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Abstract: This work uses state-of-the-art climate model data at 30 European airport lo-
cations to examine how climate change may affect summer take-off distance required—
TODR—and maximum take-off mass—MTOM—for a 30-year period centred on 2050
compared to a historical baseline (1985-2014). The data presented here are for the Airbus
A320; however, the methodology is generic and few changes are required in order to apply
this methodology to a wide range of different fixed-wing aircraft. The climate models
used are taken from the 6th Coupled Model Intercomparison Project (CMP16) and span a
range of climate sensitivity values; that is, the amount of warming they exhibit for a given
increase in atmospheric greenhouse gas concentrations. Using a Newtonian force-balance
model, we show that 30-year average values of TODR may increase by around 50-100 m,
albeit with significant day-to-day variability. The changing probability distributions are
quantified using kernel density estimation and an illustration is provided showing how
changes to future daily maximum temperature extremes may affect the distributions of
TODR going forward. Furthermore, it is projected that the 99th percentile of the historical
distributions of TODR may by exceeded up to half the time in the summer months for some
airports. Some of the sites studied have runways that are shorter than the distance required
for a fully laden take-off, which means they must reduce their payloads as temperatures
and air pressures change. We find that, relative to historical mean values, take-off payloads
may need to be reduced by the equivalent of approximately 10 passengers per flight, as
these significant increases (as high as approximately 60%) show a probability of exceeding
historical extreme values.

Keywords: take-off distance; climate change; take-off mass; Europe; scenario

1. Introduction

Aircraft take-off distance required (TODR) and maximum take-off mass (MTOM) are
critical parameters that must be considered for the safe operation of each and every military,
civilian, and freight air movement. A 2016 order-of-magnitude estimate from the World
Economic Forum put the total number of flights per day at approximately 10° globally [1].
Going forward, for Europe specifically, the European Organisation for the Safety of Air
Navigation (EUROCONTROL) predicts an increase of between 19% and 76% in flight
numbers between 2019 and 2050 [2].

Tables of TODR versus weight are typically publicly available for passenger aircraft up
to the relevant maximum payload. For many large airports—e.g., Amsterdam Schiphol and
London Heathrow—available runway lengths are more than capable of accommodating
a fully laden Airbus A320, often with kilometres to spare. However, for airports with
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runway lengths roughly equal to or shorter than the manufacturers’ limits (or where the
effective runway length is reduced due to maintenance or a take-off starting before the
end of the runway), the weight of the aircraft must be reduced in order to comply with
safety constraints.

For a given air pressure and aircraft mass, higher temperatures (e.g., due to climate
change, as discussed in detail for nine European airport sites by Gallardo et al. [3]) reduce
air density, which must be balanced by an increase in speed to achieve the same amount
of lift to overcome gravity. Changes in density also affect aerodynamic drag, and hence
the vertical and horizontal balances of forces are subject to change. Because of this, a given
aircraft configuration in a warmer world will require a longer distance before take-off
occurs and—equivalently—if there is a limited take-off distance (i.e., a particular runway),
the maximum aircraft mass must be reduced.

This study builds on previous work that detailed the effects of past climate change
on several Greek airports, taking (daily minimum) temperature and headwind speed into
account [4]. This study found that maximum take-off weight is already affected by the
changing climate and quantified this effect in terms of reduced passenger numbers and
fuel payload for the Airbus A320 turbofan (using a model that the present study uses as its
basis) and DHC-8-400 turboprop aircraft (using manufacturer data).

Other previous relevant studies include those of Coffel et al. and Wang et al. [5-7].
The former both consider a selection of airports in the USA, which were chosen for their
high temperatures (Phoenix), elevation (Denver), or short runways (LaGuardia and Wash-
ington, DC). The former study used the most extreme emissions scenario available at the
time (RCP8.5) and the latter used a more nuanced approach by also considering a more
optimistic (lower emissions) RCP4.5 future. These studies differ subtly trom the study of
Gratton et al. [4] in their concentration on ‘weight-restriction days’; that is, the number (or
fraction) of days in a particular time window when weight restrictions must be applied.
The latter study of Wang et al. [7] studies the take-off performance of the Boeing 737 at
four Asian airports (also under RCP8.5) and shows non-linear increases in TODR with
temperature, resulting in increases of ~100-200 m by the 2070s.

In this work, we combine the main analysis methods of the above studies using a
Newtonian force-balance model and open-access input data to obtain estimates for how
TODR and MTOM may change in the future using data from 10 state-of-the-art climate
models and three future emissions scenarios. We consider 30 specific European airports
using 1985-2014 as a recent historical baseline and 2035-2064 as our future period of interest.
The use of simulated data over the historical period, rather than observations, enables the
removal of any model-data biases, since these will be common to both the past and future
periods chosen.

The structure of this paper is as follows: input climate model data and the force balance
model are described in Section 2.1, the numerical methods are detailed in Section 2.2 and
Section 2.3, respectively, results are given in Section 3, and we provide conclusions and
suggestions for further work in Section 4.

2. Materials and Methods
2.1. Input Data

We use the method of Gratton et al. [4] to calculate take-off distances as a function
of daily mean air pressure and daily maximum temperature at 2 m above ground level.
The data used are from 10 climate models from the 6th Coupled Model Intercomparison

Project (‘CMIP6") and cover the ‘historical” period 1985-2014 and projections for 2035-2064
for three different future climate scenarios. The historical simulations finish at the end of
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2014 because the relevant forcing data for the simulations were not available after this date,
when the models themselves were run. The models used are listed in Table A3.

These scenarios—or Shared Socieconomic Pathways (S5SPs)—are described by two
numbers; the first indicates the scenario ‘family’ that they belong to and the second provides
the top-of-atmosphere radiative forcing in Watts per metre squared at 2100. We use the
scenarios described in Table 1, which broadly correspond to low, medium, and high levels
of future climate change.

Table 1. Description of climate change scenarios used in this work (see, e.g., [8]).

Title 1 Title 2
SSP1-2.6 Sustainable development [9]
S5P3-7.0 Regional rivalry [10]
SSP5-8.5 Fossil-fuelled development [11]

The data used are for the 25 busiest European airports—according to the 2019 European
Civil Aviation Council data [12]—plus an additional five sites that (according to media
reports) have already experienced either frequent noise complaints or take-off restriction
issues related to short runways. Indeed, noise complaints are likely to increase in the future
if increased take-off thrusts are required for runway length-limited airports. The study site
ensemble is shown in Figure 1.
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Figure 1. The 30 airports considered in this work. See Tables A1l and A2 for more information.

The climate model data used in this study are the surface air pressure, Py, and
the standard measure of ‘Maximum temperature at 2 metres in the last 24 h’, or Tyyot4
(e.g., https:/ /codes.ecmwf.int/grib/param-db/51 accessed on 2 December 2024). Other
variables were also extracted from the climate model data, including specific humidity—
which affects sound propagation and hence noise pollution [13]—and will be used in future
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work. The daily maximum temperature was chosen in order to enhance the signal-to-noise
ratio in data with large day-to-day variability.
The air density is calculated assuming ideal gas conditions:

Pour
P y
specific  mx2t24

where p is the air density and Rgpecific is the specific gas constant for dry air, 287 ]~l<g’1 K.

The methodology used to prepare the model data in the required format for this study
is based on Trentini et al. [14], which uses bias correction tailored to extreme events in the
ERADJ reanalysis after the resolution of the raw model data is increased from their native
~1° to that of ERAS5, 0.1°; see references in Table A3 for further information. In addition,
the current study introduces a Quantile Delta Mapping step, which helps to maintain
variations over longer periods Trentini et al. [15]. Any values more than three standard
deviations from the mean in any of the distributions studied were discarded to reduce the
impact of outliers emerging from the model ensemble.

2.2. Take-off Distance Calculation

We used a method based on that of Gratton et al. [4], assuming a flat runway (no
incline) for the Airbus A320 aircraft using V2500-A1 turbofan engines manufactured by
International Aero Engines; Figure 2 illustrates the direction of the forces and angles
involved.

Drag & Reaction & lift

ground
friction

=

Figure 2. Angles and forces involved in TODR calculation; 6 is the angle between the runway and the
local horizontal plane and ¢ is the take-off angle between the flight path and the runway.

The forces on the aircraft were calculated assuming an altitude-dependent
thrust—described in detail in Section 5.2.1 of [16]—and then the equations of motion
were solved iteratively until the ‘true air speed’—TAS—was found, where the lift is equal
to the weight, i.e., the moment of take-off. The local wind speed is not taken into account
in this calculation but could straightforwardly be included in the future. From this value
of the take-off speed, and using the acceleration at each velocity, the amount of runway
from rest to take-off is calculated. The TODR includes the horizontal distance from stand-
still to take-off, plus the distance required to climb to 10.7 m (35 feet) above the runway,
which is % ~ 79 m. Finally, the sum of these two distances is increased by a 15% safety
margin [17] to give the final TODR. Thrust and drag data are obtained from the openAP
package [16], where drag from landing gears is used but wave and wing flap drag are
excluded. The openAP software (version 2.0) provides the minimum, optimum, and maxi-
mum values of take-off speeds (74.5, 85.3 and 96 m-s~ 1) from the WRAP kinematic model
of aircraft performance [18], and we use these values to find a corresponding lift coefficient
(Cp) value envelope. By using the table of take-off distance as a function of mass from
Gratton et al. [4], we find the lift coefficient via the minimisation of root-mean—-square
differences between model and manufacturer values:
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TODR [m]

1.  Obtain the thrust value from the openAP model assuming minimum take-off speed.
Calculate the TODR as a function of the masses from Gratton et al. [4] for C; =1 to
Cr =2 in increments of 0.01.

3. Find the root-mean-squared difference (RMSD) value between the array of TODRs
found in step 2 and the manufacturer values.

4. Find the value of C; which gives the lowest RMSD value; this provides an estimate of
the lower bound Cj,

/.
RMSD = \/ (TODR - TO]:)Rmanufacturer)2 (2)

5. Repeat steps 1-4 for the optimum and maximum take-off speeds. This will provide a
central, optimum value of Cp opt with an associated uncertainty range.

The results of the above steps are shown in Figure 3 for ISA conditions and at mean
sea level and show that the uncertainty considerations are valid in that they encompass
the values from Gratton et al. [4] at every considered take-off mass, with the exception of
the manufacturer’s TODR value at the maximum take-off weight. This is where where one
would expect this linear model to break down due to a lack of consideration of higher-order
effects, which are outside the scope of this study [16,18]. Finally, we obtain the optimum
value of the lift coefficient Cr opt = 1.14 £ 0.03.

2400
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-e- Manufacturer 2

—&— Gratton et al. (2020) ’
| This calculation

I I
62.5 65 67.5 70 72.5 5 Tr.5 80
Take — off mass [x 107 kg]

Figure 3. TODR as a function of mass for the Gratton et al. [4] study and for the the calculations
presented here. Manufacturer values are also shown. Calculations were performed under ISA
conditions and mean sea level. The numerical data from the open-access Gratton et al. study can be
found in Table 1, Supplementary Material #2.
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Since the calculation, as it stands, only uses air density as a thermodynamic input, we
can straightforwardly find idealised (i.e., not using climate model data) TODR as a function
of temperature and pressure independently by holding one constant and varying the other,
since p ~ % Example values are an increase of 4.2 m per degree and a decrease of 1.2 m per
hPa at minimum payload (at maximum payload, the equivalent numbers are 7.4 m - K~!
and 2.2 m - hPa~!) under International Standard atmosphere (ISA) conditions of 15 degrees
Celsius and 1013.25 hPa.

2.3. MTOM Calculation

The algorithm and equations used here and in Gratton et al. [4] are, a priori, used to
find the TODR for a given mass. To achieve the inverse of this—find the mass for a given
TODR—the system must be inverted, and to achieve this we use a search algorithm that
iteratively calculates TODR at decreasing values of take-off mass until the TODR is equal
to the runway length. For every day of a model’s time series, the TODR is calculated using
the daily maximum temperature and surface pressure. We then follow the steps shown in
the following pseudocode description (Figure 4).

— if (TODR < runway length) then go to next day.

— else

— — Reduce mass by 103 kg until TODR < runway length.

— — Add 10% to the mass.

— — — Reduce mass by 102 kg until TODR < runway length.

— — — Add 10% to the mass.

— — — — Reduce mass by 10! kg until TODR < runway length.
— — — — Add 10! to the mass.

— — — — — Reduce mass by 100 kg until TODR < runway length.
— — — — — Add 10° to the mass.

— — — — — — Stop; MIOM has been found to the nearest kg.

Figure 4. Pseudocode description of the steps used to calculate the MTOM.

This allows us to efficiently find the mass that provides a TODR equal to the runway
length to an accuracy of 1 m by minimising a function, f, of density p and altitude H (and
potentially other variables, represented by the ellipsis, . . .), in the following the form:

f(o,H,...) =TODR(p, H,...) — runway length, 3)

This is faster than the ‘brute force’ method by over an order of magnitude. Other
algorithms, such as the use of a binary search, could potentially obtain the findings of the
MTOM even faster in the future. This would be of particular interest when considering
longer periods and larger site ensembles.

Throughout this work, for illustrative purposes, we use the UKESM1-0-LL model as
our input dataset and Heathrow airport for the site. All results are shown for June—July—
August (JJA), and we split the results up into two main sections: the former looking at
TODR and the latter at MTOM.

For TODR, we firstlexamined a specific model-airport case study for June-July—August
(JJA) in order to illustrate the type of results available from the model at this stage. We used
the UKESM1-0-LL model and London Heathrow airport—International Civil Aviation Or-
ganization code (ICAO) EGLL. We then examined all models and sites together, illustrating
the variation across the entire ensemble of the probability of the future period exceeding
‘one in a hundred days’ warmth—and hence maximising the TODR.

For MTOM, we show results for four short-runway case study sites which are already
runway-length limited (or, equivalently, requiring weight restrictions) for a fully-laden
A320; Chios, Pantelleria, San Sebastian, and Rome Ciampino. As temperatures rise, these
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TODR [m]

weight-restrictions will become larger, assuming that engine thrust values are not altered,
as was the case for the calculations performed here.

We did not include London City here since it does not operate the A320. All other
airports in our study group have runways long enough to accommodate the A320 at
maximum payload even under extreme warming conditions.

3. Results and Discussion
3.1. Take-Off Distance Required
3.1.1. Case Study

Figure 5 shows the distributions of TODR for the historical period and the three future
forcing scenarios used for Heathrow airport in JJA using the UKESM1-0-LL climate model.

© o
2300 1 T 8
2250 -
2200 -
2150 - E —g—
1 O
2100 -
Historical SSP 1-2.6 SSP 3-7.0 SSP 5-8.5

Figure 5. Distributions of TODR for Heathrow airport and UKESM1-0-LL in JJA for a fully laden
A320 aircraft (78,000 kg). Data that are more than 1.5 times the inter-quartile range from the median
are explicitly shown.

Figure 5 shows that, in general, the TODR increases with increased forcing. This is the
expected first-order behaviour since warmer air will be less dense for a given air pressure,
as shown in Equation (1). Note, however, that for some airport/model combinations,
the median values of TODR do not always increase monotonically, as shown, for example,
in Figure 6 for Brussels airport and the ACCESS-ESM1-5 model. This could be a function
either of the chosen model’s forcing response (in general or for this site specifically) or
the bias correction pipeline, which was used to produce the data used in this modelling
exercise [14]. In general, the behaviour of this, and related, quantities will always be model-
dependent due to the differing values of climate sensitivity, process parameterisations, and
internal ‘structural’ model parameters [19].

Figure 7 shows both histograms and smooth kernel density estimates (KDEs) for the
same TODR input data as shown in Figure 5 and for the daily maximum temperatures.
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ACCESS-ESM1-5
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Figure 6. As for Figure 5 but for the ACCESS-ESM1-5 model and Brussels Airport (for JJA and a fully
laden mass of 78,000 kg).
(a) (b)
SSP 5-8.5

(c)

Historical

10 15 20 25 30 35 2100 2150 2200 2250 2300
Take-off distance required [m]

Tmx2t24 [°C]
Figure 7. Normalised histograms (bars) kernel density estimation plots (lines) of TODR (right) and
24 h daily maximum temperature (left) for the historical period (bottom) and for increasing forcing,
which increases in the vertical direction; historical (g,h), SSP1-2.6 (e,f), SSP3-7.0 (c,d), SSP5-8.5 (a,b).
Data are for London Heathrow airport ICAO code EGLL) in JJA using the UKESM1-0-LL climate
model. The arrows are guides to the eye, indicating increased greenhouse gas forcing,.
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The correlation between the TODR and the daily maximum temperature is not one-to-
one since the air pressure is also varying—see the discussion regarding Figure 8 below—but
the overall link between the two variables shown in Figure 7 is clear. The increasing width
of the distributions seen in Figure 7 is accompanied by a wider tail for the distributions
on hotter days. The distributions in Figure 7 evolve from positively skewed unimodal
distributions in the historical data to clearly bimodal ones in the future projection data,
especially for temperature. This shift in distribution is in line with the already-changing
European temperature distributions [20] and the increased occurrence of unusually hot
days in particular Zhang et al. [21], which will lead to a decrease in the predictability of
airport operations going forward. This feature, coupled with the general increase in overall
temperatures with increased forcing, tends to make the TODR not only larger but also
more variable.

To further emphasise the point that TODR does not have a one-to-one relationship
with temperature, Figure 8 shows scatter plots of TODR and MTOM as a function of daily
maximum temperature and pressure for Rome Ciampino airport. The co-variability is large;
indeed, for a temperature of 20 °C, the variation in TODR simply due to pressure changes
is approximately 50 m, and at 30 °C, these variations can account for MTOM changes of up
to half a ton (500 kg, 1100 Ib).

It is worth noting that the symbols for the MTOM are not shown when the calculated
weight restriction is zero. What this means is that for temperatures below approximately
18 °C, the runway (2203 m for Rome Ciampino) is longer than the maximum TODR and
weight restrictions are therefore not required.

(a) TODR [m] (b) MTOM [x103 kg]

0 g
2325 Psurf [hPa] St "@.:,';"‘,‘ Psurf [hPa]
Hliles so® By L0 - 1005
e 1010 t e 1010
2300 ® 1015 79 = e 1015
® 1020 = 1020
2275 ® 1025 = 1025
2250 78.5
2225 4—
- 75 I
22001 3 =
:,‘. UKESMI-0-LL =
9 LIRA X
R 2 5
2175 A !R ‘\.("'1 ) . ‘i%’.\‘.
o ﬁg‘. 77.5 &
2150 - ® °
15 20 25 30 35 15 20 25 30 35
Trx2t24 [°C] Tmx2t24 [°C)

Figure 8. Take-off distance (a) and maximum take-off mass (b) as a function of the maximum
temperature in the last 24 h, and (symbol size, colour/hue) surface air pressure for Rome Ciampino
airport in JJA using the UKESM1-0-LL model. The short, blue lines attached to the axes show each
data points that further illustrate the individual parameter values.

3.1.2. Ensemble

Figure 9 shows the model-ensemble spread of the probability of the 99th percentile of
the historical distribution of TODR values being exceeded for the whole ensemble. The y-
axis shows the number of days exceeding the 99th percentile of the historical distribution in
each case. What this means is that a value of, say, 20, means an event that was historically a



Aerospace 2024, 12, 165

10 of 19

% days > P { 99nist}.

(@)

1/100 day event, will occur 1/5th of the time in the future. Using a relative measure such
as this alleviates the dependence on the results for different background temperatures in
the sites studied.

Note that Figure 9 shows an inter-model spread of values for each model and site,
whereas the other Figures illustrate the day-to-day variability of individual model/site
pairs.
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Figure 9. Ensemble spread of the probability of exceeding the 99th percentile of the historical
distribution of TODR, JJA. Outliers (over 1.5 times the inter-quartile range of each distribution) are
shown by circles. The maximum y-axis value is 1.05 times the highest value of any of the ‘whiskers’
shown. The individual subfigures (a-z,A-D) are for each airport considered and the ICAO codes for

each site are shown in the top line of the respective inset boxes.

The spread of the results in Figure 9 varies considerably by airport and forcing scenario.
This is especially evident for SSP5-8.5, which is partly a result of the larger spread of
temperatures that results from the range of climate sensitivities in this subset of the CMIP6
model ensemble [22]. The larger spread in the temperatures, and hence TODRs, with the
increased forcing seen in Figure 7 also contributes to the largest variability occurring in the
fossil-fuelled development scenario, SSP5-8.5 in Figure 9.

Note that we are not explicitly considering the runway utilisation fraction (e.g., due
to routine or event-based maintenance) in this work. However, this is important from
an operational perspective since, for example, extreme heat is likely to degrade runway
surfaces and hence affect maintenance logistics [23].
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Runway length [km]

3.2. MTOM

The MTOM is obtained via an inversion of the TODR calculation, as detailed above;
that is, the mass is calculated, which provides a TODR equal to the runway length at each
airport. The aircraft will only be mass-limited if, at maximum loading, the TODR is greater
than the runway length. Therefore, we only need to consider airports which have a TODR
close to this value. Figure 10 shows the TODR at the maximum loading mass under the
International Standard Atmosphere conditions in comparison to the runway lengths for the
airports studied (shown numerically in Table A2). Note that, going forward, in this section
we do not consider London City Airport, although its runway is short (1508 m), as it does
not operate the A320 although it does use the shorter A319 and A318 variants.

O
o O o o 0o o0 ©
O O O O o O o©o0 o
o o o o
o o]
_____________________________________________________ o
0 Maximum required
o g U runway length
C Q N
%0\/ \352 \,GQ\OQO &
£ F T R o O O O & C Sl N
DL F No¥ o X Q Na g S
FIPPE SFLEFFTELLE FEF T 9 SRS

Figure 10. Runway lengths for each airport considered and the runway length calculated for the
maximum-rated mass of the Airbus A320 using the International Standard Atmosphere. The airports
that have runways shorter than or very close to the TODR for the maximum-rated mass are indicated
in red and with raised ICAO codes. Those with longer runways, which will likely not be affected as
temperatures increase, are indicated in blue.

Figure 11 shows projected changes in weight restrictions (in terms of the equivalent
weight of passengers) over time for the four short-runway sites discussed above and
the three future emissions scenarios compared to the respective historical mean values.
Relative, as opposed to absolute values, are shown since this better enables a comparison
of the changes to MTOW across sites in Figure 11. Analogous figures for a selection of
American airports can be found in [5], and this study uses the same value for the average
passenger’s mass, i.e., 190 Ib, or just over 86 kg, which includes carry-on baggage. Reducing
passenger numbers is, of course, just one way of reducing payload, and we use passenger
numbers as the “unit’ here to fit in with previous studies [4,5] and to avoid consideration of
more subjective, and potentially operator-specific, factors such as hold baggage allowance,
load factor, seat configuration, and fuel carriage. Future work would benefit from the
inclusion of these factors.

Figure 11 shows that, even with the most optimistic future projections of greenhouse
gas emissions (S5P1-2.6), our model indicates that the MTOM may have to be reduced by a
weight equivalent to approximately five passengers per flight by the mid-2060s.

At the beginning of the future period considered, the MTOM is largely independent
of the scenario used because, in 2035, the divergence in their emissions profiles is relatively
small. Under SSP1-2.6, the stabilisation of emissions leads to broadly static reductions
in MTOM of 5-6 passengers (or equivalent fuel or payload) over the whole period. This
increases to ~9 for SSP3-7.0 and as much as ~13 for SSP5-8.5 by the end of 2064.
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Figure 11. Additional weight restrictions in terms of number of passengers (‘pax’) relative to the
respective historical value for four short-runway airports (columns) and three future emissions
scenarios (rows). The sites considered are Chios (a,e,i), Pantelleria (b,f,j), San Sebastian (c,g k) and
Rome Ciampino (d,h,1) with the forcing increasing downwards.

To obtain an estimate for the increase in the frequency of weight-restriction days, it
is important to note that—using manufacturer data under ISA conditions [4]—the TODR
for a fully laden A320 is greater than any of the five short-runway sites considered here.
In other words, even in the historical period, manufacturer data alone tell us that some level
of payload restriction must apply, even at a conservatively cool (ISA) temperature of 15 °C,
and even this excludes other deleterious factors, such as standing water and headwind.

Because of these ‘built in” weight restrictions, to provide some tangible numbers we
find the fraction of future days with weight restrictions at the 99th percentile of historical
values for each short-runway site (analogous to the process followed above for TODR in
Figure 9); this is shown in Figure 12.

(a) Chios, LGHI (b) Pantelleria, LICG (c) San Sebastian, LESO (d) Ciampino, LIRA
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Figure 12. Number of days in which weight restrictions exceed the 99th percentile of histori-
cal values. The sites considered are Chios (a,e,i), Pantelleria (b,f,j), San Sebastian (c,g,k) and Rome
Ciampino (d,h,1) with the forcing increasing downwards.

As in the top row of Figure 11, the values through time for SSP1-2.6 in Figure 12 are
broadly static, reflecting the stabilisation of emissions in this scenario. However, unlike
Figure 11, the number of days where MTOM > P{99;; } is highly dependent on the site
with mean values as low as approximately 10% for Pantelleria and San Sebastian and as
high as approximately 30% for Ciampino. For SSP3-7.0 and SSP5-8.5, we can see the same
noticeable site-dependent variation in MTOM, plus the effect of the larger increases in
temperature resulting from the increased emissions profiles.

The values—as for TODR in Figure 9—are striking. By definition, the historical
equivalent value in Figure 12 is 1%, and so our data show that under a high future emissions
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scenario, the days with conditions in which weight restrictions were required that occurred
one day per hundred historically could occur up to 60 & 10% of the time under an extreme
future emissions scenario.

We now consider the probability distribution functions (PDFs) of all the weight restric-
tion data for each period rather than over time. Figure 13 shows the model-ensemble mean
of the normalised weight restriction PDFs of the periods considered relative to the histor-
ical mean. Subtracting this average provides a historical distribution with an integral of
0.5 either side of zero and more clearly shows the resulting increases in weight restrictions.
Figure 14 displays equivalent plots but shows the variability (£1 standard deviation) of the
model-ensemble mean rather than the mean. It also separates out the different scenarios to
avoid regions with overlapping variability.

(a) Chios, LGHI (b) Pantelleria, LICG

0.1~
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Figure 13. Probability density function of take-off weight restrictions relative to the historical value
for each airport—Chios, Pantelleria, San Sebastian and Rome Ciampino—and emissions scenario
(historical, dark grey; SSP1-2.6, pink; SSP3-7.0, green; SSP5-8.5, red). Negative values show restrictions
below the respective historical mean, and hence the integral—i.e., the probability of occurrence—of
the historical curve is symmetric at around zero. The smaller inset axes shows the 99th percentile
values of the curves in the larger, main axes in terms of passenger equivalent weight for the historical
("H’), and future SSP forcings (1,3,5).

Again, as with the TODR distributions shown in Figure 7, there are two key features
of the PDFs in Figures 13 and 14; the overall shape, and the changes to extreme values.
In this analysis, we again consider the probability that the 99th percentile of historical
values is exceeded. The historical distributions are broadly unimodal, albeit with small but
non-negligible probabilities of high weight restrictions (‘long tails’), particularly for San
Sebastian, which has a 99th percentile value of the weight of almost 20 passengers above
the historical mean. With increased greenhouse gas forcing, the shape of the PDFs tends
to shift from unimodal to bimodal, again indicating an increase in the relative occurrence
of extreme hot days. This is reflected in the increase in the 1/100 day weight restriction
value, which (as shown in the insets in Figure 13), in each case, approximately doubles
when comparing SSP5-8.5 values to the historical distribution.
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Figure 14. As in Figure 13 but showing the inter-model variability, +1 standard deviation for
Chios (a,e,i), Pantelleria (b,f,j), San Sebastian (c,g k), and Ciampino (d,h,1).

4. Conclusions

Using a Newtonian force-balance model with open access input parameters, we
examined how the take-off distance required (TODR) and maximum take-off mass (MTOM)
may change in the future over European airspace. Ten state-of-the-art climate models were
used to span a range of sensitivities of future temperature rises to increased greenhouse
gas forcing, and the uncertainty in the emissions profiles themselves were quantified using
three distinct Shared Socioeconomic Pathways, or SSPs.

Absolute projected changes in median TODR are small (approximately 50-110 m) with
respect to the total runway length for many of the airports considered, several of which
have runways which are over 4 km long. However, due to changes in the distribution of
daily-maximum temperatures, occurrences of extreme (1/100 day) take-off distances, such
as those in the recent past, may occur up to half the time by the mid-century. These changes
may not adversely affect the ability of aircraft to safely operate within take-off distance
limits; however, they are likely to have impacts on ground operations such as runway
maintenance and utilisation, since some flights begin their acceleration at runway/taxiway
intersections rather than at the runway extrema.

When an airport’s available runway length is shorter than that required for a maxi-
mally laden aircraft, weight restrictions must be applied to reduce the take-off distance
required. The resulting reduction in passenger numbers was quantified for four airports—
Chios, Pantelleria, San Sebastian, and Rome Ciampino—showing projected reductions
equivalent to approximately 5-12 passengers per flight by 2065 compared to the historical
reference period. When the probability of exceeding the 99th percentile of historical values
is considered as a function of time, following an SSP1-2.6 trajectory of emissions enables this
quantity to stabilise between 10 and 20% (as does the passenger number restriction) but for
higher-emissions futures, values of up to 60% are possible. The values of the 99th percentile
weight restriction (again compared to the historical mean) could exceed 20 passengers
equivalent in some cases; that is, more than 10% of the seats in an Airbus A320.

Future work in this project will consider other aircraft and engine types that are
available in the openAP database; indeed, the current model has already been used for
case studies of the Boeing 737 and Embraer 190. Future studies of widebody aircraft, such
as the Airbus A380, would be a valuable extension to this work given their longer take-
off distance requirements, i.e., they are already operating closer to the limits of available
take-off performance than narrow-body aircraft such as the A320.
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Thus far, we have employed pressure and temperature data in our calculations; how-
ever, humidity changes may also affect take-off performance. As yet, we have not con-
sidered these import effects, and there is some evidence (e.g., [24]) that changes to the
amount of water vapour (and hence humidity) may have a non-negligible effect on air
density, and therefore on TODR and MTOM. In addition, an increase in humidity will very
likely affect passenger and ground crew comfort through changes to heat stress (e.g., [25]).
A further—and crucial—meteorological factor is that of changing wind patterns affecting
local ‘true air speed’. Effects of this type were considered for a certain Greek airport in
Gratton et al. [4], but to the authors” knowledge, a pan-European study of this kind has not
been published. Indeed, since the input climate model data have global coverage, there
is potential to incorporate an arbitrary number of sites into this framework by including
site-extrapolation and/or bias correction into the performance model itself, as opposed to
achieving this ‘offline” for specific sites, as in this study.

Finally, work is also underway using the same study sites and models as used
here to examine the effect of climate change on climb-rate-related safety parameters and
noise pollution.
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Appendix A. ICAO Airport Codes and Runway Lengths

Tables Al and A2 detail the airport sites studied.

Table Al. Airport ICAO codes.

Acronym Description Location
EBBR Brussels Airport Belgium
EDDE Frankfurt am Main International Germany

Airport
EDDL Dusseldorf International Airport Germany
EDDM Munich International Airport Germany
EGKK London Gatwick Airport UK
EGLC London City Airport UK
EGLL London Heathrow Airport UK
EHAM Amsterdam Airport Schiphol Netherlands
EIDW Dublin Airport Ireland
EKCH Copenhagen Kastrup Airport Denmark
ENGM Oslo Gardermoen Airport Norway
ESSA Stockholm-Arlanda Airport Sweden
LEBL Barcelona International Airport Spain
LEMD Madrid Barajas International Airport Spain
LEPA Palma De Mallorca Airport Spain
LESO San Sebastian Airport Spain
LFPG Charles de Ga.ulle International France
Airport
LFPO Paris-Orly Airport France
LGAV Eleftherios Ven@zelos International Greece
Airport
LGHI Chios Island National Airport Greece
LICG Pantelleria Airport Italy
LIMC Malpensa International Airport Italy
Leonardo Da Vinci (Fiumicino)
LIRF International Airport Ttaly
LIRA Ciampino Airport Italy
LOWW Vienna International Airport Austria
LPPT Lisbon Portela Airport Portugal
LSzH Zurich Airport Switzerland
LTAI Antalya International Airport Turkey
LTE] Sabiha Gokcen International Airport Turkey
LTFM Istanbul Airport Turkey

Table A2. Runway lengths for all airports considered in this study in metres.

Airport Code Runway Length (m)
EGLC 1508
LGHI 1511
LICG 1675
LESO 1800
LIRA 2203
EDDL 3000
EIDW 3110
ESSA 3301
EGKK 3316
LEPA 3354
LTAI 3400




Aerospace 2024, 12, 165 17 of 19

Table A2. Cont.

Airport Code Runway Length (m)

LTE 3500
EKCH 3600
ENGM 3600
LOWW 3600
EBBR 3638
LFPO 3650
LSZH 3700
LPPT 3705
LEBL 3743
EHAM 3800
LIRF 3900
EGLL 3902
LIMC 3920
EDDF 4000
EDDM 4000
LGAV 4000
LTFM 4100
LFPG 4200
LEMD 4350

Appendix B. Climate Models Used

Models are listed in Table A3. Further information on the CMIP6 ensemble can be
found in [27] and all data is freely available from the Earth System Grid Federation, ESGF,
https:/ /esgf.lInl.gov /.

Table A3. Climate models used.

Model Description

CSIRO Commonwealth Scientific and Industrial Research
Organisation, Australia [28]
CMCC Centro Euro Mediterraneo sui Cambiamenti
Climatici, Italy [29]
CNRM Centre National de Recherches Météorologiques
CNRM-ESM2-1 and CERFACS Centre Européen de Recherche et de
Formation Avancée en Calcul Scientifique, France [30]
CCCMa Canadian Centre for Climate Modelling and

ACCESS-ESM1-5

CMCC-ESM2

CanESM5 Analysis, Canada [31]
EC-Earth3 EC-Earth Consortium Europe [32]
NOAA-GFDL National Oceanic and Atmospheric
GFDL-ESM4 Administration, Geophysical Fluid Dynamics Laboratory,
USA [33]
IPSL-CM6A-LR IPSL Institut Pierre Simon Laplace, France [34]
MPL-ESM1-2-1L.R MPI-M Max Planck Institute for Meteorology,
Germany [35]
NorESM2-LM NCC NorESM Climate Modelling Consortium,
Norway [36]
UKESM1-0-LL MOHC Met Office Hadley Centre, UK [37]
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