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Abstract: The warmer air resulting from climate change reduces the lift force on a departing aircraft,
potentially reducing its climb angle and causing more engine noise near the airport. Here we study this
phenomenon at a selection of 30 European airports. We first formulate and verify a low-complexity
model of noise propagation around airports. The model includes anisotropic noise propagation,
atmospheric absorption, and multi-engine capability. We use the Airbus A320, but the method could
straightforwardly be generalised to other aircraft. We refer to the model as an emulator since it mimics
the more comprehensive model against which it is verified. The model is used to calculate the area
enclosed by the 50 dB contour (Asp), which agrees well with the same metric (using the day-evening-
night sound level, Lge,) from the parent model (A). Using temperature and pressure data from IPCC
simulations of future climate, and using a straightforward relation between climb angle and air density,
we assess how climate change could affect climb angles by mid-century (2035-2064). An optimised
value of As is obtained by efficiently covarying (1) the engine noise at 10 m from the engines and
(2) the climb angle under ‘historical” conditions (1985-2014). The covariation uses Latin hypercube
sampling and the optimum value of As differs from A by just 0.05 km?. Median values (across 10
climate models) of climb angle reduction in the future warmer climate are around 1-2%, but individual
days can show values as high as 7.5%, which corresponds to an increase in Asg of 0.25 km?. When
taking the local population density into account, the number of affected residents per airport increases
by over 1,000 in the most densely-populated areas. We conclude that climate change could increase
aircraft noise near airports in the coming decades, subjecting thousands of additional people across
Europe to engine noise from departing aircraft.

Keywords: climate change; noise pollution; Europe; scenario

1. Introduction

In this work we examine the effect of climate change on the area enclosed by the 50 dB contour
around an ensemble of 30 European airports by considering ‘historical” (1985-2014) and future projec-
tion (2035-2064) timescales. Previous work examined how take-off distance and maximum take-off
weight are projected to change in the future [1] and this work uses the same sites as the basis for
studying how climb angles may change and how neighbouring populations could be affected.

The Williams et al. [1] study in fact is one of a growing number of studies regarding the per-
turbation of take-off performance as the world warms (see references therein). However, literature
on the effect of climate change on noise around airports is only recently starting to appear. Padhra
et al. [2] found - in a 2022, world-first study — that the area of the 60 dB contour around Chios airport
has increased by almost 5% in the 25 year period up to 2022. This is attributed to worsened take-off
performance due to temperature and headwind perturbations, reducing climb angles. Climate change
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can also influence atmospheric boundary layer stability [3], which in turn can affect sound propagation
[4].

Commerical airports are a major source of noise pollution. For example in 2023, EASA — the Euro-
pean Union Aviation Safety Agency — estimates that almost 3.5 million people in Europe experienced
‘highly annoying’ aircraft-related sound exposure [5]. EASA defines this as an Lge, level of at least
55dB which is a weighted average of exposure at different times of the day (i.e. night flights are more
disruptive).

Disruption is not limited to the immediately-noticeable auditory impacts on humans. Indeed
increased airport noise has been identified as a contributor to cardiovascular disease [6] and increased
blood pressure [7] in local populations. Wildlife can also experience negative impacts through induced
environmental changes affecting birds, whales and insects amongst others (see e.g. Alquezar and
Macedo [8] and Dominoni et al. [9]).

To first order, for a given point in the vicinity of an aircraft up to take-off, the noise exposure is a
function of distance from the source and the sound intensity, (usually) measured logarithmically in
decibels, dB. However, in reality, there are many other factors which affect the overall level of sound
transmission such as thrust level, climb angle and direction and local population density.

Methods of reducing the exposure to noise pollution include Noise Abatement Departure Proce-
dures (NADPs) published by the International Civil Aviation organisation, ICAO [10]. For example,
procedures exist for reducing exposure close to and farther away from the airport by changing thrust
levels, acceleration profiles and climb angles appropriately [11].

For the remainder of this study however, the thrust level and the historical climb angle are
assumed constant, whilst the future climb angles change with air density. Work to understand the
effects of climate change on more complex take-off procedures, as well as the economic impacts of
climate change on take-off fuel usage is ongoing.

Previously documented tools to produce quantitative studies of airport noise — i.e. involving
explicit calculation of noise propagation and resulting contours — include those from:

1.  The UK Civil Aviation Authority; Aircraft Noise Contour (‘ANCON’) Model [12],
2. The USA Federal Aviation Administration;

(a) Integrated Noise Model, INM’ [13],
(b) Aviation Environmental Design Tool, AEDT, [14].

3. The European Organisation for the Safety of Air Navigation (EUROCONTROL); Integrated
Aircraft Noise and Emissions Modelling Platform, or ‘IMPACT". [15].

The present study differs from these tools in that its purpose is to emulate the results found
from other models of increased technical and/or scientific complexity. In this context ‘complexity”
can refer to inclusion of different aircraft types such as helicopters [13], aircraft bank angle [14] and
considerations of fuel burn and greenhouse gas emissions [14,15]. To achieve this we explore physically
reasonable ranges of climb angle and thrust level values.

Emulation techniques are widely used in modelling studies of climate-relevant parameters and
tools. For example the FAMOUS climate model [16] simulates (synonymous with ‘emulates’ in this
context) the 3D climate response of the higher-resolution HadCM3 model [17] meaning it can produce
results faster. In essence it largely uses another model as its ‘ground truth’ target.

Another example of emulation is the statistical techniques which use large ensembles of climate
model results to explore parts of parameter space which are not explicitly resolved in the individual
model results themselves. An in-depth treatment of this is outside the scope of this article and the
interested reader is referred to the review article of Castruccio et al. [18] for further information.

We use the 50dB contour area from IMPACT as our emulation target and use a 10-member
Latin hypercube sampling technique to minimise the difference in the values obtained from the two
models. We also ensure that the salient features of previously published noise contours are reproduced,
although non-trivial differences remain due to the different levels of model complexity.
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After establishment of optimised model parameters for present-day conditions we proceed to
apply them to future conditions at 30 European airports using a simple relation connecting climb angle
and air density. In these future conditions — see Williams et al. [1] for details — air density shows an
overall decrease, largely due to increased temperatures. This then leads to smaller climb angles and an
increased noise pollution footprint.

2. Materials and Methods

The coordinate system used for noise intensity calculations at ground level is two dimensional
(x,y) centred on the aircraft’s take-off location and extends a set number of multiples of the runway
length, Liunway, in +x and +y. To simplify the calculations, the runway is assumed to run perfectly
north-south (the y direction) and the true runway orientation is applied later by rotating the entire
grid using third order spline interpolation [19]

To account for the vertical, z, coordinate, after take-off the aircraft is assumed to climb with
constant angle, ¢. The Euclidean distance from the aircraft to each point in the grid is then calculated
for every x,y, z in the trajectory. The resulting noise level presented below in Figure 4 is then simply
the maximum value at each x, y in the aircraft’s path.

Assuming sound radiation is isotropic, its intensity, I, is assumed to reduce with distance from
the sources — engines — as an inverse square law,

=a(2), »

where I3p  is the sound (power) intensity at a reference distance, g, from the source.

In general, the exponent of r may differ from 2, especially very close to the source, but we do not
consider this further here.

The power intensity at some arbitrary distance from the aircraft, I, has units of W-m~2 but
usually it is the intensity of the sound in decibels, I;p which we want to know, where (using log,,
throughout)

Iig = 1010g<11>. (2)

dB,0

Combining the relations for I and I;p gives

IdB = IdB,O —20 IOg r. (3)

Sound intensity (in dB) can also be reduced due to absorption processes — assumed proportional to
distance from the source — and this is included using a constant coefficient of absorption, ap, multiplied
by a factor proportional to the ratio of the air density to the sea-level ISA value, p/pisa. In general this
relationship can be more complex [20] but we do not consider this further here.

We use a constant value of g = 0.0001 dB - m~!, which is a good approximation for, say, 1 kHz
and 50% relative humidity [21].

This gives our final equation for sound fall-off with distance,

Iip = Lapp — 20log r — 2, @)
PI1SA

with pigp = 1.225 kg-m 3.

The discussion above assumes that an aircraft engine emits as a point source of size 10 m. For
explicit consideration of multiple engines (two here), the following expression is used,

I I
I=10log (101% + 101%> (5)

where each of I; ; are described by equation 4.
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Figure 1 shows the dB contours around two point sources at varying distances, d. In practice, for
the size of the domain considered here — Figure 1(a) — the engines are close enough to be considered as
a point source of intensity described by equation 5 with I; = I. In general however, for widely spaced
sources — Figure 1(b, c) — the power distribution is not radially symmetric close to the sources. For the
purposes of this work, it is the ‘far field’ (d >> dengines) behaviour which is of primary interest.

(@) (b) (o)

Figure 1. [llustrative power intensity contours around two points sources (circles) for varying inter-source distance,

d. (@) d = dengines, (b) d = 10 X dengines, (¢) d = 20 X dengines,» The contours in each figure are identical and
converge for d >> dengines-

In practice, the sound emission from a standard turbofan engine is anisotropic and highly complex
—e.g. [22,23] — and is parameterised here by increasing the sound levels both behind and in front of the
engine’s intake axis (the y direction, i.e. before taking the runway bearing into account) compared to
the lateral direction. This is shown diagrammatically in Figure 2 and described mathematically by

2

W(7) =exp CCZZ) (6)

where 7 is the angle over which multiple take-off paths are run in order to represent the enhanced
power intensity in the direction parallel to the direction of travel and w is an empirically determined
scaling parameter. Each path is rotated around the centre of the grid which is defined as the end of the
runway, i.e. the starting position of travel (for the v = 0, central estimate) is x = 0, ¥ = —drunway-
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Figure 2. (a) Spherically isotropic sound propagation and (b) modified to include a preferentially amplified
sound intensity in the forward and reverse directions. Also shown in (b) are the angle 7y over which the sound is
amplified, as well as their respective weightings.

.-n-..‘. .

3. Effect of Climate Change on Climb Angle

Recent work has quantified how take-off performance — distance required, maximum payload
— may change in the future for a selection of Europe’s busiest airports [1]. As greenhouse gases
accumulate in the atmosphere and the air warms, the air density tends to decrease in line with the
ideal gas law,

P=p Rspecific T, @)

where P is the air pressure, p is the air density, Rspecific is the specific gas constant for air (287.05
J-kg~!-K™!)and T is the temperature.

Using 10 state of the art climate models forced with three different scenarios of 2035-2064 green-
house gas forcing compared to 1985-2014, daily time series of temperature and air pressure were
obtained and from these values the predicted air pressure was calculated. The future scenarios used
(Shared Socioeconomic Pathways, SSPs) are SSP1-2.6, SSP3-7.0 and SSP5-8.5. The format SSP- refers
to the SSP ‘family’, ¢ and the net radiative forcing per m? at 2100, . These can be considered as low,
medium and high magnitude climate change amounts respectively [24].

The dependence of aircraft climb angle is a highly complex function of many variables such as
atmospheric conditions, thrust level, aircraft variant and altitude (see [25] and references therein).
However, in order to provide a straightforward and accessible presentation of this in software, we
assume the following force balance at take-off,

T—D = Wsing, 8)

where T, D and W are the thrust, drag and weight respectively and ¢ is the climb angle (see e.g.
[26], supplementary material part 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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We further make the assumption that both T and D are proportional to air density, which is a
good approximation assuming incompressible flow in International Standard Atmosphere conditions
[27]. Combining the above assumptions, for historical (‘1’) and climate change affected conditions ("2")
respectively we have

T2 — D1y = Wsingy ©)
or equivalently, since T, D are proportional to density, p,

sin ¢y _ sin ¢, (10)
P1 o2’

and

¢ = arcsin (sin ol Pz> . (11)
P1

Therefore we now have an equation for describing how the climate change-affected climb angle,
¢ can be calculated as a function of the historical and future air densities. The historical climb angle,
¢1 is assumed constant in this work and its range of validity is discussed in §4.

4. Parameter Uncertainty and Latin Hypercube Parameter Sampling

In the model described above — indeed as is the case for any model - there are approximations and
parameterisations. For example, the sound intensity near the source and the initial climb angle are both
assumed constant, neither of which is strictly adhered to in real flight operations. Additionally, the
inverse square relation and constant absorption coefficient described in Equation 4 deviate from these
idealised mathematical formulations due to, e.g., ground reflection and sound frequency dependence
respectively [23,28].

To account for these uncertainties, we have established plausible ranges of I4g ¢ and ¢ and then
used Latin hypercube sampling (LHS) to establish optimum parameter values. LHS efficiently samples
the parameter space defined by the input variables (I3 o, ¢) to avoid having to exhaustively sample
the full 2-dimensional landscape of possible combinations [29].

We used the area enclosed by the 50dB noise contour around San Sebastian airport from the
IMPACT! model — A - as our verification target. The 50dB level is a commonly used baseline for
aircraft-related noise disturbance [30,31] and is broadly equivalent to that of a residential, suburban
environment [32].

This site is of particular interest since it straddles both a national border (France, Spain) and a
coastline as well as having a short runway.

The output for the model presented here represents one take-off procedure, and this is compared
against the day-evening-night level, L4e, output from IMPACT. This represents average noise exposure
over a 24 hour period [33] and is given by

L,

1 Ldﬂ evening +5 Lnight +10
Lden_10-1og{24<12-10 o +4.10° 10  +8.10" 1 )} (12)

which shows the 5 and 10dB “penalties’ which are applied to evening and night flights respectively.
Using Lgen, alleviates some of the inherent issues in the comparison with IMPACT’s greater complexity
and capability.

To obtain initial estimates of bounds for Iz and ¢ we first calculated the area enclosed by
the 50 dB contour (Asg) using ¢ = 7.7°, which is given as a typical value in Gratton et al. [26] and
Igpo = 100 dB for each engine.

L https:/ /www.eurocontrol.int/platform/integrated-aircraft-noise-and-emissions-modelling-platform
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The choice of 100 dB is the value at 10 m from an engine with source intensity of 120 dB assuming
isotropic transmission from 1 m away (e.g. Huang and Zheng [34]). This 10 m ‘buffer’, as well as
being of the order of the inter-engine distance, dengines, also allows for some alleviation of the reflection
effects referred to above.

Estimates and measurements of jet engine sound intensity vary significantly depending on the
type and age of the engine, the atmospheric conditions and the precise noise metric used [35]. Therefore
—and since our model is intended as an emulator rather than a simulator — the precise values used are
not crucial as long as they emulate the equivalent value from IMPACT.

Using I = 100 dB and ¢ = 7.7°, we obtain A5y = 5.38 km?, compared to A = 4.77 km?, an
overestimate of ~13%. Considering the assumptions and simplifications in the present model this is
an encouragingly small discrepancy. However it is important to perturb the parameter assumptions to
make sure that this is not entirely serendipitous.

The flight operation used in the Lge, calculation in IMPACT, when averaged over its first 10,000 ft,
is approximately 7.2°. For Igp o, from its maximum at ‘take-off roll’, the power setting is reduced by up
to =~ 40% over the course of the first few nautical miles of its trajectory. A 40% decrease is equivalent
to roughly 2 dB and so we use 98 < Ijpg < 100 dB and 7.2° < ¢ < 7.7°. The results of this sampling
are shown in Figure 3 for a sample size, N, of 10.

(a) Hypercube indices, i (b) |Asg — A| [km?] (c) Asp using optimised /g
100 1
5 4.8
3 0.8 The smaller
99.5 8 ’ ® 475 the climb angle,
1 e © the larger the
0.6 ] a7 Asp value.
In [dB )
o [dB] 9oF-f8 o . °
I 0.4 4.65
1
1 2 ®
98.5| ! 4 02|® 4.6
1
1 7 ®
1
10 ] 4.55
98 - T T 0 T T T T T T T T T T T
7.2 7.4 7.6 12 3 45678 910 7.2 7.4 7.6
¢ [°] i ¢L°]

Figure 3. (a) Scatter plot of the values of Iqg ¢ and ¢ (N = 10) directly from the Latin Hypercube sampling. The
optimum values of Iy s and ¢ are shown by the x, y values corresponding to the lowest shown value in (b), i.e.
where the value of of As is closest to .A; (b) Values of | Asy — A| for each value, 7, in the sampling distribution; (c)
Mlustrative Asg values as a function of ¢ using the optimised Iyp ¢ value shown in (a).

Figure 3 shows that the 6th member of the LHS distribution gives the best agreement between
Asp and A; a difference of 0.05 km?. This corresponds to Iggg = 99.01 dB and ¢ = 7.28° and these
values are used for the remainder of this study.

Figure 3(c) shows illustrative Asg values calculated using the optimum I4p g values shown in 3(a)
and has a gradient of,

dA50 ~
dp

that is, for each 1° decrease in climb angle, Asq increases by 0.5 km?.

—% km? per degree, (13)

5. Results

Figure 4 shows the results of the verification procedure described above using San Sebastian
airport for the parameters shown in Table 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Parameters used for the generation of the Figure 4. The mx2t24 and Ps values are means of 30 years of
historical data from the ACCESS-ESM1-5 climate model and are only used in the absorption calculation.

Parameter Value unit
IgB 0 99.01 dB

0% 20 -

w 32 -

¢ 7.28 -
A 4.77 km?
Asp 4.82 km?
mx2t24 20.6 K
Ps 1019.2 hPa
dengines [36] 11.2 m
drunway [1] 1800 m

L;"'"'r AP . /\ 60 a5
f 1 k'-,L a%
P e !
13,38 [EREVEV . \ g o
¥ B - -’f -
43.37°N [l iZardi
( Hendayé
&
43.36°N | y
: - 55 dB
W ;
43.35°N - £ ___Hapetgnia-
47 L Béhobe
' Mgy |
I And : “==Behobia
43.34°N | n 17
/ Irun gy
o y KD -
FIEY, A e iR
1.82°W 1.8°W 1.78°W 1.76°W ~50d8

Figure 4. The extent of the 50, 55, and 60 dB contours around San Sebastian airport calculated using the present
emulator framework. The take-off direction is from south west to north east.

Figure 4 shows the 50, 55, and 60 dB noise contours around San Sebastian airport. The effect of
the anisotropic power intensity, amplified in the direction of travel (to the north east in this case) and
the tapering off of the sound intensity as the aircraft climbs.

The overall shape of the contours is in good empirical agreement with previous work by, e.g.,
Tlatka and Rzucidto [37], Sahai et al. [38] and in policy documentation from the US Federal Aviation
Administration [39]. Indeed, considering the relative simplicity of our model, the agreement with
previous results is encouraging. In any case, the precise shape does not change any of the conclusions
drawn below since our we are examining changes to noise contour area (and affected populations)
rather than absolute values.

5.1. Effect of Atmospheric Conditions on Climb Angle

Figure 5 shows the projected increase in Asg around each site as a function of the climate change
scenario used in the future modelling. The format of this figure uses ‘violin’ plots which show each
individual model’s mean value (symbols) and with a width which shows their distribution.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Percentage change to the area enclosed by the 50 dB contour (Asp) for each of the study sites and climate
change scenarios studied as a function of climate change scenario.

Broadly speaking, the effect on A5y shown in Figure 5 is independent of the airport, although there
is significant inter-model spread within the individual scenarios’ results. The most extreme scenario
considered, SSP5-8.5, shows the largest variability. This is the expected behaviour — as previously
noted in Williams et al. [1] — because of the range of climate sensitivity responses from the models in
the ensemble; that is, the sensitivity of temperature change to changing greenhouse gas concentrations.

The individual values shown in Figure 5 (circles) show the response of Asg for each climate model
to the mean change in air density in each of the scenarios compared to the historical period. This
averaging masks the day-to-day variability in the summer temperatures and pressures. To investigate
the full distribution of these values, Figure 6 shows (daily maximum) temperature, daily mean pressure
and resulting ¢ values for UKESM1-0-LL and SSP5-8.5 at San Sebastian.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Scatter plot of calculated climb angles (compared to the assumed historical constant value in Table 1) for
San Sebastian airport under SSP5-8.5 conditions using the UKESM1-0-LL climate model [1]. The marginal plots
on the top and right show the relative frequency of occurrence of the daily maximum temperature and daily mean
pressure values respectively.

Figure 6 shows the individual ¢ values for each day in the period 2035-2064 for SSP5-8.5 and
clearly shows the expected decrease in ¢ with increasing temperature as discussed above. It also shows
A¢ decreases as high as 7.5% (blue values). This corresponds to ~ 0.5° — cf. Table 1 — or equivalently
~ 0.25km? - from Equation 13. This is over 5% of As, albeit with a relatively low occurrence frequency.

In the next section we examine how these geometric variables can be translated into quantified
impacts on local populations.

5.2. Climate Change Impacts on Residential Populations Near Airports

Although the changes to Asg shown in Figure 5 may appear insignificant at first, we shall see below
that once the population density around airports is taken into account (which for some airports exceeds
10°km~?), the number of additional people, compared to historical climate conditions, potentially
affected by these changes can be significant, even without considering extreme values (Figure 6).

With this in mind we use the WorldPop dataset at 30 arc second (~1km) resolution which has
been adjusted to coincide with UN data by the data curators (i.e. not part of this work) [40]. Figure
7 shows population densities around our 30 study sites. Going forward, to estimate the number of
people affected by noise in the vicinity of these airports, we use the average population density in a
£3 km box (white dashed lines in Figure 7) to ensure realistic values are used. Without this additional
‘smoothing’ step, some sites give spuriously low (or even vanishing, in the case of Milan Airport)
density values which may lead to underestimation of the number of people affected.
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Figure 7. Population densities at 30 arc second (=~ 1 km) resolution for each of the study sites using WorldPop data

[40]. The titles of each sub-figure show the ICAO airport code and the population density in the 3x3 km white

dashed box centred on each airport’s location. The data for San Sebastian in sub-figure (p) is partially incomplete

since this site is situated very near the French-Spanish border, although the airport itself lies in Spain, meaning

that any estimates for this site in this work do not take the French population density into account.

Ultimately, the metric of primary interest in this study is the number of people affected by changes
to the area enclosed by a given dB contour.

Figure 8 shows the increase in the number of people affected by noise pollution for each climate

change scenario, calculated by multiplying the population density (Figure 7) by the fractional increase

in the area of the 50dB contour (Figure 5) and multiplying its model ensemble mean area in the
historical simulations.
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Figure 8. As for Figure 5 but showing the population changes taking into account the historical average area for
each site and the population densities in Figure 7.

The variation in the values in Figure 8§ is striking, with values ranging from a few tens to several
thousand additional residents within the 50 dB contour. This is primarily a reflection of the population
density values shown in Figure 7, however there are some other noteworthy aspects of this final set
of results. Firstly, the model ensemble-spread is large. This in itself is not surprisingly, indeed it is
expected due to the large underlying ensemble spread in recent model intercomparisons compared to
earlier ones, e.g. Meehl et al. [41]. It is possible that using a larger number of models in future studies
may allow the error bars in Figure 8 to be reduced.

The resolution of the raw input data itself (~100 km) is also an aspect which will lead unavoidably
to increased similarity between the results obtained from closely neighbouring sites. For example,
although the model data used in this study has undergone data processing and bias correction, the
three airports studied in the London region for example are close enough for their overall climate
response to be essentially the same. This of course has the distinct advantage of making the datasets
small enough to be easily distributable and processable on standard PCs and data connections, however
it would be of great interest to consider higher resolution (raw) input datasets, especially with the
advent of new, ultra-high resolution regional climate projections [42].

6. Conclusions

In this work we have presented the results of a model which projects the climate change-induced
changes to populations affected by noise pollution at 30 European airports.

The model was optimised using Latin hypercube sampling of two key parameters — near-engine
sound intensity and climb angle — to emulate the area enclosed by the 50dB day-evening-night averaged
sound level (Lgen) contour surrounding San Sebastian airport produced by the more complex IMPACT
model.
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After this verification step, we use results from 10 state-of-the-art climate models to project how
climb angle may change by mid-century compared to a historical baseline. This is based on three
possible future scenarios of greenhouse gas emissions which cause varying degrees of perturbation
to air temperature, and ultimately to air density, which is the input parameter in the climb angle
calculation method used.

By combining the projections of the changes to Asy and contemporary local population density,
changes to the number of noise-impacted residents has been estimated. This has been done for all 30
airports and each climate change scenario with the differing warming responses of the climate models
providing a robust uncertainty estimate.

Although the fractional AAsj values are broadly uniform, ranging from approximately 1-2%, the
population density changes vary from ~ 200-8000 km~2 which similarly affects the change to the
absolute number of residents affected.

This response of the model-ensemble Asy values is consistent across the site ensemble, yet
these values are averaged across the respective 30-year periods. By considering the day-to-day
distributions of temperature and pressure yields insights into how extreme values may change and
in the most extreme climate-change scenario considered, values of A¢ as high as 7.5% could result.
This corresponds to a change of approximately 0.25km? in the area enclosed by the 50 dB contour, or
potentially more than one thousand affected residents in the more populated areas.

There are several key aspects which should be borne in mind in future use of the model; either as
presented here, or in future model development.

Firstly, the present model assumes simple force balance leading to a linear, analytical relation
between air density and climb angle. In practice this will be complicated by factors such as variations
in thrust level, headwind and aircraft type, for example. Because of these uncertainties, and the
flexibility and relative simplicity of the model, future studies using different functional relationships
are encouraged.

A related “upgrade’ to the current model could include more detailed verification metrics. The
present study uses the area enclosed by the 50 dB noise contour, and compares this to an equivalent
(Lgen) value from the IMPACT model. Future work could include using a range of decibel values
and/or a larger number of evaluation target models.

From a geographical perspective, this study — by design — is limited to European airports, and so
a further extension to this work should include a larger, ideally global, domain. To enable this, the site
specificity and raw climate model data bias correction steps — see Williams et al. [1] and references
therein — could be embedded within a common software framework. This would have the distinct
advantage of being able to the address the intimately related issues of noise pollution and take-off
performance restrictions in a unified manner.
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ANCON  Aircraft Noise Contour (model)

CMIP6 6th Coupled Model Intercomparison Project
EASA European Union Aviation Safety Agency
FAMOUS  Fast Met Office/UK Universities Simulator
HadCM3  Hadley Centre Coupled Model version 3

ICAO International Civil Aviation Organisation

IMPACT  Integrated 68 Aircraft Noise and Emissions Modelling Platform
INM Integrated Noise Model

ISA International Standard Atmosphere

LHS Latin hypercube Sampling

SSP Shared Socioeconomic Pathway
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Appendix A
Table A1. Mathematical symbols used.
Symbol Definition
I Sound intensity
r Distance from sound source
1Y Air density
Air density under International Standard
PIsA Atmosphere conditions at sea level
x Coefficient of sound absorption
0% Angle over which noise anisotropy is calculated
Empirical scaling parameter controlling the
shape of the noise anisotropy
Rspecific Specific gas constant for air
¢ Climb angle
T Thrust
D Drag
W Weight
Lden Day-evening-night noise level
Asp Area enclosed by the 50 dB contour in the
emulator.
A Area enclosed by the 50 dB contour in the
IMPACT model.
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