aircraft type Nundetected Foundetected
B738 183,653 41.4
E190 160,500 45.7
A320 99,749 48.5
E75L 88,979 51.6
E295 78,415 59.1
A20N 68,072 60.9
A319 53,681 50.8
B737 27,622 43.3
B772 27,215 37.2
A2IN 25,026 51.6
A333 21,034 33.4

Distance effect: At Schiphol Airport, arrival and departure routes are fixed. As a result, aircraft typically overfly the NMTs at similar
slant distances. For NMT 18, located in a low-noise area, flyovers typically occur at a PCA of around 7,000 ft. While flights below this
distance are often detected, detection rates drop substantially near 10,000 ft (+3 km). Measurements associated with a PCA larger
than 10,000 ft are deemed unreliable, as discussed in Fig. 4 in Section 2.3. Notably, several flyovers at smaller distances remain
acoustically undetected. This is illustrated in Fig. 16, showing that distance alone does not fully determine (un)detection.

Aircraft type: Detection, most likely, also depends on aircraft type. Table 4 lists the number and percentage of undetected flyovers
for eleven aircraft types. While the B738 accounts for most undetected flights in absolute terms, the relative picture differs. The A20N
family shows the highest proportion of undetected flyovers. More than 60% of A20N flyovers within 10,000 ft are not detected. The
E295 follows closely with 59% of unrecorded flights. Both aircraft types are relatively newer and quieter.® This suggests that their
noise emissions often fall below the NMT thresholds. Note that the numbers in Table 4 refer to flyovers rather than flights. A single
flight can be measured by an NMT close to the flight path, while it can remain undetected at more distant NMTs.

Operation type: Differences are also observed between the two operations: arrival and departure. When considering flights within
a 10,000 ft PCA for all NMTs, 58% of arrival events are not measured on average. In contrast, only 45% of the departures are not
recorded. This difference is likely due to the higher noise level of departure operations, which have a greater chance of exceeding the
NMT detection thresholds. Analysis also shows a correlation between the difference in measured and modelled noise AL, and the
percentage of undetected flights at the individual NMTs. This correlation is 0.43 for arrivals and 0.54 for departures, with p-values
of 4x 1077 and 7 x 1074, respectively. These findings highlight the limitations of acoustic monitoring systems in low-noise regions.

6.2. Assessing the effects of undetected flights on Lp;gn. and L g

The effect of undetected flights on the measured Ly;gp, and Lge, can be investigated by estimating their noise contributions. In
this contribution, this is fully based on measurements and performed using a weighted least-squares method, as described by van der
Grift et al. (2025a). The missed 'measurements’ are predicted using operational data and the existing measurements.

This method groups flights based on key characteristics influencing noise emission, including aircraft type, operation type (arrival
or departure), noise environment, and slant distance at the PCA. For each group, a logarithmic relationship between SEL and distance

3 Quiet aircraft are defined as those certified under Chapter 14 of EASA noise standards.
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Fig. 17. Measured and modelled L, with and without the addition of undetected flights of all NMTs for the year 2023.

Table 5

Effect of undetected flights on the measured Lg, and Ly, and updated comparison between modelled and

(b) With undetected flights

measured results. Results without undetected flights incorporated are given within brackets.

Year ALyignt ALge,
u [dBA] o [dBA] P u [dBA] o [dBA] P

2017 0.07 (1.31) 2.07 (2.92) 0.96 -1.18 (-0.68) 1.35 (1.53) 0.97
2018 -0.78 (0.23) 1.48 (2.20) 0.96 -1.48 (-0.99) 1.59 (1.76) 0.95
2019 -0.01 (0.78) 1.65 (2.37) 0.98 -1.17 (-0.63) 1.52 (1.86) 0.96
2020 -0.42 (0.82) 2.68 (4.88) 0.95 -1.86 (-1.39) 1.99 (2.42) 0.94
2021 -0.22 (1.43) 2.97 (4.08) 0.93 -0.72 (0.10) 1.60 (2.11) 0.95
2022 0.36 (1.90) 2.51 (3.67) 0.95 -0.87 (-0.14) 1.73 (2.28) 0.94
2023 0.34 (1.68) 2.62 (3.54) 0.96 -1.11 (-0.51) 1.41 (1.91) 0.97
2024 -1.10 (0.23) 1.79 (3.25) 0.97 -1.65 (-1.07) 1.71 (2.24) 0.98
Average -0.22 (1.05) 2.22(3.36) 0.96 -1.25 (-0.66) 1.61 (2.02) 0.96

is fitted using measured data. To ensure reliable extrapolation at larger distances, this fit is regularised using Noise-Power-Distance
(NPD) relations, which are incorporated as additional weighted observations in the least-squares formulation. As a result, measured
data dominate the fit at short distances, while NPD-based observations constrain the behaviour at larger distances where measure-
ments are sparse or unavailable.

The statistical analysis in van der Grift et al. (2025a) showed that noise levels of undetected flights could be estimated accurately
for flights within a 10,000 ft PCA. Noise measurements beyond this distance are considered unreliable and are therefore ignored.

The effect on L., is visualised in Fig. 17 for all NMTs in the year 2023. A clear increase in the measured noise levels is evident
for the NMTs in the low-noise regions, such as NMTs 4 and 31. For NMTs with already high measured and modelled L., values,
the inclusion of undetected flights has only a limited effect. The correlation between model and measurement also improves after
accounting for undetected flights. The results for all operational years are summarised in Table 5.

The results are consistent over the different operational years. Slightly larger effects of undetected flights are observed in 2021
and 2022. For all years, the correlation coefficients improve after accounting for undetected flights. The standard deviation between
measured and modelled noise levels is also reduced. This indicates a better agreement between the measured and modelled noise
levels for both Ly, and Lge,. The updated yearly averages can therefore provide a more realistic representation of the noise exposure
in the low-noise regions.

The effect of undetected flights is more pronounced for Lyg than for Lge,. On average, this effect is approximately doubled on
Ap: 1.27 dBA for Ly and 0.59 dBA for Lye,. This difference is primarily due to a higher percentage of undetected flights at night,
particularly for NMTs located in low-noise areas. One possible explanation is that ambient sound during the day amplifies aircraft
noise events, allowing them to exceed the NMT detection threshold more frequently. At night, lower ambient noise results in fewer
noise events exceeding the threshold. For most NMTs, the threshold is the same during the day and night. For a small number of
NMTs (e.g. NMTs 25 and 41), where nighttime thresholds are set lower, similar percentages of undetected flights are observed during
both day and night, supporting this hypothesis.

Including undetected flights reduces the model overestimation for Lygy, while increasing the underestimation of Lge,. The un-
detected flights are most prevalent in low-noise regions, where a relatively large proportion of events is initially missing from the
measurement dataset. Adding these contributions increases the measured L., values more strongly at these locations than at higher-
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Fig. 18. Measured and modelled L., with and without the addition of undetected flights and the ambient noise correction of all NMTs for the year

2023.

(a) Without corrections (o = 1.91)

Table 6

(b) With corrections (o = 1.40)

Estimated combined effect of background noise and undetected
flights on Ly, and updated comparison between modelled and
measured results. Results without effects incorporated are given

within brackets.

Year u [dBA] o [dBA] p

2017 -0.79 (-0.68) 1.35(1.53) 0.97 (0.96)
2018 -1.06 (-0.99) 1.46 (1.76) 0.96 (0.94)
2019 -0.72 (-0.63) 1.47 (1.86) 0.96 (0.95)
2020 -1.37 (-1.39) 1.91 (2.42) 0.95 (0.92)
2021 -0.32 (0.10) 1.55 (2.11) 0.96 (0.94)
2022 -0.39 (-0.14) 1.70 (2.28) 0.95 (0.92)
2023 -0.61 (-0.51) 1.40 (1.91) 0.97 (0.95)
2024 -1.10 (-1.07) 1.66 (2.24) 0.96 (0.94)
Average -0.80 (-0.66) 1.56 (2.02) 0.96 (0.94)

noise sites, thereby altering the spatial distribution of measured noise levels. As a result, the comparison with the modelled results
shifts, leading to a larger apparent underestimation by the model. At the same time, the correlation between modelled and mea-
sured levels improves significantly, indicating a more consistent representation of noise exposure across all NMTs. This behaviour is
consistent with the previously observed relationship between low Ly, values and a high percentage of undetected flights.

These findings highlight the importance of accounting for detection limitations when comparing measured and modelled noise
levels, particularly for nighttime operations.

7. Combined results

The three main causes challenging the comparison of annual measured and modelled aircraft noise levels are identified in the previous
sections. The model input discrepancies are difficult to quantify for the full year due to limited data availability. However, the effects
of background noise and undetected flights are quantified and are combined in this section to give the most accurate result. For
consistency, these results are plotted in Fig. 18 for the year 2023. The results summarised for all years are presented in Table 6.

Note that combining the corrections is not a simple addition of the two correction factors. As the background noise correction also
influences the estimated SEL of the undetected flights, the combined effect is calculated by first incorporating the undetected flights
to the measured L4, values and then applying the background-noise correction. Nevertheless, the effect of undetected flights is
generally stronger than that of background noise. An effect of +0.14 dBA averaged over all NMTs over all eight years is found. These
combined effects improve the correlation between measured and modelled noise levels, with an average correlation coefficient of
0.96. The average difference u is slightly larger than the baseline levels depicted in Table 2. At the same time, the standard deviation
o is lowest compared to all previous results. This indicates that jointly accounting for undetected flights and background noise leads
to a more consistent comparison between measured and modelled annual noise levels.

While the combined corrections improve consistency, a residual underestimation of Ly, remains. This suggests that additional
factors related to the modelling approach may contribute to the observed discrepancies, such as limitations in the representation of
noise propagation, particularly at larger distances from the flight path.
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8. Conclusions

This research investigated the challenges associated with comparing the annually averaged aircraft noise levels predicted by the
Doc 29 model with measurements around Amsterdam Airport Schiphol. The analysis was performed through noise measurements from
the Noise Monitoring System (NOMOS) from the operational years 2017 to 2024. The analysis revealed a strong overall correlation
between modelled and measured results, confirming the robustness of Doc 29 as a best-practice tool. However, systematic discrepan-
cies were identified: the model generally overestimates Lyqp,; while it underestimates Lge,. To further investigate these discrepancies,
this paper investigated three main challenges influencing the comparison between modelled and measured noise levels.

The first challenge stems from differences between the model input parameters and the actual flown flight procedures. Opera-
tional analysis demonstrated mismatches between modelled procedures and flown tracks. Variability in flown speed, altitudes, thrust
settings, and atmospheric conditions introduces uncertainties that are not fully captured by current fixed-point profiles. Although
deviations of up to 3 dBA were found for individual flights, their impact on annual noise metrics cannot be quantified with the
available data. In addition, because such deviations can be both positive and negative, their average effect could partially cancel out
over a large number of operations. Therefore, it is impossible to determine whether accounting for this source of uncertainty would
improve or worsen the agreement between measured and modelled annual noise levels.

The second challenge concerns the measurement offset introduced by background noise. This effect was quantified by examining
the differences between day and night noise levels. While lower nighttime background noise contributes to reduced measured SEL
values, operational factors such as increased CDA usage and fleet mix differences play a substantial role. Applying background noise
corrections led to modest improvements in agreement for Ly, (+0.4 dBA), but did not fully eliminate the discrepancies.

The third addressed challenge in this comparison stems from undetected flights. Particularly in low-noise regions and for newer,
quieter aircraft types such as the A21N and E295, the NMTs frequently failed to measure the flyovers. On average, 58% of arrivals and
45% of departures within 10,000 ft PCA were not acoustically detected. Correcting for these missing events improved the correlation
between modelled and measured levels and reduced variability, with average adjustments of +1.2 dBA for Ly;ep,, and + 0.6 dBA for
Lgen- These findings highlight the importance of explicitly accounting for detection thresholds when validating model predictions
against measurements. A recommendation is to apply a dynamic threshold methodology that accounts for real-time background noise
conditions, thereby allowing a measurement system to detect lower-level noise events.

The findings have important implications for the interpretation and validation of aircraft noise assessments. The strong correlation
between measured and modelled noise levels confirms that the Doc 29 methodology provides a suitable representation of annual
noise exposure and can therefore support policy applications. At the same time, the results demonstrate that discrepancies between
measurements and model predictions cannot be attributed solely to modelling assumptions. Background noise, incomplete flight
detection, and operational variability can all contribute substantially to the observed differences. Consequently, comparisons between
modelled noise contours and monitoring data should explicitly account for uncertainties related to both modelling and measurement
processes.

Some limitations should be acknowledged. This study was performed using data from a single airport and relies partly on airport-
specific datasets and correction methodologies. While the identified mechanisms are expected to be relevant for other airports as well,
their quantitative contribution may differ depending on local operational characteristics and environmental conditions. In addition,
the analysis focused on the annual average noise metrics Lge, and Lyjgp.. The implications of the sources of uncertainty, considered
in this contribution, for event-based noise metrics require further investigation.

In summary, the validation of annual average noise metrics requires careful treatment of operational variability, background noise
effects, and undetected flights. While Doc 29 provides reliable predictions at the system level, measurement-based validation must
address biases inherent to acoustic monitoring in uncontrolled environments. The remaining discrepancies may also be partly related
to limitations in the modelling approach, such as the use of NPD relations, which are known to become less accurate at larger slant
distances where measurements are sparse. Future work should focus on refining the operational model input with real flight data
and improving the detection of low-level noise events. Such efforts will strengthen confidence in aircraft noise modelling and support
more effective policy development for communities around major airports.
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