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Strategies to avoid persistent contrail conditions in aviation

Flight planning strategies for mitigating the climate impact of the aviation industry
Johan Gonczi

Department of Space, Earth and Environmental Science

Chalmers University of Technology

Abstract

This Master thesis discusses strategies to reduce the climate impact of aircraft con-
trails, which are thin, elongated clouds that can disappear within minutes or endure
for several days. Contrail cirrus, i.e., the contrails plus cirrus clouds formed by the
enlargement and combination of contrails, are believed to be aviation’s main con-
tributor to climate change. Although the exact impact of contrails on the climate is
uncertain, it is believed that they contribute to approximately half of the aviation
industry’s global warming.

The strategies proposed in this thesis mainly consist of creating avoidance areas
in airspace that are ice-supersaturated and where the so-called Schmidt-Appleman
criterion was fulfilled, which corresponds to airspace where persistent contrails are
likely to form. The Alpha shape algorithm was used to construct intricate 2D poly-
gons at each flight level of interest from discrete points in the airspace that fulfilled
the conditions. To take the movement of the airspace that fulfilled the contrail con-
ditions into account, the airspace was examined for a few hours and then a temporal
threshold was applied to determine where contrails are most likely to form during a
flight’s duration.

These avoidance areas were then integrated into Jeppesen’s industry-leading opti-
mizer as constraints. To compare fuel consumption, flight time, and climate impact,
fuel-efficient flight plans were compared with plans that incorporated these avoid-
ance areas. The proposed strategies demonstrate that the climate impact can be
significantly reduced with relatively minor increases in flight time and fuel consump-
tion. For some of the notable cases examined, the climate impact was reduced by
over 80%, with increased fuel consumption of around 14%. Moreover, there were
instances where contrail formation could be significantly or completely reduced with
negligible increments in flight duration or fuel consumption.

However, these strategies may not always result in a reduction of the climate impact
and the advantages of different strategies depend on atmospheric conditions. Due to
increased complexity and potential flight regulation conflicting with the avoidance
areas, these strategies may not always return feasible results. Nevertheless, the
proposed strategies can be used in parallel and then the preferred flight plan that
achieves a satisfactory balance between time, fuel consumption, and climate impact
can be selected.

Keywords: Contrails, Aviation, Flight planning, Optimization, Clustering, Alpha
shape, SAC.
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Nomenclature
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1

Introduction

1.1 Background

Aircraft can produce thin, elongated white clouds known as aircraft vapor trails
(contrails), which may disappear within minutes or endure for several days [1]. If
persistent, contrails that begin as linear formations can enlarge and combine with
other contrails in regions with heavy air traffic, forming larger cloud formations
known as contrail aviation-induced cirrus. However, contrail cirrus will be referred
to as contrails in the remaining part of the report. These clouds are believed to be
one of the major contributors to climate change caused by aviation [2].

Although the exact impact of contrails on the climate is uncertain, it is believed that
they contribute to approximately half of the aviation industry’s global warming, as
these clouds trap outgoing infrared radiation. The contrail formation in certain
areas of the atmosphere is dependent on several factors, among others, humidity,
pressure, and temperature, with some locations producing more persistent contrails
with longer lifespans. The cost of mitigating the most damaging impact of contrails
is projected to be less than US$1 billion per year, with benefits that could exceed
1,000 times that amount [3].

As a result, implementing strategies to reduce the formation of contrails could have
a positive impact on the climate, even if it results in increased fuel consumption.
Therefore, in the future, Jeppesen would like to offer flight planning services to
their customers that take such non-carbon climate impacts into account. In addi-
tion, there is a possibility that regulators may introduce a "contrail tax" in the future
and thus this thesis may lead to potential economic, as well as ecological benefits.

1.2 Aim

The aim of this thesis is to develop a method for assessing the climate impact of
flight trajectories that account for the formation of persistent contrails. The pro-
posed approach involves combining weather forecasts for atmospheric conditions and
flight trajectories using a custom-built code. To ensure accuracy, interpolation of the
airspace parameters in both space and time is necessary. Additionally, an equivalent
measure that relates fuel consumption and persistent contrail formation is needed
to evaluate the overall climate impact of a trajectory.



1. Introduction

This climate measurement approach will be used to analyze several strategies for
reducing the climate impact of flight plans. To achieve this, methods for creating 4-
dimensional (space and time) structures that satisfy persistent contrail conditions in
the airspace will be employed. These structures will be incorporated into Jeppesen’s
trajectory optimizer as areas to avoid, and the resulting flight paths will be evaluated
using the developed climate impact measurement code. Multiple strategies will be
assessed to identify a balanced solution between reduced environmental impact,
increased flying time, and additional costs from increased fuel consumption.

1.3 Objective

The objective of this thesis is to develop strategies and alternative flight paths
that achieve a satisfactory balance between reducing the environmental impact,
increasing flying time, and increasing fuel consumption.

1.4 Limitations and Thesis Focus

The uncertainties surrounding the impact of contrails and their characteristics are
great. These characteristics include, among other things, the lifetime, width, and
net radiative effect. Therefore, a series of assumptions will be made to be able to
give a single measure of the environmental impact. However, this thesis will not try
to reduce this uncertainty and instead use and combine different results for these
characteristics.

Moreover, the extent of the contrails’ impact on the radiative balance and the cli-
mate is influenced by the time of day and is greatest during the night. Since flight
plans can span multiple time zones, longer flights may occur during both day and
night. However, to reduce the complexity of the analysis and utilize a consistent
measure throughout the entire flight, only two non-overlapping cases were consid-
ered, night or day.

Aviation’s impact on the climate stems primarily from two sources: the CO, emis-
sions from jet fuel and the formation of contrails. Thus, measurements of the climate
impact will not consider other emissions, such as NO,.

1.5 Societal, Ethical and Ecological aspects

The aim of this thesis is to provide flight planning methods from a climate perspec-
tive, which have consequences on both social and ecological systems. Such methods
could be utilized in the future to offer customers a wider range of options if they
choose to prioritize flights with a lower climate impact. Therefore, any further so-
cial, ethical, or ecological aspects do not need to be taken into consideration for this
thesis.



2

Theory

2.1 Contrails

2.1.1 Physical criterias for contrail formation

Condensation trails, also known as contrails, are line shape clouds created by the
exhaust from aircraft engines. The thermodynamic theory of contrail formation was
formulated by Schmidt [4] and Appleman [5] and thus the theory is named after
them. The principle behind the formation of contrail is that when two air masses
with varying temperatures and humidity mix, it can result in a supersaturated state
that leads to condensation. A common weather phenomenon that is based on this
principle is mixing-fog [6].

Condensation of water droplets in the atmosphere typically require the presence of
condensation nuclei, which are tiny aerosol particles that allow water vapor to at-
tach and form droplets. Such nuclei are constantly present, however, the burning of
kerosene in traditional engines is a major source of particles, particularly soot, which
is emitted at a significantly higher number density than that of natural aerosols [7].

Aviation’s climate impact is significantly influenced by contrails [2]. However, only
persistent contrails have a noticeable impact on the climate, and they form in ice-
supersaturated air masses known as ice-supersaturated regions (ISSRs) [6].

2.1.2 Contrail model

A slightly modified version of the American Institute of Aeronautics and Astronau-
tics’ (ATAA) contrail model described in [8] was employed in this thesis to determine
the formation of persistent contrails. The formation of contrails occurs when a com-
bination of the warm engine exhaust gases and the surrounding cold air attains
saturation with respect to water, leading to the formation of rapidly freezing liquid
drops. The occurrence of contrails is restricted to regions of airspace where the am-
bient Relative Humidity with respect to Water (RH,,) exceeds a critical threshold
value of 7eonsr [9]. Furthermore, the contrails could be persistent with a longer life-
time if the Relative Humidity with respect to Ice (RH;) is greater than 100% [10].
Furthermore, parameters were specified to conditions close to cruising altitudes, and
altitudes close to the ground are often too warm to create contrails [8]. Thus, simpli-
fying that only altitudes above 25000 ft could fulfill the persistent contrail conditions.
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In conclusion, if the atmospheric conditions fulfill all conditions in 2.1, this region
of airspace would produce persistent contrails according to the implemented model.
These conditions will be referred to as the Smidt-Appleman Criterion (SAC) in the
remaining part of the report.

Tcontr S RHw
RH; > 100% (2.1)
altitude >= 25000 ft

Note that this model will only require the ambient temperature T';, RH,, and pressure
P to determine if the persistent contrail conditions are fulfilled (see section 2.1.2.1
and 2.1.2.2 for further explanation). These variables were provided by the European
Centre for Medium-Range Weather Forecasts’ (ECMWEF) ERA5 database. Further
note, that the formulas and parameters in section 2.1.2.1 and 2.1.2.2 were provided
by [8] with smaller modifications.

2.1.2.1 Calculating the Critical Humidity Threshold

The estimated critical humidity 7., at a given temperature 7' (in °C') can be
calculated as 2.2

o G ) (T - Tcontr) - efuat (Tcontr)
Tcontr = €fuat(T>
Where e5%(T) is the saturation vapor pressure over water at a given temperature

T. The estimated threshold temperature T, for contrail formation at liquid sat-
uration is calculated according to 2.3

(2.2)

Teontr = —46.46 + 9.431In(G — 0.053) + 0.721n*(G — 0.053), (2.3)
where the parameter G is defined as 2.4
El P
G = ElmoGl (2.4)
eQ(L —n)

Where Ely,o = 1.25 is the emission index of water vapor, C, = 1004 JKg 'K™*
is the isobaric specific heat capacity of air, P in Pa is the ambient air pressure.
The parameter € = 0.6222 is the ratio of molar masses of dry air and water vapor,
Q = 43 - 105JKg~! is the specific combustion heat, and n = 0.3 is the average
propulsion efficiency of the jet engine. Note, the value of r.,,;, can be calculated by
equations 2.2 - 2.4 and only the pressure P and the temperature 7" will vary.

2.1.2.2 Calculating the Relative Humidity
The Relative Humidity with respect to Ice RH; can be calculated by 2.5

(2.5)

where e (T') is the saturation vapor pressure of pure water vapor over ice for a given

temperature 7' °C. Since the region of interest for this thesis focuses on altitudes
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~ [25000,42000] ft, the AERK and AERKi approximations (in Pa) were used due
to the fact that these approximations are suitable for the temperatures represented
in this region [11]. Thus the saturation vapor pressures can be approximated by 2.6

sat (T) — 6.1121622.587T/(273.86+T) (AERKZ) (26>

)

{efuat(T) — 6.1094¢7-625T/(243.044T) (AERK)
e

Consequently, the Relative Humidity with respect to Ice can be calculated by 2.7

6.1094¢17-6257/(243.04+T)

RH; = RH, (2.7)

6.1121¢22-587T/(273.86+T)

2.2 Climate impact

2.2.1 Radiative forcing

The sun is continuously supplying Earth with energy. Some part of this energy
is reflected back into space, while some are directly absorbed by the atmosphere.
The remaining part of the energy heats up land and water. This, in turn, causes
the temperature on Earth to rise, and the Earth to emit infrared radiation at a
level so that, on average the absorbed solar radiation equals the infrared radiation
emitted to space [12]. When greenhouse gases are added to the atmosphere, they
trap infrared radiation causing an imbalance between incoming solar radiation and
outgoing infrared radiation. In order to achieve radiative balance, the temperature
on the Earth increases. The disparity in radiative balance that occurs prior to the
temperature increase is known as radiative forcing (RF) and is evaluated at the
tropopause. It is worth noting that contrails affect both absorbed solar radiation
and emitted infrared radiation, as elaborated in section 2.2.3.

Determining a precise value of this unbalance of energy, requires a complex analysis
that takes into account a great number of factors, such as polar ice, clouds, and
physical characteristics of atmospheric gases. All of these factors add to the com-
plexity of this balancing act and have their own level of uncertainty, making precise
measurements challenging. Despite these difficulties, evidence indicates that the
Earth is currently receiving more energy than it is emitting, resulting in a positive
RF and global warming [13].

2.2.2 Global warming potential

The global warming potential (GWP) is a measure of the ability of a greenhouse
gas to impact global warming. The scale is relative and compares the effect of the
gas i to the effect of an equal amount of carbon dioxide, which makes it easier to
compare different gases [14]. The GWP for gas i is defined as 2.8

GWP,(T) — Jo RE:(dt  AGWP(T)  EF(T)

_ _ _ , 2.8
10 RFco, (i~ AGWPeo,(T) ~ BFeo,m) Y
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where T is the time horizon and RF;(t) is the radiative forcing of gas i at time ¢.
The AGW P;(T') is the Absolute Global Warming Potential of gas i and the EF;(T)
is the Energy Forcing over the time horizon T'.

Note that GWP is dependent on several factors, such as the ability to absorb in-
frared radiation and the longevity of the gas in the atmosphere. Thus if two gases
are compared with different characteristics, it may be important to compare dif-
ferent time spans for a better comprehension of the climate impact. For example,
assume that gas ¢ has a very high ability to absorb infrared radiation with a very
short lifetime in the atmosphere, while gas j has a long lifetime with a lower ability
to absorb radiation. In such cases, it is possible that the GWP is higher for gas ¢ for
a 20 year perspective, i.e. GWP;(20) > GWP,;(20), while the opposite holds true
for a 50 year perspective, i.e. GWP;(50) < GWP,(50).

Persistent contrails have a relatively short lifespan compared to, for example, CO,
and are formed at high altitudes. Previous research work has demonstrated that
individual impact components can have different efficacies, i.e., their effectiveness in
inducing changes in surface temperatures. To better compare the impact contribu-
tions of these components, Effective Radiative Forcing (ERF) has been proposed as
a superior metric. Simulations of climate models have provided estimates of Con-
trail Cirrus ERF, which is significantly smaller, approximately 65% less than the
conventional RF of Contrail Cirrus. However, one should be cautious in drawing
any definitive conclusions from this estimation as it is uncertain [15]. As a result,
this thesis defines the GWP for contrails as 2.9

EFcontrail (T)

GWPcon rai T)=r- )
wait(T) =7 —5p =

(2.9)
where r is the so-called efficacy factor and is assumed in this thesis to be 0.35. How-
ever, it is important to note that the precise value of this factor remains uncertain.

Other credible sources, such as [16], estimate it to be 0.42, which would result in a
higher GWP for contrails.

2.2.3 Local impact from persistent contrail on the short-
and longwave radiation

To begin with, it is important to highlight that the uncertainty surrounding the
radiative forcing impact of contrails is significant. Multiple factors come into play
when determining the impact of a particular contrail, making it a complex analy-
sis. Nonetheless, the net radiative forcing is a balancing act between the warming
and cooling effects of reflection and absorption of incoming shortwave and outgoing
longwave radiation. Consequently, the impact of contrails varies with the time of
the day, with the greatest impact occurring at night due to the absence of incoming
shortwave radiation. As noted in 1.4, flights may cover multiple time zones, leading
to flights covering both day and night, and the contrails may persist in the atmo-
sphere for many hours. However, to simplify the analysis and maintain consistency
throughout the entire flight, only two non-overlapping cases were considered: night

6
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or day.

Additionally, the impact of contrails is influenced by other factors such as their
location and the surrounding environment. The surface below the contrails has a
varying albedo, and surfaces with high albedo reflect more sunlight. A higher albedo
leads to the contrail having a smaller net impact of solar radiation (i.e. smaller
cooling effect), which contributes to, on average larger warming impact of contrails.
Therefore, whether the surface below the contrails is water or solid ground can affect
the impact. Moreover, the presence of other contrails or clouds above or below a
particular contrail can also influence its impact [17].

2.2.4 GWP - contrail

Contrails have a local impact on solar radiation and thermal radiation. However,
the impact is very uncertain and depends on many properties. We assume that con-
trails have a local net effect on thermal radiation and solar radiation of RE., . ..(t)
[w/m?]. Once again, notice that RF, . .(t) will differ depending on the time of
the day. For example, the reflection of solar radiation, which has a cooling effect
only occurs during the day. Thus, RE., . ..(t) is highest during the night since it
will not reflect any sunlight.

Furthermore, we assume that the local impact of persistent contrails is constant
during its lifetime, i.e. RF,, . ..(t) = RF., . . with a lifetime T.oniai [5], i-€. we

define the local impact of contrails according to 2.10.

. 2.10
contrail 0 ‘> Tcontrail . ( )

/ RF/ i t < Tcon rai
RF (t) _ { contrail = trail

Note that this lifetime T,onrqq 1S uncertain and estimations vary. According to [18],
the typical lifetime of persistent contrails is Teontrar = 3.7 £ 2.8 [h]. However, on
rare occasions, it can have a lifetime of over 24 hours so the distribution is heavily
skewed to the right.

To calculate the GWP, we first need to consider the Energy Forcing (EF) of contrails.
According to [19], the EF of contrails can be defined as 2.11.

T /
EFaonirai(T) = | REpupoa(®) - L) - WD) (211)

where L(t) [m] is the length of the contrail segment and W (¢) [m] is the width of
the contrail at time ¢. Note that the width W (¢) of contrails is also uncertain and
estimations vary. According to [20], contrails has a mean width W (t) ~ 1000 m.
However, due to skewed distribution in lifetime, this width can be much larger [21].
In this case, we assume L(t), W (t) and RE.,, ..(t) are constant. Further, note that

RF contrai(t) = 0 for t > Toonirair- Thus, the EF con4r0i(T) can be defined as 2.12.

EFcontrail (T) - min(Tcontraih T) . RF,

contrail

L-W. (2.12)
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Note that T.,nirqi are estimated to be hours, while the time horizons of interests
will be tens of years. Thus, for the time horizons of interest, EF .,qi(T) will be
defined as 2.13

EFcontrail<T) = Tcontrail : RFCI -L-W. (213)

ontrail

Finally, we use the definition 2.9 and equation 2.13 together with the fact that
EFco, = AGW Pco,(T) - Aprop to find the GWP oprau (1) for the length L [m]
persistent contrail created according to 2.14.

!
. Tcontrail ) RFcontrail WL

GWPcon rai T)= ’
t l(L)( ) r ATT’Op : AGWPCOQ (T)

(2.14)

where 7 = 0.35 is the efficacy factors, Az, & 5.121 x 10" m? is the surface area
of the troposphere. The AGW Pro,(T) can be calculated or available from sources
such as the Intergovernmental Panel on Climate Change (IPCC) for the designated
time horizon T

2.3 Flight regulation

Flight planning involves considering several rules to construct a flight trajectory.
Among the most important rules for this thesis are the flight levels, odd-even rule,
mid-flight, and departure and arrival regulations.

2.3.1 Flight levels

A flight level represents altitude above sea level, measured in 100 ft units according to
a standard atmosphere. For instance, FL350 corresponds to an altitude of 35,000 ft
above mean sea level. It is important to note that this definition is not a geometric
measure. Rather, pressure altitude is defined as the altitude in the International
Standard Atmosphere (ISA) at which the atmospheric pressure would be equal to
the measured pressure [22]. The National Oceanic and Atmospheric Administration
(NOAA) published the following formula 2.15 [23] to convert atmospheric pressure
in hPa directly,

p 0.190284
=14 4511 — 2.1
h 5360.45 l (1013.25) ] (2.15)

where h is the altitude expressed in ft and P is the pressure in hPa.

Flight levels are utilized to maintain sufficient vertical separation between aircraft,
regardless of any natural local variations in atmospheric conditions. The altitude
is measured using a pressure altimeter, which measures the ambient air pressure.
Flight levels aim to prevent two aircraft from flying at the same altitude, even if
their altimeters indicate different altitudes. This is achieved by defining altitudes
based on standard air pressure at sea level. All aircraft operating on flight levels are
calibrated to this standard setting, irrespective of the actual sea level pressure [24].

8



2. Theory

2.3.2 0Odd-even flight levels

Further regulations try to maintain vertical separation between aircraft that are
traveling in different directions, in this case, an odd-even regulation. Variations
of this rule differ between areas, however, this odd-even rule is also known as the
hemispheric rule, as it is used in the eastern and western hemispheres. Under the
odd-even flight level rule, air traffic control utilizes a system to keep aircraft flying
at different altitudes separated based on their direction of travel. When flying
above 29,000 ft, planes that are heading eastbound (0 degrees to 179 degrees) are
required to fly at odd-numbered flight levels, such as 31,000, 33,000, and 35,000
ft. Conversely, planes traveling westbound (180 degrees to 359 degrees) must fly at
even-numbered flight levels, such as 32,000, 34,000, and 36,000 ft [25].

2.3.3 Mid-flight regulation

Traditionally when flying over land, aircraft must fly through predetermined flight
paths between specific coordinates in the airspace, called airways. The advances in
aero navigation allow aircraft more flexibility in choosing their route in the airspace
using so-called Free Route Airspaces (FRA). Flights operating in FRAs will have
better options for avoiding contrail formation regions.

2.3.4 Departure and Arrival regulation

To ensure safety during takeoff and landing, aircraft must follow specific procedures
and paths known as Standard Instrument Departures (SIDs) and Standard Termi-
nal Arrival Routes (STARs). SIDs provide a pre-defined route for aircraft to follow
immediately after takeoff, while STARs provide a pre-defined route for aircraft to
follow prior to landing. Both SIDs and STARs are designed to help aircraft navigate
around other aircraft, obstacles, and terrain, and to ensure safe separation. They
also help to optimize the use of airspace and reduce delays by providing standard
routes that all aircraft can follow [26].

These regulations can result in seemingly indirect flight paths during landing or
departure. For example, aircraft may follow paths that appear to be detours or may
even fly in the opposite direction after takeoff.

2.4 Optimization

Jeppesen’s optimizer calculates a cost-optimal trajectory in space and time variables,
taking into account various constraints and regulations. For example in Europe, the
flight planning rules are available in the electronic format, the so-called RAD. Ad-
ditionally, the optimizer considers physical phenomena and atmospheric conditions,
such as wind, to create optimal flight plans. While taking all constraints into ac-
count, the optimizer identifies a solution that meets requirements while minimizing
costs. This presents an excellent opportunity to incorporate additional factors, such
as avoiding contrail formation.
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2.5 Alpha shape

Definition [27]: Let S C R? be a finite set. The a-hull of S is the complement of
the union of all disks of radius « that contain no points of S in their interior. The
a-shape of S is a straight-line graph whose vertices are points of S and whose edges
connect two points p,q € S whenever there exists a disk of radius a.

Note that the definition is given for a 2D plane. However, this can be extended to R?
to create volumes. According to Edelsbrunner and Micke’s paper [28], one way to
conceptualize an a-shape is as follows: imagine a large block of ice cream in R? that
contains the points in the set S as "hard" chocolate pieces. Using a sphere-shaped
spoon with radius «, we carve out all parts of the ice cream block that we can
reach without hitting the chocolate pieces, creating holes in the inside (i.e., parts
not reachable by moving the spoon from the outside). This process results in a body
that is bounded by caps, arcs, and points. We then straighten all "round" faces to
triangles and line segments. In the 2D case, the spoon would simply be a circle [29].
An example of the 2D alpha shape algorithm is illustrated in Figure 2.1.

Figure 2.1: Example to demonstrate the 2D - alpha shape algorithm [30].
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3.1 Examined routes

Figure 3.2: The European routes that were examined for this thesis. The great
circle, which is the shortest path between two airports, is represented by black lines.
The SIDs and STARs are shown in dark orange. The corridors in the airspace that
the aircraft must follow are depicted by light orange lines. The blue lines depict
direct segments in FRAs. It’s important to note that this is just one example, and
routes may be subject to change due to factors like wind.

Figure 3.2 depicts the European routes examined in this thesis. It should be noted
that the destinations were selected randomly, as long as the trajectories covered
most parts of Continental Europe. Additionally, note that the examination period
was 2022 and as a result, the airspace over Russia and Ukraine was closed due to
warfare which could have an impact on certain routes, in particular, LGAV - EFHK
(Athens - Helsinki). Table 3.1 contains the departures, destinations, airport codes,
and rough estimate of the flight time.
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Departure Desitnation

Code | City Code | City Flight time [min]
EDDM | Munich LBSF | Sofia 88

EGLL | London LTFM | Istanbul | 192

EHAM | Amsterdam | LIRF | Rome 108
EKCH | Copenhagen | LPPT | Lisbon 190

ENGM | Oslo EBBR | Brussels | 90
ESGG | Landvetter | LOWS | Salzburg | 93
EYVI | Vilnius LSZH | Zurich 128
LEMD | Madrid EIDW | Dublin 115
LFPG | Paris EVRA | Riga 128
LGAV | Athens EFHK | Helsinki | 207

LHBP | Budapest EETN | Tallin 110
LROP | Bucharest LMML | Malta 132

Table 3.1: The European flights with departures and destinations. Note that the
flight time is a rough estimate from one typical route and may change due to, for
example, wind.

3.2 Meteorology data

According to the persistent contrail model (see section 2.1.2), temperature, humid-
ity, and pressure are required to determine if the SAC was fulfilled. These neces-
sary atmospheric parameters were provided by the European Centre for Medium-
Range Weather Forecasts’ (ECMWF) ERA5 database. ERAS is the fifth-generation
ECMWTF reanalysis for global climate and weather. It combines model data and
observations from around the world using the laws of physics to create a globally
complete and consistent data set. The resulting data is in the form of pressure levels
expressed in hPa and a latitude and longitude grid with a resolution of 0.25 degrees.
The data have a 1-hour temporal resolution, resulting in a three-dimensional grid
with coordinates of (longitude, latitude, pressure) and time [31]. The user can select
specific areas and pressure levels of interest and download the data in a GRIB or
NetCDF format. In this case, the GRIB format was selected.

3.3 Determine the airspace to avoid

The initial step involved selecting flight levels of interest where to potentially avoid
airspace that met persistent contrail conditions. Next, atmospheric data were inter-
polated for these flight levels. The SAC was then applied to determine if a specific
point met the persistent contrail criteria for all latitudes, longitudes, flight levels,
and time points. In addition, the movement of airspace that met contrail conditions
was considered by examining multiple time points. For each flight level, 2D polygons
were generated from the persistent contrail points using the alpha shape algorithm.
These polygons were subsequently formatted and input into the optimizer as areas
to avoid.
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3.3.1 Selecting flight levels of interest

The determination of flight levels to potentially create avoidance areas depends on
three primary factors. Firstly, since aircraft spend the majority of their flight time
at cruising altitudes, typically around 35,000 to 40,000 ft, creating areas to avoid
far from this range will require more computational time but most likely not impact
the optimization. Additionally, the upper limit of the airspace of interest mainly
depends on an aircraft’s ability to fly at high altitudes, and most commercial planes
cannot fly far above 42,000 ft.

Due to regulations, given a specific airport, a selection of specific procedures must
be carried out (see section 2.3.4 for further explanation). Thus the avoidance areas
might conflict with the procedures, rendering the flight plan infeasible. Conse-
quently, different lower limits for the altitude were examined.

3.3.2 Interpolate atmospheric data for flight levels of inter-
est

Interpolation of the data to the flight levels of interest was required. This was
done by first converting the desired altitudes to pressure levels using the formula
2.15. The atmospheric dataset was downloaded and saved in a variable ds, using
the Python library, Xarray, in combination with the engine, cfgrib. Subsequently,
the data were interpolated for the designated pressure levels, as illustrated in the
following example:

import xarray as Xr

# ds 1s the wvariable containing the weather data.
# Adr_to_grib is the adress to the downloaded and
# stored atmospheric data (GRIB file).

ds = xr.load_dataset(Adr_to_grib, engine='cfgrib')

# altitude_array s an an array of altitudes in ft,
# for example [25000, 26000, ... , 42000]

# alt_to_pressure_in_hpa() is a function that

# converts altitude to pressure level

isobar_array = alt_to_pressure_in_hpa(altitude_array)

# Interpolate the data for the specific pressure levels.

# isobaricInhPa ts the name of the parameter for the pressure.

# The interpolation %S linear as a deafult

ds_interpolated = ds.interp(isobaricInhPa = isobar_array)

Note that the function ds.interp() "performs univariate or multivariate interpola-
tion of a DataArray onto new coordinates using Scipy’s interpolation routines. If
interpolating along an existing dimension, scipy.interpolate.interpld is called. When
interpolating along multiple existing dimensions, an attempt is made to decom-
pose the interpolation into multiple 1-dimensional interpolations. If this is possible,
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scipy.interpolate.interpld is called. Otherwise, scipy.interpolate.interpn() is called"
[32]. In this case, the scipy.interpolate.interpn() was called and is using as a default
a linear interpolation. Further note that the "interpolant is constructed by triangu-
lating the input data together with the convex hull, and on each triangle performing
linear barycentric interpolation" [33].

3.3.3 Determine if the persistent contrail conditions are ful-
filled

After interpolating the data, the next step was to determine whether the atmospheric
conditions met the SAC for all flight levels of interest and time points. Each time
point and coordinate in the interpolated dataset was examined, and if the conditions
were met, it was assigned a value of 1 and 0 otherwise. This resulted in matrices of
zeros and ones for all time points and flight levels, indicating whether the conditions
were fulfilled or not.

3.3.4 Take movement of airspace into consideration

Due to the fact that the input for the optimizer was static areas for each flight level
of interest, the movement of airspace that met contrail conditions was considered
by examining multiple time points. For instance, if a flight begins at 2:00 PM and
lasts for 5 hours, the airspace that satisfies persistent contrail conditions might shift
during the flight’s duration. To address this, the 5-hour period was examined and
the number of hours in which the given coordinates satisfy the conditions was sum-
marized. Then a threshold was applied to only cluster points that were fulfilled more
or equal to this threshold. This is demonstrated in the following simple example
3.3:

Figure 3.3: Example where each cell in the matrix corresponds to the number of
times where these coordinates fulfilled the persistent contrail conditions during the
5-hour period. Note that this is a very small portion of Europe’s airspace.

It should be noted that a high selected threshold will result in smaller deviations
from the cost-effective routes but with a higher likelihood to produce persistent con-
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trails during the flight. Conversely, a smaller threshold will lead to more significant
deviations but a reduced probability of contrail formation. Consequently, different
thresholds were evaluated to find a suitable balance for the deviations from the
cost-effective routes.

3.3.5 Cluster the persistent contrail points for flight levels
of interest

Given the examination of several time points and selected threshold, a clustering

was conducted. For each flight level of interest, the 2D alpha shape algorithm was

used to create exterior boundaries of the airspace that met the persistent contrail

conditions more or equal to the selected threshold. This is demonstrated in the
following Figure 3.4.

SR e N
. / o

—

s S i

Figure 3.4: The figure depicts one example for one altitude of 37 000 ft across a
portion of Europe’s airspace. The 2D alpha shape algorithm with o = 4.5 generated
the light blue lines, which represent the exterior boundaries of the clustering. The
black dots represent the coordinates that met the persistent contrail conditions for
at least four out of five time points. The dataset included atmospheric parameters
for latitudes and longitudes ranging from 40 to 60 degrees and -10 to 20 degrees,
respectively. Note that this example is separate from the example illustrated in
Figure 3.3.

For each flight level of interest, the algorithm can produce a variety of complex
polygons, as illustrated in Figure 3.4. To create avoid volumes for the aircraft in the
airspace, the volume is assumed to extend vertically by 45 flight levels from the level
where the clustering was performed. It should be noted that each cruising altitude is
separated by 10 flight levels. Consequently, the generated volumes will not overlap.
Finally, these volumes were converted into avoid volumes in the airspace, which were
then utilized in flight planning optimization to ensure avoidance.
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3.4 Evaluate the environmental impact of trajec-
tory

To evaluate the environmental impact of a specific trajectory, multiple steps were
required. First of all, the optimizer generates a trajectory with a sparse amount of
time points and corresponding coordinates along the trajectory. In order to extend
the number of points available for examination, an interpolation was conducted.
Next, atmospheric conditions were interpolated for the set of interpolated points
along the trajectory. Each point in space and time was then examined to determine
if it satisfied the persistent contrail conditions. Finally, the resulting contrail seg-
ments were summarized to determine the total length of contrails produced by the
trajectory.

3.4.1 Interpolation of the given trajectory

The trajectory generated by the optimizer contains a sparse amount of points, so
spatial and temporal interpolation was performed to increase the number of points
for evaluation. A linear interpolation was then conducted for all dimensions, includ-
ing latitude, longitude, altitude, air distance, and time, and a preferred multiple of
the interpolated points was examined. A higher multiple is preferred to ensure the
accuracy of each contrail segment’s length (see section 3.4.3 for further details).

3.4.2 Interpolation of the atmospheric conditions in space
and time

From the interpolated set of points in space and time along the trajectory, an in-
terpolation of the atmospheric conditions for these points was performed. In this
case, to reduce the computational time, a subset of the data was first extracted. For
each point in space and time along the trajectory, the data containing atmospheric
conditions surrounding this point, i.e. a 4-dimensional box (space and time) was
extracted. Following this, a linear interpolation was performed for each point with
the respective 4d box to calculate the atmospheric conditions.

3.4.3 Calculate the length of contrail segment

Given the atmospheric conditions for each point along the interpolated trajectory,
the conditions for persistent contrails were examined. Then, given that a point
fulfilled the conditions, it is assumed that the segment between the middle of the two
surrounding points fulfilled the conditions. Thus, the segment length of a persistent
contrail was calculated with the following formula 3.1:

Tip1 — T | Ty — Ti—1 _ Tip1 — Ti—1
2 2 2 ’
where Leonirair(7) is the segment length given that point 4 fulfilled the persistent

contrail conditions and x;,1, z; and x;_; are the air distance at time point ¢ + 1, ¢
and 7 — 1, respectively. Note that the formula ignores the endpoints, i.e. the takeoff

Lcontrail (Z) = (31)
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and landing. However, since the endpoints will be very close to the ground where
the contrail conditions are highly unlikely to be fulfilled due to the high temperature
close to the ground, it will most likely not affect the accuracy.

A greater number of interpolated points for the trajectory would improve the accu-
racy of the contrail segments since this formula assumes that the airspace between
the middle of the surrounding points met the contrail conditions. Thereafter, all
these segments were summarized, which in turn resulted in the total length of per-
sistent contrails produced from the given trajectory. It is worth noting that the
resulting length remained relatively stable, with only small deviations, despite vari-
ations in the number of interpolated points. Finally, this total length L was inserted
in the constructed formula 2.14 to calculate the environmental impact of the persis-
tent contrails produced by the given flight.

3.5 Forcing the plane to cruise at higher altitudes

By incorporating a multitude of intricate polygons for each flight level, the optimiza-
tion complexity increases significantly. This, in turn, results in a longer computation
time for the optimizer. Moreover, higher altitudes appear to have fewer contrail ar-
eas (see 4.1 for further details). Additionally, if the avoidance areas interfere with
the SIDs and STARs procedures described in 2.3.4 during takeoff or landing, the
flight plan may be infeasible for those specific atmospheric conditions and routes.
As a result, an alternative strategy was explored. This approach involves creating
avoidance areas only for higher altitudes, such as above 34,000 ft, and then forc-
ing the aircraft to cruise at those altitudes. However, it should be noted that the
location and timing of when the aircraft begins cruising appeared to be somewhat
ambiguous.
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Results

4.1 Avoidance Areas

Figure 4.1 was created using the methodology described in 3.3 to determine the
airspace to avoid for the particular atmospheric conditions. These avoidance areas
are applicable for the date range of 01/10/2022 between 13:00 - 15:00. It should
be noted that this is a 2-hour span. However, the data contain three time points:
13:00, 14:00, and 15:00. For the other cases, see Appendix A.1.

Figure 4.1: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through the clustering of a 2 out of 3
temporal threshold with ae = 4.5 in the alpha shape clustering method described in
3.3. The atmospheric conditions for the avoidance areas are applicable for the date
range of 01/10/2022 between 13:00 - 15:00.
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Note that the avoidance areas were generated by stacking multiple intricate 2D poly-
gons of the exterior boundaries created by the Alpha shape algorithm for altitudes
ranging from 25,000 ft to 42,000 ft with 1,000 ft increments. The 2D polygons will
extend vertically 5 flight levels (~ 300m in total) from the level where the clus-
tering was performed, creating volumes as the input to the optimizer.

Furthermore, it should be noted that even if the large clusters may seem to be
"solid", there could exist feasible paths over, under, or within the avoidance areas.
For further detail, see example 3.4. The different gradients of red represent the al-
titude where the 2D clustering was performed and lower altitudes are depicted with
darker colors. The darker colors, in this particular case, can be seen around the
outer parts of the larger clusters. In addition, the atmospheric data used to create
these avoid areas cover a range of latitudes and longitudes from 20 to 80 degrees and
from —20 to 50 degrees, respectively. Consequently, as seen in the top-left corner
of the map, some areas may be cropped. However, the analyzed flights fall within
these latitude and longitude ranges for the atmospheric data.

The avoidance areas shown in 4.1 and Appendix A.1 visually demonstrate that ar-
eas that fulfill the persistent contrail conditions tend to form large clusters, forming
cloud-like structures in the airspace. Moreover, comparing avoidance areas during
the nighttime (02:00-04:00) and daytime (13:00-15:00) on a single day, it becomes
apparent that these areas are not static but are constantly moving and transform-
ing. In a prior project conducted before this thesis, a clear correlation was observed
between the wind and the movement of contrail areas.
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4.1.1 Avoidance Areas - Temporal threshold

As explained in 3.3.4, the size of the avoidance areas will be determined by the
chosen temporal threshold. The temporal threshold can be thought of as how much
of the core of the clusters that will be considered during the examined time span. A
higher temporal threshold will result in smaller avoidance areas but with a greater
likelihood of meeting the conditions for persistent contrails throughout the entire
flight. Figure 4.2 illustrates the same weather conditions for two different cases with
varying temporal thresholds.

(a) Temporal threshold: 2 out of 3. (b) Temporal threshold: 1 out of 3.

Figure 4.2: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through two different cases for the
temporal threshold and with o = 4.5 in the alpha shape clustering method. The
atmospheric conditions for the avoidance areas are applicable for the date range of
01/7/2022 between 02:00 - 04:00 and FL340 - F1L420.

Notice in Figure 4.2 that the clusters are larger with a lower temporal threshold.
Notably, the separation between the two distinct clusters above the southern part of
Sweden’s airspace disappears with the lower threshold. Under such conditions, with
very large clusters surrounding an airport, it is unlikely that the optimizer would
find a flight plan using some of the strategies presented in this thesis, as explained
in more detail in 4.2.

4.1.2 Avoidance Areas - Different Altitude Ranges

There are different advantages to creating avoidance areas for different altitude
ranges, which will be further explained in 4.2. To visually demonstrate the depen-
dency of altitude ranges, see Figure 4.3.
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(a) Altitude range: 34,000 to 42,000 (b) Altitude range: 25,000 to 42,000
ft. ft.

Figure 4.3: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through two different cases for the
altitude ranges and with a temporal threshold of 2 out of 3 and o = 4.5 in the alpha
shape clustering method. The atmospheric conditions for the avoidance areas are
applicable for the date range of 01/4/2022 between 02:00 - 04:00.

Observe from Figure 4.3 that the clusters are notably larger in the altitude range
starting from 25,000 ft in Figure 4.3b than in 4.3a, particularly north of the UK
and south of Italy. Therefore, for this atmospheric data, a significant portion of
Europe’s airspace between 25,000 and 34,000 ft satisfied the contrail conditions.

4.2 Flight Optimization - With and Without Avoid-
ance Areas

The avoidance areas, which can be observed in 4.1 and A.1, were transformed and
utilized as constraints in Jeppesen’s optimizer. A comparison was made between the
flight’s duration, fuel usage, persistent contrail creation, and total climate impact
(persistent contrails and fuel) when the constraints were applied and not. These
comparisons were carried out for four days selected randomly, covering the four sea-
sons and with departures during the night (02:00) and day (13:00).

For the following results, the EFnrqi(100) was assumed to be 2 - 108J/m and
8 - 108 J/m during the day and night, respectively. Note that these assumptions
align with estimations from the third ECATS Conference [19] and European Geo-
sciences Union [34]. However, once again, these estimations are uncertain and these

24



4. Results

results should be regarded as illustrative potentials of the climate impacts. Further-
more, taking an efficacy factor of r = 0.35 into account, the resulting GWP values
for contrails were 48.45 and 193.78 CO2 equivalents per kilometer of persistent con-
trail created during the day and night, respectively. According to the Environmental
and Energy Study Institute (EESI) [35], by neglecting any other gases than COs in
the combustion, 1kg of jet fuel is equivalent to 3.16 kg of CO,.

For consistency, all simulations use a Boeing 737-800 aircraft with a CFMb56-7B24
engine and fixed payload. However, the optimizer may not return results for some
routes that include avoidance areas. This may occur due to two main possible
causes. Firstly, the avoidance areas may interfere with the SID and STAR proce-
dures during takeoff or landing, resulting in an infeasible flight plan. Secondly, the
high complexity introduced by the avoidance areas may prevent the optimizer from
finding an optimal feasible solution within the allowed computational time.

Different temporal thresholds were examined during this thesis. When a temporal
threshold of 1 out of 3 hours was applied, the avoidance areas were quite large,
and separate clusters joined, as seen in Figure 4.2 and in turn, resulted in very few
completed and feasible optimized flights. Consequently, a temporal threshold of 2
out of 3 hours is used for these results. However, one case with a temporal threshold
of 1 out of 3 hours is included in Appendix A.2.

Moreover, it should be noted that the alpha shape algorithm requires more than
a singular point in the horizontal plane to define an area. As a result, there may
be isolated points within the airspace where persistent contrail conditions are met
that are not covered by the avoidance areas. Additionally, the use of a temporal
threshold greater than one (as explained in Section 3.3.4) means that the avoidance
areas only represent where contrail conditions are likely to occur. Consequently, it
is possible for an aircraft to still create persistent contrails even if it does not fly
within the avoidance areas.

Finally, as mentioned in 3.4.3, the calculated total length of persistent contrails
may vary depending on the number of interpolated points used for the trajectory.
However, the differences observed were small, with deviations mostly below ~ 2%
when using different interpolation factors. To maintain consistency, all outcomes
utilized an interpolation factor of 2, which doubles the number of points along the
trajectory.

4.2.1 Flight Optimization - Whole Airspace

To begin with, cases with avoidance areas ranging from 25,000 ft to 42, 000 ft were
examined, two of which are included. However, this strategy may result in few
feasible and optimized flight plans from the optimizer, depending on the atmospheric
conditions. In this case, the most likely explanation for the limited number of flight
plans is that the avoidance areas interfere with the takeoff and landing procedures
outlined in the SID and STAR, resulting in infeasible flight plans.
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Summer night time - Whole Airspace
Departure | Destination Change [7%)]
Contrails | Time | Fuel | Climate impact

EDDM LBSF -0.11 0.54 | 1.61 | 0.98
EGLL LTFM -100 -0.03 | 0.19 | -54.14
EHAM LIRF NaN NaN | NaN | NaN
EKCH LPPT NaN NaN | NaN | NaN
ENGM EBBR NaN NaN | NaN | NaN
ESGG LOWS -43.06 6.66 | 7.0 |-30.97
EYVI LSZH NaN NaN | NaN | NaN
LEMD EIDW 0 0 0 0
LFPG EVRA NaN NaN | NaN | NaN
LGAV EFHK NaN NaN | NaN | NaN
LHBP EETN NaN NaN | NaN | NaN
LROP LMML 0 0 0 0

Table 4.1: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a summer night with
a departure time of 02:00 - 01/07/2022. The avoidance areas can be seen in A.6.

Table 4.1 demonstrates that this strategy may result in a limited number of executed
flight plans. Nevertheless, for two of the routes, the climate impact was significantly
reduced with only a relatively small increase in fuel consumption. The EGLL-LTFM
route, in particular, showed a total reduction of persistent contrail formation with-
out a notable increase in fuel consumption. Moreover, the deviation from the initial
flight plan was relatively minor compared to the scenario with avoidance areas, as

illustrated in Figure 4.4.
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Figure 4.4: One example highlighted from the results with avoidance areas for the
whole altitude range. The flight plan from EGLL to LF'TM that includes avoidance
areas results in a rerouting that flies south across Germany.

The illustration in Figure 4.4 demonstrates that even minor deviations from the
original fuel-efficient flight plan can significantly reduce persistent contrail forma-
tion. The vertical profiles can be seen in A.3.1. It is worth noting that in this
particular case, the rerouting primarily involves changes in altitude, with only mi-
nor adjustments in the latitudinal and longitudinal plane.

The next case examined is a fall night. The results can be seen in Table 4.2 with
respective avoidance areas that can be seen in A.7. Note that from a visual inspec-
tion, the coverage of avoidance areas is greater compared to the previous case in
Figure A.6.
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Fall Night time - Whole Airspace
o Change [%

Departure | Destination Contrail | Time Fugel | élimate impact
EDDM LBSF NaN NaN | NaN | NaN
EGLL LTFM NaN NaN | NaN | NaN
EHAM LIRF -100 711 | 13.72 | -89.34
EKCH LPPT NaN NaN | NaN | NaN
ENGM EBBR NaN NaN | NaN | NaN
ESGG LOWS NaN NaN | NaN | NaN
EYVI LSZH -52.61 3.09 |6.64 |-36.15
LEMD EIDW -100 9.22 | 19.86 | -86.78
LFPG EVRA NaN NaN | NaN | NaN
LGAV EFHK NaN NaN | NaN | NaN
LHBP EETN -79.11 245 | 5.57 |-44.13
LROP LMML NaN NaN | NaN | NaN

Table 4.2: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a fall night with a
departure time of 02:00 - 01/10/2022. The avoidance areas can be seen in A.7.

All optimized and feasible outcomes with avoidance areas included resulted in a
significant reduction in contrail creation, as can be in Table 4.2. Consequently,
for this particular case, all deviating flight plans from the initial fuel-efficient flight
plans resulted in a reduction in climate impact, even when the fuel consumption
increased.

4.2.2 Flight Optimization - Forcing the aircraft to cruise at
higher altitudes

As mentioned in 3.5, the complexity for the optimization increases significantly when
avoidance areas are included. In addition, if the avoidance areas interfere with the
SIDs and STARs procedures described in 2.3.4 during takeoff or landing, the flight
plan will be infeasible. Finally, it could be beneficial to fly at higher altitudes where
contrails are less likely to form. Thus another strategy was examined, to create
avoidance areas from 34,000 ft and force the aircraft to cruise above that altitude
for the whole flight except during take-off and landing. However, the precise tim-
ing for when the aircraft needs to begin cruising seems to be somewhat ambiguous.
In addition, the optimizer would not take into account any areas below 34,000 ft
where the airspace may fulfill the SAC, and thus the results may on average be
worse compared to when the whole range above 25,000 ft were taken into consid-
eration. Furthermore, this constraint was used for the fuel-efficient flight plans as
well. However, since the optimal cruising altitudes will (almost always) be above
this constraint, it will not affect these fuel-efficient flight plans.

Keep in mind that the climate impact from persistent contrails is assumed to be
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roughly four times as great during the night compared to the day. Consequently,
the same reduction of contrail creation will result in a greater reduction in climate
impact for the night cases.

4.2.2.1 Flight Optimization - Winter

Tables 4.3 and 4.4 show the results for a winter day (01/01/2022) during day and
night time, respectively. The aircraft are forced to cruise above 34,000 ft. The
avoidance areas are illustrated in Figures A.1 and A.2.

Winter Day time - Forcing higher altitudes
o Change [%

Departure | Destination Contrails | Time Fﬁel | (]jlimate impact
EDDM LBSF -84.92 0.66 | 2.46 |-62.42
EGLL LTFM NaN NaN | NaN | NaN
EHAM LIRF NaN NaN | NaN | NaN
EKCH LPPT NaN NaN | NaN | NaN
ENGM EBBR NaN NaN | NaN | NaN
ESGG LOWS 1.21 0.95 |3.25 | 1.64
EYVI LSZH NaN NaN | NaN | NaN
LEMD EIDW NaN NaN | NaN | NaN
LFPG EVRA NaN NaN | NaN | NaN
LGAV EFHK 0 0 0 0
LHBP EETN -80.59 0.61 | 2.36 |-55.39
LROP LMML 0 0 0 0

Table 4.3: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a winter day with a
departure time of 13:00 - 01/01/2022. The avoidance areas range from 34,000 ft to
42,000 ft and the aircraft is forced to cruise at a minimum of 34, 000 ft. If no solution
was obtained by the optimizer with the avoidance areas included, the values are NaN.
The avoidance areas can be seen in A.1.

The results presented in Table 4.3 indicate that out of five completed flight plans, two
of them did not require any changes to the initial optimized fuel-efficient route. No-
tably, the LROP-LMML route did not generate any contrails in the initial route and
therefore did not necessitate any deviations when avoidance areas were included. On
the other hand, the LGAV-EFHK route produced a relatively small amount of per-
sistent contrails, totaling 46.51 km, without any alterations to the flight plan. The
two possible explanations for this could be that the temporal threshold was greater
than 1 or that the contrails were formed during the ascent or descent to/from the
cruising altitude, where avoidance areas were not applied. The EDDM-LBSF and
LHBP-EETN routes demonstrated a considerable reduction in contrail formation
with minor increases in fuel consumption, which in turn, resulted in a significant
reduction in climate impact. The ESGG-LOWS route resulted in a slight increase in
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both contrail formation and fuel consumption, in such cases the initial route should
always be selected.

Winter Night time - Forcing higher altitudes
o Change [%
Departure | Destination Contrails | Time Ffel | g]limate impact
EDDM LBSF -2.67 0.07 | 0.07 |-0.53
EGLL LTFM NaN NaN | NaN | NaN
EHAM LIRF NaN NaN | NaN | NaN
EKCH LPPT NaN NaN | NaN | NaN
ENGM EBBR NaN NaN | NaN | NaN
ESGG LOWS -31,36 0.71 | 294 | -28.88
EYVI LSZH -73.64 0.42 ] 090 |-64.30
LEMD EIDW NaN NaN | NaN | NaN
LFPG EVRA -52.67 27.17 | 27.30 | -46.68
LGAV EFHK 0 0 0 0
LHBP EETN 0 0 0 0
LROP LMML 0 0 0 0

Table 4.4: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a winter night with a
departure time of 02:00 - 01/01/2022. The avoidance areas range from 34,000 ft to
42,000 ft and the aircraft is forced to cruise at a minimum of 34, 000 ft. If no solution
was obtained by the optimizer with the avoidance areas included, the values are NaN.
The avoidance areas can be seen in A.2.

Table 4.4 presents two additional completed flight plans. It is worth noting that
all deviations from the initial fuel-efficient route in this case led to a reduction in
contrail formation and climate impact. However, note that in this case the EDDM-
LBSF route only reduced the contrail formation by 2.67% compared to 84.92%
during the day. This showcase that the same strategy, even for the same day can
result in rather different results and that the outcomes are highly dependant on
the atmospheric conditions. Additionally, there were no deviations from the initial
flight plan for the LGAV-EFHK, LHBP-EETN, and LROP-LMML routes, which
created 0, 49.15, and 71.09 km of contrails, respectively. This is likely due to the
same reasons mentioned earlier.
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4.2.2.2 Flight Optimization - Spring

Next, Tables 4.5 and 4.6 show the results for a spring day (01/04/2022) during day
and night time, respectively. The aircraft are forced to cruise above 34, 000 ft. The
avoidance areas are illustrated in Figures A.3 and A 4.

Spring Day time - Forcing higher altitudes
o Change [%

Departure | Destination Contrails | Time Ffel | gjlimate impact
EDDM LBSF 115.50 047 | 1.73 | 71.29
EGLL LTFM -100 -0.03 | 0.03 |-9.53
EHAM LIRF -57.29 227 | 1.56 |-20.01
EKCH LPPT -33.39 1.34 | 1.36 | -5.98
ENGM EBBR -3.83 0.0 0.0 -1.85
ESGG LOWS -20.27 14.81 | 13.57 | -0.54
EYVI LSZH NaN NaN | NaN | NaN
LEMD EIDW 0 0 0 0
LFPG EVRA NaN NaN | NaN | NaN
LGAV EFHK -100 9.91 | 10.71 | -63.57
LHBP EETN -81.11 24.65 | 24.68 | -59.81
LROP LMML 161.70 0.12 ] 0.62 | 34.60

Table 4.5: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a spring day with a
departure time of 13:00 - 01/04/2022. The avoidance areas range from 34,000 ft to
42,000 ft and the aircraft is forced to cruise at a minimum of 34, 000 ft. If no solution
was obtained by the optimizer with the avoidance areas included, the values are NaN.
The avoidance areas can be seen in A.3.

In all but two cases, optimized and feasible flight plans were generated, as shown in
Table 4.5. Through a visual comparison between the avoidance areas for the spring
and winter day in Figure A.3 and A.1, respectively, the coverage appears to be on
a similar level. Hence, seemingly large avoidance areas that are projected onto the
Earth do not necessarily result in a limited number of feasible and optimized flight
plans.

Furthermore, in most cases where deviations from the initial flight plan occurred,
there was a reduction in contrail creation and climate impact. Notably, the EGLL-
LTFM and LGAV-EFHK routes completely eliminated contrail creation. However,
the EGLL-LTFM route only reduced the climate impact by 9.53%, as the initial
route only created 55.16 km of persistent contrails. Additionally, the LEMD-EIDW
flight plan with avoidance areas did not deviate from the initial flight plan but still
created 54.55 km of persistent contrails. For this atmospheric data, the EDDM-
LBSF and LROP-LMML routes significantly increased contrail creation. As men-
tioned in 3.5, determining when the aircraft must begin cruising appears to be
somewhat ambiguous. Therefore, if there are prolonged segments when the plane
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is transitioning to/from cruising altitudes during takeoff and landing, it may fly in
airspace that fulfills persistent contrail conditions for a large portion of the flight,
where there are no avoidance areas. As a result, such cases can significantly increase
total contrail creation if contrail conditions where fulfilled more frequently at lower
altitudes compared to fuel-efficient altitudes.

Spring Night time - Forcing higher altitudes
- Change [%

Departure | Destination Contrails | Time Ffel | (]jlimate impact
EDDM LBSF 253.76 0.63 | 243 | 205.79
EGLL LTFM NaN NaN | NaN | NaN
EHAM LIRF 0 0 0 0
EKCH LPPT -15.62 229 232 |-6.69
ENGM EBBR 0 0 0 0
ESGG LOWS 113.49 13.81 | 15.76 | 102.21
EYVI LSZH NaN NaN | NaN | NaN
LEMD EIDW 0 0 0 0
LFPG EVRA -73.52 4.80 | 5.22 |-64.85
LGAV EFHK -100 12.99 | 13.80 | -90.64
LHBP EETN NaN NaN | NaN | NaN
LROP LMML -2.11 0.08 |0.08 |-1.16

Table 4.6: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a spring night with a
departure time of 02:00 - 01/04/2022. The avoidance areas range from 34,000 ft to
42,000 ft and the aircraft is forced to cruise at a minimum of 34, 000 ft. If no solution
was obtained by the optimizer with the avoidance areas included, the values are NaN.
The avoidance areas can be seen in A.4.

The results presented in Table 4.6 demonstrate similar findings to previous cases.
The EHAM-LIRF, ENGM-EBBR, and LEMD-EIDW routes showed no deviations
from the initial flight plan and resulted in contrail creations of 83.73 km, 52.91 km,
and 0 km, respectively. However, the initial flight plan for the LGAV-EFHK route
resulted in 1488 km of persistent contrails, which were completely eliminated when
the avoidance areas were included. This led to a significant reduction of 90.64%
in climate impact. The rerouting of the LGAV-EFHK route can be visualized in
Figure 4.5.
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Figure 4.5: One example highlighted from the results with avoidance areas included
combined with forcing the aircraft to cruise above 34,000 ft. The flight plan for the
route LGAV-EFHK that includes avoidance areas results in a rerouting that flies
the most west.

The visualization presented in Figure 4.5 illustrates that this method can lead to
significant adjustments in both the latitudinal and longitudinal planes. The vertical
profiles can be seen in A.3.2. Consequently, the optimization may require adjust-
ments in not only altitude but also significant latitude and longitude changes. In this
particular case, these adjustments resulted in a 13.80% increase in fuel consump-
tion. However, it is important to note that in this case, these deviations resulted in
a 90.64% decrease in climate impact.

4.2.2.3 Flight Optimization - Summer

The results for a summer day (01/07/2022) during both day and night time are
presented in Tables 4.7 and 4.8 respectively. The aircraft are forced to cruise at
altitudes above 34,000 ft and the corresponding avoidance areas can be visualized
in Figures A.5 and A.6.
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Summer Day time - Forcing higher altitudes
o Change [%

Departure | Destination Contrails | Time Ffel | (]jlimate impact
EDDM LBSF 28.50 047 | 1.73 | 17.18
EGLL LTFM NaN NaN | NaN | NaN
EHAM LIRF 0 0 0 0
EKCH LPPT -59.90 15.08 | 15.56 | -23.78
ENGM EBBR NaN NaN | NaN | NaN
ESGG LOWS NaN NaN | NaN | NaN
EYVI LSZH NaN NaN | NaN | NaN
LEMD EIDW NaN NaN | NaN | NaN
LFPG EVRA NaN NaN | NaN | NaN
LGAV EFHK NaN NaN | NaN | NaN
LHBP EETN NaN NaN | NaN | NaN
LROP LMML 0 0 0 0

Table 4.7: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a summer day with a
departure time of 13:00 - 01/07/2022. The avoidance areas range from 34,000 ft to
42,000 ft and the aircraft is forced to cruise at a minimum of 34, 000 ft. If no solution
was obtained by the optimizer with the avoidance areas included, the values are NaN.
The avoidance areas can be seen in A.5.

Table 4.7 shows that only four outcomes from the optimizer resulted in optimized
and feasible flight plans when the avoidance areas were included. Interestingly, when
comparing the avoidance areas for all the cases, it can be observed that the examined
summer data had the lowest coverage over Europe’s airspace. This further empha-
sizes that the projected coverage of avoidance areas on Earth does not necessarily
correspond to the number of feasible and optimized outcomes from the optimizer.

In this case, there were no deviations from the initial flight plans for the EHAM-LIRF
and LROP-LMML routes, as these flights did not create any persistent contrails.
Additionally, for this specific data, only one route experienced an improvement in
contrail reduction. This highlights the variability of this strategy and its strong
dependence on atmospheric conditions.
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Summer night time - Forcing higher altitudes
o Change [%
Departure | Destination Contrail | Time Ffel | C]limate impact
EDDM LBSF 350.9 0.21 | 0.64 |129.47
EGLL LTFM -100 -0.05 | 0.19 | -54.14
EHAM LIRF 119.11 3.99 | 4.23 | 59.85
EKCH LPPT NaN NaN | NaN | NaN
ENGM EBBR 6.84 0.11 ]0.22 | 3.65
ESGG LOWS 42.6 4.65 | 4.6 | 33.16
EYVI LSZH NaN NaN | NaN | NaN
LEMD EIDW 0 0 0 0
LFPG EVRA -45.68 6.52 | 8.07 | -38.05
LGAV EFHK NaN NaN | NaN | NaN
LHBP EETN NaN NaN | NaN | NaN
LROP LMML 0 0 0 0

Table 4.8: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a summer night with a
departure time of 13:00 - 01/07/2022. The avoidance areas range from 34,000 ft to
42,000 ft and the aircraft is forced to cruise at a minimum of 34, 000 ft. If no solution
was obtained by the optimizer with the avoidance areas included, the values are NaN.
The avoidance areas can be seen in A.6.

Notice in Table 4.8 that this strategy yields more optimized outcomes compared to
the results in Table 4.1. However, it is worth noting that this strategy led to signifi-
cantly worse results for the EDDM-LBSF and ESGG-LOWS routes, as the resulting
flight plans produced more contrails than the fuel-efficient plans. In contrast, when
the entire airspace was considered using the other strategy, these routes resulted in a
reduction in contrail creation. Nonetheless, this approach did identify a potentially
improved flight plan for the LFPG-EVRA route, whereas the other strategy failed to
produce any results. Consequently, while this approach may produce more results,
they may not necessarily be better than those obtained by considering the entire
airspace.

4.2.2.4 Flight Optimization - Fall

Finally, the results for a fall day (01/10/2022) during both day and night time are
presented in Tables 4.9 and 4.10 respectively. The aircraft are forced to cruise at
altitudes above 34,000 ft and the corresponding avoidance areas can be visualized
in Figures 4.1 and A.7.

35



4. Results

Fall Day time - Forcing higher altitudes
o Change [%

Departure | Destination Contrails | Time Ffel | (]jlimate impact
EDDM LBSF 78.24 047 | 1.73 | 51.59
EGLL LTFM NaN NaN | NaN | NaN
EHAM LIRF 79.24 0.15 | 0.55 | 8.90
EKCH LPPT 0 0 0 0
ENGM EBBR 0 0 0 0
ESGG LOWS 0 0 0 0
EYVI LSZH -74.18 13.11 | 13.25 | -38.06
LEMD EIDW 0 0 0 0
LFPG EVRA -48.27 6.82 | 647 |-0.32
LGAV EFHK NaN NaN | NaN | NaN
LHBP EETN -18.48 241 233 |-1.46
LROP LMML NaN NaN | NaN | NaN

Table 4.9: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a fall day with a
departure time of 13:00 - 01/10/2022. The avoidance areas range from 34,000 ft to
42,000 ft and the aircraft is forced to cruise at a minimum of 34, 000 ft. If no solution
was obtained by the optimizer with the avoidance areas included, the values are NaN.
The avoidance areas can be seen in 4.1.

Table 4.9 presents results that are similar to the previous cases discussed, where
three of the flight plans showed a reduction in contrail creation. However, it should
be noted that for the LFPG-EVRA flight plan, although there was a reduction in
contrail creation by 48.27%, the reduction in climate impact was negligible. This
is because the initial flight only created 49.55 km of persistent contrails, with an
increase of 6.47% in fuel consumption. Additionally, keep in mind that the impact of
persistent contrails is lower during the daytime, and thus, this reduction in contrail
creation will not lead to as significant reduction in climate impact.
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Fall night time - Forcing higher altitudes
o Change [%

Departure | Destination Contrail | Time Fugel | élimate impact
EDDM LBSF 140.06 0.64 | 230 | 112.32
EGLL LTFM NaN NaN | NaN | NaN
EHAM LIRF -73.72 22.11 | 21.65 | -64.65
EKCH LPPT NaN NaN | NaN | NaN
ENGM EBBR NaN NaN | NaN | NaN
ESGG LOWS NaN NaN | NaN | NaN
EYVI LSZH -11.42 0.04 | 0.09 |-8.07
LEMD EIDW NaN NaN | NaN | NaN
LFPG EVRA -51.21 6.67 | 6.82 | -43.50
LGAV EFHK -48.55 17.03 | 17.93 | -37.61
LHBP EETN 48.77 0.09 |0.22 |28.98
LROP LMML -89.38 14.02 | 14.04 | -82.55

Table 4.10: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a fall night with a
departure time of 02:00 - 01/10/2022. The avoidance areas range from 34,000 ft to
42,000 ft and the aircraft is forced to cruise at a minimum of 34, 000 ft. If no solution
was obtained by the optimizer with the avoidance areas included, the values are NaN.
The avoidance areas can be seen in A.7.

The results in Table 4.10 showcase that this strategy can yield more optimized
outcomes than considering the entire airspace, as shown in Table 4.2. However, for
all outcomes that both strategies found, considering the whole airspace resulted in
a higher contrail reduction. Nevertheless, this strategy found feasible flight plans
with reduced contrail creation that the other strategy failed to find. One of these
examples is the route between LROP to LMML that exhibits a significant reduction
in total climate impact. The initial fuel-efficient flight plan created approximately
1050 km of persistent contrails, which is equivalent to roughly 75% of the total air
distance. This is due to the fact that the initial route passes through a large cluster,
as depicted in Figure 4.6.
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Figure 4.6: One example highlighted from the results with avoidance areas included
combined with forcing the aircraft to cruise above 34,000 ft. The flight plan that
includes avoidance areas results in a rerouting that flies the most south for the
LROP-LMML route.

As can be seen in Figure 4.6, the rerouted flight exhibits deviations in both the
latitudinal and longitudinal planes, in addition to altitude corrections. The vertical
profiles can be seen in A.3.3. This illustrates, once again, that optimization may
require adjustments in not only altitude but also latitude and longitude.
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Conclusion

To begin with, the strategies presented in this thesis can be utilized to find alterna-
tive flight plans that reduce the persistent contrail creation and climate impact. For
some of the notable cases examined, the climate impact was reduced by over 80%,
with increased fuel consumption of around 14%. Moreover, there were instances
where contrail formation could be significantly or completely reduced with negligi-
ble increments in flight duration or fuel consumption.

However, the strategies presented have different advantages, depending on the atmo-
spheric conditions. For the cases presented in the results, by considering the whole
airspace, all plans deviating from their original fuel-efficient trajectory resulted in a
reduction in contrail creation. On the other hand, the strategy may yield a limited
number of optimized and feasible outcomes. There are two likely explanations for
missing outcomes. The first one, the avoidance areas may interfere with flight regu-
lation, rendering the flight plan infeasible. Secondly, the high complexity introduced
by the avoidance areas may prevent the optimizer from finding an optimal feasible
solution within the allowed computational time. The other strategy presented, by
creating avoidance areas above 34, 000 ft and then forcing the aircraft to cruise above
this altitude, may yield more outcomes. However, these outcomes may result in a
lower reduction in contrail creation compared to the other strategy.

Moreover, there are several options to adjust the strategies presented. For example,
a different temporal threshold, the range of avoidance areas, and forcing the aircraft
to cruise at different altitudes. Since the avoidance areas often cover a significant
portion of the airspace, the strategies proposed in this thesis may not always lead to
a reduction in persistent contrail formation under certain atmospheric conditions.
To overcome this, one approach is to generate multiple flight plan suggestions in
parallel with different strategies, and then select the preferred option that achieves
a reasonable balance between reduced contrail formation and increased flight time
and fuel consumption. As demonstrated in 4.2.2, there were cases where the contrail
formation was drastically reduced with a relatively small increase in flight time and
fuel consumption. However, there were also instances where the contrail formation
increased. In such cases, the original flight plan should be used instead.

Furthermore, since the avoidance areas are set as constraints in the optimizer, rather
than using a penalty function, it is possible for some global optimal solutions to be
missed. For instance, imagine that the contrail conditions are fulfilled at 26,000 ft
all around the earth or a very large area. In that case, the optimizer will never
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return a flight path that crosses this area, even if the airspace above it is entirely
contrail-free. Or if the aircraft is forced to cruise above 34, 000 ft, the plan will be
infeasible since it will have to cross the avoidance areas. Consequently, there may
be flight trajectories that pass through these avoidance areas, which have a lower
climate impact than those constrained to fly below 26,000 feet, that the optimizer
misses. Furthermore, implementing the areas as a penalty function would remove
the possibility of rendering the flight infeasible, if they interfere with other flight
regulations. Consequently, the whole airspace can be considered without the risk of
rendering a flight plan infeasible. Therefore, in the future, methods to incorporate
these avoidance areas as penalty areas instead could result in more balanced results
with regard to time, fuel cost, and contrail creation.

5.1 Future work

First of all, implementing strategies to avoid contrails could reduce aviation’s impact
on the climate. This thesis assumed a high precision of persistent contrail conditions
based on reanalysis of weather data, specifically ERA5 from ECMWF. However, re-
cent research [36] indicates that the number and duration of persistent contrail
condition regions derived from reanalysis data could be overestimated. This over-
estimation is likely present in forecasts using numerical weather prediction (NWP)
as well [37]. As a result, effective real-world implementation of contrail avoidance
strategies necessitates an accurate forecast of persistent contrail condition regions,
which may require real-time observations or satellite image detection. However,
regulations that all commercial aircraft must carry equipment capable of measuring
ambient humidity and temperature could complement or enhance weather forecasts.

Furthermore, more research is needed to account for the uncertainties surrounding
the contrail impact when making decisions about contrail avoidance. Furthermore,
it is worth exploring a more comprehensive climate-focused trajectory optimization
that considers the impact of other substances like NO,, in addition to contrails and

COa.

The proposed strategies in this thesis may not be applicable to longer flights. For
instance, consider a 12-hour flight, then the airspace that satisfies the contrail con-
ditions may significantly change during the flight. Creating avoidance areas by
analyzing a 12-hour time frame would be inaccurate since the conditions might have
changed drastically by the time the aircraft enters a particular area. Instead, custom
avoidance areas can be created for specific flights by identifying the likely locations
of the aircraft at different time points during the flight. This approach enables the
creation of tailored avoidance areas for specific areas and time points where the
aircraft is expected to be present.

Finally, as mentioned earlier, there are potential benefits to implementing the avoid-
ance areas as a penalty function instead of constraints. Therefore, in the future,
methods to incorporate these avoidance areas as penalty areas instead could result
in better outcomes for flight time, fuel cost, and contrail creation. Keep in mind that
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5. Conclusion

Jeppesen’s optimizer used in this thesis is industry-leading and such modifications
could be feasible implementations in the future.
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Appendix

A.1 Avoidance areas

A.1.1 Avoidance areas - Winter

Figure A.1: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through the clustering of a 2 out of 3
temporal threshold with o = 4.5 in the alpha shape clustering method described in
3.3. The atmospheric conditions for the avoidance areas are applicable for the date
range of 01/01/2022 between 13:00 - 15:00.



A. Appendix

Figure A.2: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through the clustering of a 2 out of 3
temporal threshold with o = 4.5 in the alpha shape clustering method described in
3.3. The atmospheric conditions for the avoidance areas are applicable for the date
range of 01/01/2022 between 02:00 - 04:00.
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A.1.2 Avoidance areas - Spring

Figure A.3: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through the clustering of a 2 out of 3
temporal threshold with ae = 4.5 in the alpha shape clustering method described in
3.3. The atmospheric conditions for the avoidance areas are applicable for the date
range of 01/04/2022 between 13:00 - 15:00.
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Figure A.4: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through the clustering of a 2 out of 3
temporal threshold with o = 4.5 in the alpha shape clustering method described in
3.3. The atmospheric conditions for the avoidance areas are applicable for the date
range of 01/04/2022 between 02:00 - 04:00.
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A.1.3 Avoidance areas - Summer

Figure A.5: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through the clustering of a 2 out of 3
temporal threshold with ae = 4.5 in the alpha shape clustering method described in
3.3. The atmospheric conditions for the avoidance areas are applicable for the date
range of 01/07/2022 between 13:00 - 15:00.
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Figure A.6: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through the clustering of a 2 out of 3
temporal threshold with a = 4.5 in the alpha shape clustering method described in
3.3. The atmospheric conditions for the avoidance areas are applicable for the date
range of 01/07/2022 between 02:00 - 04:00.
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A.1.4 Avoidance areas - Fall

Figure A.7: Europe’s airspace is marked with gradient shades of red to indicate
the avoidance areas. These areas are formed through the clustering of a 2 out of 3
temporal threshold with o = 4.5 in the alpha shape clustering method described in
3.3. The atmospheric conditions for the avoidance areas are applicable for the date
range of 01/10/2022 between 02:00 - 04:00.

VII



A. Appendix

A.2 Additional Results from Simulation

Summer Night time - Forcing altitude and different Temporal threshold

L. Change [%
Departure | Destination Time | Fuel | Contrails églim[at(]e impact
EDDM LBSF 406.45 | 0.28 | 0.76 149.95
EGLL LTFM NaN NaN | NaN NaN
EHAM LIRF -39.69 | 6.09 | 6.08 -16.08
EKCH LPPT NaN NaN | NaN NaN
ENGM EBBR NaN NaN | NaN NaN
ESGG LOWS NaN NaN | NaN NaN
EYVI LSZH NaN NaN | NaN NaN
LEMD EIDW 0 0 0 0
LFPG EVRA NaN NaN | NaN NaN
LGAV EFHK NaN NaN | NaN NaN
LHBP EETN NaN NaN | NaN NaN
LROP LMML 0 0 0 0

Table A.1: The percentage difference between flights that include avoidance areas
and those that don’t. A positive value represents an increase when avoidance areas
are taken into account. These are the outcomes obtained for a summer night with
a departure time of 02:00 - 01/07/2022. In this case, a temporal threshold of 1 out
of 3 hours was applied. The avoidance areas can be seen in 4.2b.
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A.3 Vertical Profiles

A.3.1 Summer night - Whole Airspace EGLL-LFTM
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Figure A.8: The vertical profile for the EGLL-LFTM route during a summer night
without avoidance areas. Note that the trajectory (dark blue) can be hidden by
item18 (red).
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Figure A.9: The vertical profile for the EGLL-LFTM route during a summer night
with avoidance areas. Note that the trajectory (dark blue) can be hidden by item18
(red).
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A.3.2 Spring night - Force Airspace LGAV-EFHK
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Figure A.10: The vertical profile for the LGAV-EFHK route during a spring night

without avoidance areas. Note that the trajectory (dark blue) can be hidden by
item18 (red).
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Figure A.11: The vertical profile for the LGAV-EFHK route during a spring night

with avoidance areas. Note that the trajectory (dark blue) can be hidden by item18
(red).
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A.3.3 Fall night - Force Airspace LROP-LMML
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Figure A.12: The vertical profile for the LROP-LMML route during a fall night
without avoidance areas. Note that the trajectory (dark blue) can be hidden by
item18 (red).
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Figure A.13: The vertical profile for the LROP-LMML route during a fall night
with avoidance areas. Note that the trajectory (dark blue) can be hidden by item18
(red).
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