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Abstract

In order to achieve the ambitious 2 ◦C target of the Paris Agreement, it is necessary
to reduce the climate effect of all sectors, including aviation. The reduction of non-
CO2 effects, especially through contrail avoidance, seems a quick and relatively easy
way to reduce the climate impact of aviation. Several studies have shown that this
would be achievable with only a very small increase in fuel consumption on the order
of 0.1 %, but these studies assumed that perfect weather forecasts were available for
the prediction of contrails and for flight planning which aims at avoiding contrails.
Obviously, this is an invalid assumption, as predictions are always subject to errors.
It needs to be clarified what this assumption implies for contrail avoidance. Our
results show that the quality of the forecast of persistent contrails decreases with
increasing temporal gap between flight planning and the actual flight time. During
this time, the regions where contrails can form may develop differently in nature than
in the forecast model due to non-linear dynamics of the atmosphere. This results in
correct forecasts, but also in false alarms and misses. In an example case with a large,
yet realistic, time gap on 623·103 km planned flight distances persistent contrails were
predicted, but occurred actually on 464·103 km. Additionally, 135·103 km of contrails
occurred unexpectedly (misses). The false alarms and misses can spoil the climate
benefit of contrail avoidance measures. An analogous mechanism would apply for the
prediction of other non-CO2 effects of aviation. Several ways to improve the contrail
forecast are conceivable. In particular, assimilation of relevant data, such as relative
humidity in the upper troposphere, would help to keep the forecast model close to
reality. A better representation of ice supersaturation (relative humidity w.r.t. ice
over 100 %) in the models seems necessary as well. Meanwhile, considering the most
recent available weather forecast could already help to minimise false alarms and
misses.
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Chapter 1

Introduction

Global warming is not just an abstract danger, but a real threat. Today we already

see frequent severe weather events, such as 
ooding, droughts, and hail. In addition

to acute symptoms, there are also slower ones, such as the increase in sea level [18],

the change in ocean circulation [80], oxygen depletion [35, 40] or ocean acidi�cation

[59, 42, 94]. All these environmental threats led to multiple agreements. One of them

is the famous Paris agreement, supported by most countries in the world. The goal

is to keep the average surface warming, and therefore stop climate change, below

2:0 � C, if possible below 1:5 � C. [50] This threshold was chosen because scientists

expect the changes, partly irreversible, to our ecosystem to be manageable with

relatively low e�ort under this condition.

To reach this ambitious goal, not only the large sectors of heating and industry need

to reduce their impact on the climate (reduction of CO2 emissions, reduce, reuse,

and recycle resources) but also the transportation sector. [83] In the transportation

sector, actions to reach the climate goal are to increase e�ciency, to change propul-

sion concepts to environmentally friendlier ones, or to use other smart methods to

reduce the impact on climate. All sections of transportation need to reduce their

impact on climate, including aviation. Aviation has some special characteristics with

respect to its climate impact, since next to CO2 e�ects there are also a number of

signi�cant non-CO2 e�ects. Although the number of vehicles is comparably low,

aviation still has 3.5% of the total anthropogenic climate forcing - a substantial

impact on the environment. [44]

For aircraft, most technical measures would need a long time for developement,

testing and implementation. They are quite expensive and aircraft with current

technology will still be in use for many years. Furthermore, gaining e�ciency is

quite di�cult, as the propulsion systems are already highly optimised. Switching

the propulsion system is also by no means an easy task due to strict space and
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weight constraints. Even though there are already prototypes for short-range electric

aeroplanes [10] and �rst concepts of hydrogen aircraft, more technical developement

is required until they are �t for mass production. The use of sustainable aviation fuel

(SAF) is another possibility to get one step closer to sustainable aviation. Although

the technical transition of aircraft to the new fuel is possible, the production and

supply is nowhere near su�cient for all air tra�c. [26, 17]

A di�erent concept to decrease the climate impact of aircraft would be the transfer

to other more e�cient transport methods such as ships or trains. This is certainly

an option, but aircraft o�er the bene�t of speed, comparatively low infrastructure

expenses, and are sometimes indispensable for certain purposes.

However, there are still more options to reduce climate impact of aviation, such as

intermediate stop operation or 
ying in formation. The former option leverages the

reduced take-o� weight by carrying less surplus fuel, leading to fuel savings of up

to 9% for a global 
eet. However, this comes with the disadvantage of prolonged


ight durations due to the need for intermediate stops. [43] The bene�t of the latter

option of 
ying in formation is that a trailing aircraft can surf on the wake vortex

created by the leading aircraft. The updraft generated by the wake vortex produces

lift for the trailing aircraft leading to fuel savings of up to 9%. [89, 86, 41] (These

energy savings are also one reason why geese 
y in V-formation.)

A peculiarity of aviation is that it has quite large non-CO2 e�ects. Therefore, re-

duction of non-CO2 e�ects is another possibility to reduce the climate impact of

aviation. Those non-CO2 e�ects originate from the emission of NOx , SOx , water

vapour, particular matter, soot, lubrication oil [82] and contrail formation. Non-

CO2 climate e�ects are of the same order as CO2 climate e�ects or even larger.[44]

However, for a single 
ight the non-CO2 e�ects depend heavily on the emission posi-

tion, synoptic weather situation, and other properties of the surrounding atmosphere

due to the relatively short lifetime of the individual e�ects. Determining the precise

magnitude of non-CO2 components is challenging due to signi�cant variability with

synoptic conditions, selected timescale/metric, speci�c location and timing.

In a paper from Lee et al. [44] the non-CO2 e�ective radiate forcings (ERF), a way to

assess the climate impact, are estimated to have roughly 2/3 of the total ERF from

aviation (0:1 W=m2). However, the uncertainties of the non-CO2 ERF are a factor

of eight larger than the uncertainties of CO2 ERF. The largest part of non-CO2 ERF

is due to persistent contrails. Therefore, it is desirable to reduce or avoid contrail

formation. The radiative e�ect of contrails works like that of a natural cirrus cloud.

Short-wave radiation from the sun is partly re
ected to space and therefore is not

available as heat for the earth system. Long-wave radiation is e�ectively re-emitted

back to Earth. [66, 91] The contrails are colder than the earth surface, making it look
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from space as if the earth were colder. Since blackbody radiation 
ux is coupled to

temperature via the Stefan-Boltzmann law (/ T4), the outgoing long-wave radiation

is reduced. The total e�ect of contrails is the combined e�ect of the short-wave

and the long-wave e�ect. Apart from the position of the sun, there are numerous

factors such as synoptic weather situation [90], crystal size, and relative humidity

that in
uence the e�ective radiative forcing of a contrail.[51] For an estimation of the

climate impact of contrails it is necessary to run climate models over a longer period

of time, such as in Burkhardt et al. [9] or Gettelman and Chen [22]. [8, 6] In the

global average over at least a year, contrails seem to be warming [74]. If we want to

reduce the climate impact of contrails, we must avoid contrails that warm the most.

For a single contrail and the decision whether it should be avoided or not, running

a climate model is not possible. Hence, approximations such as CoCiP (Contrail

Cirrus Prediction model) [66] or ACCF (Algorithmic Climate Change Function) [93]

have been invented to quickly calculate the �rst approximation of the climate e�ect.

The speed is critical for operational use.

An advantage of contrail avoidance compared to the mitigation of other non-CO2
e�ects is that contrail formation can be observed and therefore veri�ed via ground-

bound cameras [47] and satellite images [20, 46].

There are several ways summarised in Noppel and Singh [54] and Gierens [29], how

the formation of contrails can be prevented and thus their radiative forcing reduced.

Not all of them are feasible or desirable, as they partly lead to suboptimal technical

modi�cations. An attempt is to introduce substances such as alcohols to inhibit

contrail formation. [69] However, this method is not ideal, as it introduces other

adverse atmospheric e�ects. [29] But there are also usable approaches such as the

following:

Alternative Propulsion Systems One way to reduce contrail formation is to

switch to new propulsion concepts that either have no water vapour emis-

sions at all (battery powered aircraft), lower water emissions (Water-Enhanced

Turbofan,WET [56, 63]) or lower condensation particle emissions (e.g. lean

combustion [87]). In addition to reducing contrails, these propulsion concepts

also have increased e�ciency, which reduces the energy consumption of an

aircraft. However, aircraft manufacturers need many years to build and test a

new propulsion concept. It is therefore not possible to rely on this option in

the near future.

Particle Reduction Alternatively, the number of particles emitted can be reduced

by new propulsion concepts or new fuels such as SAF. The reduction of parti-

cles, such as soot, leads under certain conditions to the formation of fewer ice
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crystals. This in turn reduces the optical thickness and shortens the lifetime

of the individual contrails. The lifetime is shorter because, with the same

available moisture, the reduced number of nuclei leads to the growth of larger

ice crystals, which sediment more quickly due to their size. Both the reduced

optical thickness and the shortened lifetime reduce the ERF of the contrails.

[29, 38, 49] But this helps only up to a certain point, as research by Bier

et al. [7] demonstrated that contrails can form even without soot or particle

emissions due to the crystallisation nuclei already present in the air.

Diverting Flights The �rst two options dealt with the technical possibilities on

the aircraft itself. However, the properties of the atmosphere also play a sig-

ni�cant role in the formation and e�ective radiative forcing of contrails in

addition to the properties of the aircraft. This is another lever to avoid con-

trails. There are several ways to do this, which are explained in turn in the

following paragraphs. The approaches can be roughly divided into Changing

the 
ight times, globally changing the 
ight altitude, and diverting depending

on the situation. Theoretically, these options could be implemented imme-

diately in air tra�c without requiring changes to the aircraft. Nevertheless,

since air tra�c has tight security requirements, new procedures and rules have

to be developed by the air tra�c control, airlines and lawmakers. This should

be achievable within a relatively short time frame, at least in comparison to

revolutionary technical development.

Changing the 
ight times would exploit the variation in radiative forcing due to the

zenith angle of the sun. Since the long-wave e�ect hardly changes throughout the

day, the total radiation e�ect is mainly dependent on the short-wave e�ect. This

option would require concentrating 
ights during the morning and evening, when

the cooling e�ect is maximised. [53, 74]

The change in 
ight altitude attempts to divert 
ights into regions of the atmosphere

where persistent contrails rarely form. By going up to higher altitudes in the extra-

tropics, one would reach the stratosphere. The stratosphere is so dry that the

contrails evaporate quickly in the surrounding air. This reduces persistent contrails

but also leads to the introduction of water into the dry stratosphere. The water has

a high lifetime there and therefore a strong climate impact.[55] The other possibility

is to lower the altitude of air tra�c such that the ambient air is warm enough to

inhibit contrail formation. However, this option would force aircraft to non-optimal

altitudes with higher drag and turbulence, thus increasing fuel consumption and

emissions. Several studies have investigated vertical rerouting [60, 14], but as Teoh

et al. [78] showed, most altitude change strategies are suboptimal and situational

rerouting appears to be favourable.
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The possibility of contrail avoidance by diverting 
ights is being investigated in

the LuFO VI D-KULT project, to which this Master's thesis also belongs. The idea

behind this is to avoid regions in which contrails persist or grow for a longer period of

time due to su�cient moisture. These regions are also known as ice-supersaturated

regions (ISSR). [28] Another condition is that contrails are formed at all: This can

be calculated using the Schmidt-Appleman Criterion. [64, 65] These condition is

elucidated in Chapter 2. There are at least two ways to avoid the ISSR.

First, the blocking of airspaces in which contrails can occur for all aircraft as in

Sausen et al. [61]. Another approach is the vertical and horizontal rerouting of

individual 
ights through tactical (in
ight) and strategic (pre
ight) measures. This

has the advantage that airspace is not completely blocked. However, individual

rerouting does not guarantee that no other aircraft in this region will generate a

contrail and that rerouting other aircraft would therefore be in vain. The closure of

airspace generally leads to capacity restrictions

According to Frias et al. [15], it is possible to avoid a large part of the non-CO2 e�ect

of contrails (73.0%) with only a small increase in fuel consumption (0.11%). These

results are promising and motivate us to continue with this approach. However, the

cited study unrealistically assumed that the weather forecast used corresponds to

the "true" weather. This assumption may lead to overoptimistic results and may

trigger unrealistic expectations. Therefore, the present thesis analyses the in
uence

of the imperfect weather forecast on contrail avoidance. More speci�cally, this thesis

attempts to determine how the forecast of areas where contrails can persistently

develop evolves for longer forecast horizons. Implicitly, the aim is to understand

how far the forecast di�ers from the true weather depending on the forecast horizon

and what this implies for rerouting.

The Master's thesis is structured as follows: Chapter 2 elucidates the physics of the

formation of contrails and the corresponding atmospheric conditions. In the next

chapter 3, the data and methods used are presented in more detail. In chapter 4,

the results of our analysis are shown and discussed. The �nal chapter 5 summarises

the �ndings of this work and outlines further steps.

Parts of this Master's thesis are already submitted in the paper von Bonhorst et al.

[88]. This paper was written in collaboration with the authors Moritz Maizet and

Klaus Gierens. Moritz Maizet has contributed �gures 4.9, 4.10, 4.12 and 4.13. Klaus

Gierens discussed and helped me with the content and text.
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Chapter 2

Theoretical background on

contrail formation and persistence

and their radiative e�ects

This chapter presents the theoretical background for persistent contrails. In the �rst

part, the notions relative humidity, saturation and supersaturation are explained.

In the next remaining parts, we give an account of contrails, their evolution, their

persistence and their radiative e�ects. Most of the statements, unless otherwise

speci�ed, are taken from Gierens [29] and Gierens et al. [28].

2.1 Relative humidity, saturation and supersatu-

ration

Contrails are ice clouds created by aircraft and behave similarly to their natural

counterpart, the natural cirrus. Clouds in general consist of water in the form of

liquid droplets or solid ice crystals 
oating in the air. Cirrus clouds are ice clouds

and, therefore, consist mainly of ice crystals, which is also the reason why they only

form at low temperatures.

The water molecules in a cloud are incessantly in exchange between the gaseous

phase (water vapour) and the liquid phase (liquid droplets) or solid phase (ice crys-

tals). This is shown in �gure 2.1. As soon as the 
uxes between two phases equalise,

this is referred to as dynamic equilibrium. In relation to water vapour, this is also

called saturation. Saturation can occur in relation to one of the two phases of wa-

ter. For exchange with liquid droplets it is called liquid saturation, and for exchange

with ice it is called ice saturation. The vapour pressure at liquid saturation is larger



8
CHAPTER 2. THEORETICAL BACKGROUND ON CONTRAIL
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than that at ice saturation. Both saturation pressures depend primarily almost ex-

ponentially on the temperature, as postulated by the Clausius-Clapeyron equation.

It can be assumed that the speci�c volume of the condensed phase is negligible In

this case the Clausius-Clapeyron equation takes the following form:

d ln e
dT

=
L

RT 2
(2.1)

Here L is the latent heat for the corresponding phase transition (phase transition

between water vapour and ice or water) andR is the special gas constant for water.

With the assumption that L is independent of the temperatureT, equation 2.1 can

be integrated:

e(T) = e(T0) exp
� L

R T0

T � T0

T

�

(2.2)

Actually, L is weakly temperature dependent, which leads to slight deviations from

equation 2.2. The true water vapour saturation function has therefore approximated

by several authors, both for water vapour saturation pressure with respect to (w.r.t.)

water or ice. [36, 52, 45, 79, 70]

Since water vapour pressure in the atmosphere covers several orders of magnitude

and no statement can be made about the physical state based on its value, it makes

sense to convert the humidity into a percentage value (relative humidity) in relation

to a reference value. In detail, relative humidity is de�ned as the ratio between the

actual water vapour pressure and the reference pressure, which are the two saturation

pressures. Therefore, there are two kinds of relative humidity: RH (relative humidity

w.r.t. liqid water) and RH i (relative humidity w.r.t. ice). The new variables have

the advantage, that they mostly lie between 0{100% and are better at describing

the physical processes such as condensation or nucleation.

Nevertheless, nothing prevents the vapour to obtain higher pressure than saturation

pressure in clear air. This is called supersaturation. Supersaturation is needed to

initiate the formation of droplets or ice crystals, the so called nucleation.

In contrail formation (see below), �rst liquid droplets are nucleated which requires

liquid supersaturation. These droplets freeze in su�cently cold air and the formed

ice crystals need ice (super)-saturation in order to persist for longer than just a few

seconds or minutes.
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Figure 2.1 This �gure visualises the thermodynamic way of thinking about an interface between
two phases of a material. The gaseous phase of water is shown in light blue. The dark
blue colour shows either the liquid phase (water) or the solid phase (ice). The black
arrows are the 
ows of water molecules between the two phases. If the two arrows
are the same size, the two phases are in what is known as dynamic equilibrium. The
illustration was taken from the chapter "Ice supersaturation" by Gierens, Spichtinger,
and Schumann [28].

2.2 Aircraft plumes, their composition and evo-

lution

Persistent contrails are contrails that last at least longer than about 10 min. The

formation of contrails is connected to the evolution of the exhaust plume. Over

its lifetime, the plume can be roughly divided into the jet-, vortex-phase and the

di�usion regime.

The �rst phase, the jet phase, lasts for about 10 s. In this phase, the plume is driven

by the dynamics of the engine exhaust. The several hundred degree hot exhaust

plume additionally typically consists of approximately 1:25 kg water [65, 64] and in

the order of 1015 soot particles and 1017 non-volatile particles [38] per kg fuel burned

compared to ambient air. (These values heavily depend on the propulsion system

and the fuel, the values here are an estimation for aircraft that burn kerosene.

There are also other emissions, but they do not play a role in the formation of

contrails.) The exhaust gas quickly cools during the �rst phase by entrainment

of the surrounding air, the plume is hereby expanded in an isobaric way. The

plume cools from 500-600 K to almost ambient air temperature. [21] If water vapour

saturation w.r.t. water is reached during this cooling process, contrails will form

after approximately 1/3 of a second. The criterion for the formation of a contrail is

called the Schmidt-Appleman criterion and will be explained in more detail later.
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In the second phase, the vortex phase, the plume is a�ected by the so-called wing-

tip-vortices. These two inward counterrotating vortices isolate the plume from the

surrounding air and let the plume descend several hundred meters. [66, 37, 16]

The wing-tip-vortices are created by the generation of lift. [1] During this phase,

secondary vortices can be created which stay at 
ight altitude, this can be seen as

secondary contrails over the main plume. [75] The secondary vortex contains roughly

between 10{30% of the plume. [21] The vortex phase that lasts up to around 300 s

during which the temperature rises only due to adiabatic compression of the air in

the sinking vortex. The rise of temperature can lead to the evaporation of newly

formed ice crystals. Due to the temperature increase the plume can rise again in

stabily strati�ed atmosphere back to the emission level. [30, 85, 84]

After the vortices dissipate, the �nal phase begins. In this phase, the plume with the

freshly formed contrail comes into contact with the environment and di�uses into

it. Whether the contrail dissipates quickly or survives for a longer time depends on

the atmospheric conditions of the environment. Ice supersaturation is necessary to

prevent the crystals in the contrail from evaporating. This phase can last several

hours.

2.3 Contrail formation: the Schmidt-Appleman

Criterion

For the creation of contrails, ice crystals have to be nucleated. However, the soot

particles in the exhaust plume are unsuitable as ice nuclei. The formation of ice

crystals proceeds via the liquid phase. [39] That means that �rst droplets form

(mainly) on the soot particles which freeze in su�ciently cold air. This implies that

the expanding plume must transiently attain liquid supersaturation. This is the

central point of the Schmidt-Appleman Criterion (SAC). It is convenient to view

the isobaric mixing process in a Temperature vs. water vapour partial pressure

phase diagram.

In Figure 2.2 this is sketched. The two dotted lines show two mixing lines which are

straight because the mixing is isobaric. The left solid line represents the saturation

vapour pressure with respect to liquid water whereas the right one represents the

saturation with respect to ice. The mixing line which is tangent to liquid saturation

curve, represents a case where a weak contrail would just form. Contrails do not

form if the mixing line would be located to the right of this threshhold mixing

line. The other mixing line on the left to the threshold line leads through liquid

supersaturated conditions which means that a contrail forms.
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Whether a contrail forms or not depends inter alia on the slope of the mixing line,

G, which is de�ned by:

G =
� e
� T

(2.3)

� e is hereby the change in water vapor partial pressure in the expanding plume and

� T the corresponding temperature change.

With the help of equation 2.4 one can �nd the temperatureTM where the slope of

the water vapour saturation curve has the valueG. [64] This is also the maximum

temperature at which a contrail can be formed.

TM = � 46:46 + 9:43 ln(G � 0:053) + 0:720 [ln(G � 0:053)]2 (2.4)

Since the mixing trajectory is a straight line in Phase diagram with the slopeG, it

is simple to calculate for given atmospheric temperature and water vapour pressure

whether a contrail can form or not. If the relative humidity is given, a maximum

temperature which allows contrail formation can be computed with the following

equation:

TC = TM �
esat (TM ) � U esat (TC )

G
(2.5)

U = e
esat

is hereby the relative humidity. If however the ambient temperatureTC

is given, one can deduce a minimum water vapour pressure that is necessary for

contrail formation.

ecrit = e(TM ) � (TM � TC ) G (2.6)

For practical purposes, it is important to express the slopeG in terms well known

properties of the fuel, aircraft and ambient conditions. For kerosene driven aircraft

Schumann has derived the following equation, exploiting conservation laws for mass,

momentum and energy. This is known as the Schmidt-Appleman Criterion.[64, 65,

62, 2]

G =
EI H 2O p cP

� Q (1 � � )
(2.7)

EI H 2O is the water vapour emission index, which for kerosene burning is typically

1:25 kg water per kg fuel.Q is the combustion heat of fuel, which is about 43 MJ=kg.

� is the overall propulsion e�ciency (0.3{0.4 are typical values). It is included in

the equation since only a fraction of� Q of the chemical energy is used to propel

the aircraft, the remaining part heats the exhaust gases.p is the ambient pressure

and cp is the speci�c heat capacity of the air at constant pressure.� = 0:622 is the
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Figure 2.2 T-e phase diagram of contrail formation. The two solid lines are the saturation vapour
pressure curves (the upper one with respect to water and the lower one with respect to
ice) as a function of temperature. The two dashed lines with the same gradient show
possible isobaric mixing curves of hot moist exhaust gases and cold dry ambient air.
If the straight lines intersect the vapour pressure curve w.r.t. water (left straight line)
or are at least tangent to it (right straight line), condensation trails can form. If the
air mixture remains in the dark grey area, the contrail can persist for a long time or
even grow. In the light grey area, on the other hand, the contrail only remains for a
short time and the ice crystals in the contrail sublimate into the surrounding air. The
illustration is from the chapter "Contrails and Contrail Cirrus" by Gierens [29]

ratio of molar masses of water and air. For current kerosene propelled aircraftG is

typically of the order 2 Pa=K. Note that the formula for the G-factor is di�erent for

other propulsion. [92, 23]

2.4 Contrail persistence: Ice supersaturation

The SAC tells us only if a contrail is formed or not. Whether it is persistent, that is

whether its ice crystals will survive for longer than a few seconds to minutes, depends

on the ambient RHi . The ambient air should be supersaturated with respect to ice.

This prevents the ice crystals inside a contrail to evaporate. Furthermore, this is also

the condition for the ice crystals to grow. That is, in an ice-supersaturated region,

contrails can grow. In Figure 2.2 the dark grey shaded area depicts the conditions

for a contrail to be permanent. However, the conditions represented by the light

grey shaded area let the ice crystals evaporate, leading to the disappearance of the
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contrail within a short time.

Theoretically, contrails would also grow when the water vapour is supersaturated

w.r.t. water. However, since clouds form spontaneously under these conditions

which would immediately freeze to form cirrus, the climatic e�ect of contrails would

be negligible here.

Areas in which the supersaturation occurs w.r.t. ice, but not to water, and where

no clouds have formed yet are therefore of particular interest. We call these areas

ice supersaturated region (ISSR). The ISSRs are typically several hundred metres

high. [81, 57, 11] The horizontal extent of ISSRs has been estimated from 
ight path

lengths (MOZAIC project [48]) through ice-supersaturated airmasses which results

in about 150 km� 250 km. [24] The large standard deviation is due rare cases where

the 
ight path through an ISSR was more than 1000 km. On average about 15% of


ight paths on cruise altitude occur in ISSRs. [25] ISSRs are therefore not uncommon

in the atmosphere. [28] The exact heights of the ISSRs vary depending on latitude.

Due to the warmer atmosphere in the tropics, the ISSRs there are higher at 140 hPa

than at mid-latitudes around 200-250 hPa. In general, with a few exceptions such

as the Antarctic, the ISSRs lie below the tropopause in the upper troposphere. [71]

ISSRs usually form where the air rises and, therefore, cools. This is the case over

large areas in the tropics in the so-called tropical transition layer or along storm

tracks in the mid-latitudes. Depending on whether the air lift is large-scale or

localised, the lifespan can range from a few hours to around a day. [73, 72, 4]

However, care must be taken here, as ISSR is not an inherent quantity of the air

mass such as absolute humidity, but only a state. The ISSR do not necessarily follow

the movement of the winds.

2.5 Contrail radiative e�ect

The climatic e�ect of contrails and the resulting cirrus clouds follows the same

principles. There are two opposing e�ects, one cooling and one warming. The total

climatic e�ect is the sum of the two.

The warming e�ect results from the reduction of long-wave radiation emitted into

space due to contrails. Contrails absorb the long-wave radiation from below (e.g.

from the earth surface) and emit less long-wave radiation further than they absorbed

from below. The di�erence in radiation comes from the temperature di�erence be-

tween the cold, high contrail cirrus clouds and the warmer earth surface or lower

clouds. Since thermal radiation follows the Stefan-Boltzmann law, which is propor-

tional to T4, even small temperature di�erences lead to considerable di�erences in
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FORMATION AND PERSISTENCE AND THEIR RADIATIVE EFFECTS

long-wave radiation. With contrails, the Earth looks locally from space like a colder

body.

The cooling e�ect is caused by contrails re
ecting short-wave light coming from the

Sun back to space. This e�ect depends strongly on the angle of incidence of the

light and, therefore, on the position of the Sun. The cooling e�ect is not present at

night and is strongest when the sun is low in the sky. [53]

The total radiative e�ect of a contrail is therefore dependent on the position of

the Sun, the optical thickness, the extension of the contrail, the lifetime, and the

surroundings. [51, 66, 91, 76] For example, contrails are always warming at night

but may or may not cool during the day. [74] The individual radiative e�ect of

a single contrail can range from several� 10 W=m2up to several +10 W=m2. The

distribution of the individual e�ect peaks at a few W=m2 in the positive part of the

PDF (warming) and has an approximately exponential decay toward higher values.

The mean value is positive as well. [90]

The radiation e�ect of contrails is signi�cantly reduced if there are cirrus clouds

or other contrails in the vicinity. It can also happen that contrails deprive other

contrails of the available water in the atmosphere, and hence of the possibility to

grow. This modi�es the radiation e�ect of the contrail considered.

In order to determine the climate e�ect of contrails it is necessary to run climate

models over a long time period, as in Burkhardt et al. [9]. [8, 6] On a global annual

average, contrails are warming.
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Chapter 3

Data and Methods

As the goal of this thesis is to analyse the impact of an imperfect weatherforecast

on avoiding contrails, we undertake to study the di�erences of the weather forecast

at a time of 
ight planning to the real weather at the time of the 
ight. As the

real weather is not at hand we use the most recent forecast as a proxy for reality.

This chapter �rst describes the weather data used. Then we introduce the mathe-

matical methods that we use for comparison. These include the correlation of �elds

from two di�erent forecasts and its dependence on the temporal distance between

the forecasts. Furthermore, we evaluate such �elds in terms of correct positives

(i.e. contrail forecasted and con�rmed), correct negatives (contrails not forecasted

and not con�rmed), false alarms (contrail forecasted but not con�rmed), and misses

(contrail not forecasted but con�rmed). For a simple illustration, we also use arti-

�cial 
ight paths and consider where the four categories of the comparison are met

along the 
ights. These events are analysed with a contingency table and two scores,

the critical success index and the equitable threat score. As we are also interested

in the cloudiness that is ambient to predicted contrails, we further investigate the

high-altitude cloudiness, to which we employ the maximum random overlap method

to determine the e�ective local coverage. Finally, a description of the experimental

procedure is provided.

Note that the data used and a part of the methods have been applied already for

the mentioned paper [88]. The corresponding sections, written in collaboration with

Klaus Gierens, have been slightly adapted for this thesis, but they have not been

completely reformulated. The text from sections 3.2.1, 3.1.1 and 3.2.5 is not taken

from the paper.
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3.1 Weather-data

This study is based on special aviation weather forecast data provided by the German

Weather Service (DWD) within the German LuFo-VI-2 project D-KULT (Demon-

strator Klima- und Umweltfreundlicher Lufttransport; Demonstration of climate-

and environmentally friendly air transport), funded by the Federal Ministry for Eco-

nomic A�airs and Climate Action. DWD issues four times per day the WAWFOR

(World Aviation Weather FORcast) data packages that are derived from the regular

weather forecast produced with the ICON model. WAWFOR is available globally

(spatial resolution 0:125� � 0:125� in longitude and latitude) and, with higher spatial

resolution, for the European region (EU nest: 23:5� W � 62:5� E; 29:5� N � 70:5� N,

resolution 0:0625� � 0:0625� , approx. 6:5 km � 6:5 km); we use both. For D-

KULT, WAWFOR is enriched with additional data sets, WAWFOR-Klima-X, where

the "X" stands for further speci�cations. Here we use the WAWFOR package 1

(EU-nest, global), WAWFOR-Klima-1 (EU-nest, global), and WAWFOR-Klima-1s

(global). While Klima-1 includes output from the operational one-moment micro-

physics scheme, Klima-1s uses experimental runs of ICON equipped with a two-

moment scheme based on the work of Seifert et al. [68]. These data sets contain in

particular the following �elds:

PPC: potential of persistent contrails | a binary value (0 =1), with PPC = 1 indi-

cating a grid box where persistent contrails are possible;

PPC prob: fraction of ensemble forecast members that havePPC = 1 | a real

number between 0 and 1.

CLC : cloud coverage fraction | Percentage (0� 100), whereCLC = x means that

x percent of a grid box is cloudy and (100-x)% are clear.

The exact calculation procedure of the variables varies slightly depending on the

speci�c data set. PPC is computed using temperature and relative humidity from

the regular forecast, applying the Schmidt-Appleman criterion [64] with an overall

propulsion e�ciency of � = 0:365. The criterion of ice (super)saturation is assumed

for values of relative humidity with respect to ice (RHi ) that exceed 93%, in order

to balance a low humidity bias in the forecast [31], for the Klima-1 data (EU-nest,

global). For the EU-nest of the WAWFOR-Klima-1 data set, there is an additional

variable PPC prob, which is intended to re
ect the uncertainty of the forecast.

Instead of a deterministic run forPPC, 40 ensemble members with simpli�ed physics

and slightly di�erent initial conditions are used. PPCprob is basically the number

of members of the 40-member forecast ensemble that predictPPC = 1, divided by

the total number of ensemble members (40); It can thus obtain valuesn=40;n 2

N0; 0 � n � 40. This gives us a probability instead of a binary value.
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A similar idea is behind thePPC calculation for the experimental data set WAWFOR-

Klima-1s. Whereas WAWFOR-Klima-1 (EU-nest, global) uses the output of a de-

terministic run, the WAWFOR-Klima-1s (global) takes the average of 10 ensemble

runs. For this experiment, no deterministic run is performed. To computePPC in

the ensemble mean,RHi is averaged at all grid-points where the Schmidt-Appleman

criterion is ful�lled. If this average equals or exceeds 100%,PPC = 1 is output,

otherwise and at all other grid-pointsPPC = 0. Regarding the threshold value for

ice supersaturation a tuning is deemed not necessary for the two-moment scheme.

Thus, for the Klima-1s data, ice supersaturation is assumed forRHi � 100%. The

reason for this is explained in section 3.1.1. A further detail regarding the calcula-

tion of the experimental runs with the 2-moment scheme is that they are initialised

with the analysis data from the operational ICON run. Thus, the experiment needs

a spinup-time of about 6 hours to build up the full ice-supersaturation.

We use cloud fraction (CLC) for pressure levelsp � 400 hPa (upper troposphere) in

order to estimate (in a crude way) whether the predicted contrails have natural high

clouds in their neighbourhood that would diminish their long-wave e�ect, thereby

the warming impact that aircraft rerouting aims to mitigate or prevent.

3.1.1 Cloud schemes

Instead of presenting a full description of the cloud microphysics used in the DWD's

ICON model used here in detail, which is outside the scope of this work, we refer

to the work of Seifert and colleagues [67, 68] for the two-moment scheme and for

the one-moment scheme to the Cosmo documentation [13]. In this section, only

the e�ects on ice supersaturation in the model that are important for this work are

discussed.

The one-moment scheme is the operational scheme of cloud microphysics at the

time of the Master's thesis. Due to some simpli�cations, the scheme is fast and

e�cient, an important factor for time-critical NWP. One of these simpli�cations is

the fact that condensation nuclei for ice (mainly ice crystals) are not a prognostic

variable in the model but are parameterised. This parameterisation cannot account

for the age of a cloud and thus assumes a large number concentrations of ice crystals

already upon �rst nucleation, which leads to short relaxation times. As a result, ice

supersaturation is consumed very quickly down to saturation, and therefore there

is insu�cient ice supersaturation in the model. One trick to compensate for this is

to set the threshold value for ice supersaturation lower than 100% for subsequent

calculations such as in Hofer et al. [31].

The two-moment scheme solves this problem by calculating, among others, a pre-
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dictive value for the number of ice crystals. As a result, there are fewer ice crystals

when a parcel of air becomes supersaturated w.r.t. ice. This leads to longer relax-

ation times to saturation and thus also to ice supersaturation distributions that are

more realistic. In this model version, ice supersaturation is a frequent condition in

the upper troposphere, as observed.

3.2 Methods

In the next section, we take a look at the various methods used in this thesis. First,

we look at several ways to compare two forecast �elds. Scores are used to reduce

the results of the comparisons to single numbers. Finally, the maximum random

overlap method is presented, which is used to calculate the e�ective cloud cover.

3.2.1 Pearson-correlation

Correlations can be used to compare two �elds and to quantify their similarity.

There are various ways to do this, but in this work the so-called Pearson correlation

is used. Let X be a forecast �eld of a variable from the model run m andY

another forecast�eld of another variable from the model run n, then we can calculate

statistical measures with formulas 3.1. It is necessary that both �eld have the same

coordinate system. The values at certain gridboxes are denoted with small letter.

Corr (X; Y ) =
X

lat

X

lon

X

plevel

( �X � x)( �Y � y)
� x � y

(3.1a)
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Here is Corr (X; Y ) the Pearson correlation,N the number of grid points, �X the

mean value of the variableX over all grid points and� x the standard deviation.

The Pearson correlation compares the direction of the deviations of two variables

from their mean value. However, the correlation only "recognises" linear relation-

ships. The correlation values can lie between -1 and 1 due to normalisation by the

two standard deviations.
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Figure 3.1 Sketch of a Venn diagram with two setsA and B . These two sets represent twoPPC
forecasts with the same valid time, but a longer (A stands hereby for all gridpoints
with PPC = 1) and a shorter (B also stands for gridpoints with PPC = 1) lead time.
The intersection A \ B is called correct positive, �A \ �B correct negative, A \ �B false
alarms and �A \ B misses. The colour-coding for this diagram is used in other �gures
throughout this thesis.

A correlation of one means that the deviations of the variableX behave in the same

way as the deviations of variableY apart from a constant prefactor. For -1, the

two deviations develop in opposite directions. The two variables are described as

uncorrelated if the Pearson correlation is close to 0. This means that it is not possible

to draw conclusions about the deviations of the one variable from the deviations of

other.

If X and Y are di�erent variables, such correlations are also called cross-correlations.

Autocorrelation is a special case of cross-correlation in whichX and Y are the same

variable but may have a time o�set, for example. The latter is used in this study to

see how the �eld similarity evolves with increasing lead time di�erences.

3.2.2 Comparison of forecast �elds

As the two forecasts with di�erent lead times but same valid time share the same grid

points, the most direct method to compare them is a point-wise comparison. This

allows directly �nd, mark, and count grid-points for correct forecasts (yes and no),

false alarms and misses. All grid-points are covered in this kind of comparison. The

corresponding maps can be interpreted as Venn diagrams like in �gure 3.1 displaying

two sets,A and B: The �rst set, A, is the collection of grid-points that havePPC =

1 in the forecast with the longer lead time. The second set,B , is the analogue, but

for the forecast with shorter lead time , a proxy for reality. Furthermore, there is
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the intersection of these two sets (A \ B), where both forecasts showPPC = 1, and

all the remaining grid-points, where both forecasts showPPC = 0 ( �A \ �B ). The

two sets di�erences represent false alarms (A \ �B ) and misses (�A \ B), respectively.

The colours in the cross sections in the next Chapter 4 have the same meaning as

in the Venn diagram in �gure 3.1. The counting of the corresponding grid boxes

allows the quantitative evaluation of the forecast skill, see section 3.2.4.

3.2.3 Flight-trajectories

Although the counting of grid boxes that belong to di�erent sets is the easiest way to

analyse, it lacks clarity of what this means for 
ight route planning. The following

method is used with the goal to evaluate the impact of the changes within a forecast

to potential mitigation measures. There are two possibilities. Either real 
ight

trajectories or arti�cial ones can be utilised. Real 
ight trajectories imply one or

more case studies, while arti�cial 
ight trajectories imply a principal study based

on statistics. The latter one is preferable as it has in our opinion more general

implications than case studies. Thus, it is necessary to create arti�cial 
ight paths.

In the �rst step, two random points are selected. Equally spaced waypoints are

created between the pair of random points to represent a 
ight track. In this case

a uniform distribution is used for the longitude and latitude values of each random

point. This means that the waypoints lie along a loxodrome, but since the EU-

nest covers only a small part of the globe, which can be considered 
at, and the

loxodrome is thus quite close to a great circle. The spacing between the waypoints

is approximately 0:25� , which corresponds to about 25 km in the mid-latitudes.For

each experiment, 1000 random 
ight paths are constructed in this way. For the sake

of simpli�cation, all waypoints are one single 
ight level (FL), in this case FL 350.

Instead of taking the same grid point as in the previous section, the next possible grid

point is taken via the nearest-neighbour method for each waypoint. The approach

for comparing two predictions in this way remains otherwise identical.

3.2.4 Scores

For further processing of the data, a contingency table is used. The contingency table

can be further reduced to the CSI (Critical Success Index) and the ETS (Equitable

Threat Score). The CSI is de�ned in equation 3.2 and the ETS in equation 3.3.

Table 3.1 shows the di�erent meanings of the variables used in a contingency table.

CSI =
a

(a + b+ c)
(3.2)
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ETS =
(a � ar )

(a + b+ c) � ar
(3.3a)

ar =
(a + b)(a + c)
(a + b+ c + d)

(3.3b)

If one is interested in the forecast and observation of ice supersaturation, the case

where it is neither forecast nor observed is generally the most frequent one, thus

d in the contingency table is here the largest but least important parameter. This

has to be taken into account when choosing a score. CSI (Critical Success Index)

and ETS (Equitable Threat Score) are scores that do not place much weight ond.

The CSI can roughly be understood as the fraction of correct forecasts within the

interesting events (false negative, false positive, and correct forecasts). The CSI

ranges between 0 and 1. A high score is desirable, as it means that the percentage

of correct forecasts is high. However, even if the forecasts were made in a random

fashion, a certain proportion of correct forecasts would occur by chance. This e�ect

is corrected for in the ETS where the counta for correct forecasts is reduced by

ar , the expected number of correct forecasts in a purely random forecast. The ETS

ranges from� 1=3 to 1. Negative ETS implies that the forecast is more often wrong

than a purely random forecast, which in turn has ETS = 0. ETS = 1 would signify

a perfect forecast.

Table 3.1 Sketch of a contingency table.

observed
True False

predicted
True a b a+b
False c d c+d

a+c b+d a+b+c+d

3.2.5 Maximum random overlap

For each waypoint, the nearest grid point is used to represent thePPC-�eld at the

waypoint. We use a similar method to choose cloudiness (CLC) but instead of taking

a single pressure level, we consider cloud coverage in the entire upper troposphere

(50 � p � 400 hPa). This was done because the high cold clouds can overshadow the

ERF of contrails. To compress the cloud coverage of the whole upper tropospheric

column into a single number, a e�ective cloud cover, we use the maximum random

overlap method.
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The maximum random overlap method is a simple method to calculate the e�ective

cloud cover in an atmospheric column over several model levels. This method can

be found in various papers [19, 33, 27].

Two assumptions are made for this method. Firstly, it is assumed that the clouds in

adjacent model levels belong to one large cloud. This kind of large cloud is called in

the following a cloud group. Another assumption is that these clouds within a cloud

group overlap as much as possible, which means that the maximum cloud fraction

in the considered levels equals the cloud fraction of the cloud group that covers the

levels.

Two cloud groups separated by a model level with coverage 0 are assumed to overlap

randomly. For each of thesen cloud groups, the maximum cloud coverBk within

the k-th cloud group is taken from the maximum of all model levels within the

cloud group. The total cloud coverB tot is then calculated using equation 3.4. The

cloud-free area is determined �rst using the product of all (1� Bk). The di�erence

between the total area (1) and the cloud-free area gives the total degree of coverage.

B tot = 1 �
nY

k=1

(1 � Bk) (3.4)

3.3 Experiments conducted

WAWFOR data are issued every 6 hours with hourly resolution up to a 48 hours

forecast. This implies that the weather forecast of a certain hour on a given day

can be found in various forecast runs with varying lead times. The most recent

forecast with fully developed ice supersaturation and with shortest lead time to a

certain hour will be used as a proxy of reality, since observations ofPPC are not

possible. In this case here, it is zero to six hours for the one-moment scheme (i.e.,

WAWFOR-Klima-1 dataset) and 7 to 12 hours for the two-moment scheme (i.e.,

WAWFOR-Klima-1s dataset).

An older forecast with a longer lead time will represent the time when the 
ights

were planned strategically. Lead times of up to 30 hours are considered , a num-

ber chosen considering common circumstances in strategically planned rerouting.

Climate-aware 
ight planning takes place several hours, say 3 to 10 hours, before

takeo�. The weather forecast at the time of 
ight routing may already be 10 hours

old, since it is initialised at certain times and then needs about 4 hours to complete.

The 
ight itself can last 10 hours. This means that the temporal distance between

the initialisation of the weather forecast and the actual time when the aircraft is

en-route, the lead time, may reach 24 hours or, in extreme cases, even 30 hours.
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The question is now how the assimilation of more and more observations into the

subsequent weather simulations changes the forecasts and how these changes a�ect

the desired success of strategically planned contrail-avoidance routings.

This thesis evaluates the di�erences between multiple forecasts for the same time

but with di�erent lead times. For this comparison, the methods described in section

3.2 are used. Before we compare di�erent forecasts, we �rst consider the uncertainty

of a single forecast, which is expressed by the di�erences between the deterministic

and the ensemble calculation. For cases withPPC = 1=0 in the deterministic run,

we study the respective distribution ofPPC prob. We repeat this exercise with

di�erent lead times for the same unique valid time. First, we present histograms, but

then we proceed to correlations, with the aim of compressing complex information

into a single value, which is easier to interpret. In order to show a statistically

relevant development over time, 26 independent cases (between the end of October

and March) are plotted for di�erent lead times (up to 42 hours). This is done once

for the autocorrelation ofPPC and for the cross-correlation ofPPC and PPC prob.

For each case, thePPC �eld with a lead time less than 6 hours is the proxy of reality

with which the comparison is made.

Next, a case is examined with the random 
ight method using a di�erence of 24

hours between the two forecasts. We furthermore show a particular good and bad

situation using the method from section 3.2.2. After that, a global horizontal cross

section is displayed using the same method. We not only consider the forecasts on

a single 
ight level but also one vertical cut, a perspective that is important for

vertical rerouting.

In the next step, we consider 29 times (between the end of October and the end of

April) and di�erent lead times to gain a more general insight by applying statistics.

So far, data from the one-moment microphysics scheme are used, but in an analysis

of the temporal change of certain score values (see below), data from the two-moment

experiments are employed as well as data from the one-moment scheme and it will

turn out that the score values of these two models are more or less indistinguishable.

The 30 days (between March and May) used from the Klima-1s data are chosen

independently of the 29 days from the Klima-1 data. The comparison is here over

the whole 3D-�eld and not only over one 
ight level as in the previous statistical

analysis.

Finally, the natural cloudiness is analysed in the four categories (correct posi-

tives/negatives, false alarms, and misses). For that purpose, another 32 independent

cases are chosen out of three months (between April and June) . This analysis is

motivated by the observation that contrails often appear in the neighbourhood or

even intermixed with natural cirrus, which modi�es their radiation e�ects.
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Chapter 4

Results and Discussion

In this chapter we are going to assess the data under multiple aspects. In the

�rst part, we shall inspect the variables ppc, ppcprob and their relations between

each other. To this end, we use conditional probability distributions, correlations

and their evolution over time. In the next part, we investigate the in
uence of an

imperfect weather forecast on strategic 
ight planning regarding contrail avoidance.

We therefore analyse Venn-diagrams with four di�erent cases (correct positives,

correct negatives, misses, and false alarms).

The sections 4.2 are taken from the paper [88] in a slightly modi�ed form. These

sections were written in collaboration between the authors Klaus Gierens and Georg

von Bonhorst. The texts were changed so that they �t better into the structure of

the Master's thesis. The �gures 4.9, 4.10, 4.12 and 4.13 were plotted by Moritz

Maizet as part of an internship. He was supervised by the other authors of the

paper [88] and contributed these graphs to the paper.

4.1 Ensemble vs. deterministic forecasts of po-

tential contrail cover

The "Klima1" datasets have an ensemble and a deterministic version of the new

variable potential persistent contrails (PPC and PPC prob). Since bothPPC and

PPC prob describe the same atmospheric situation, it is interesting to see how the

two situations (PPC = 1 or 0) in the deterministic forecast are re
ected in the

ensemble.

First, we inspect one forecast for one point in time (valid time) and plot the distri-

bution of PPC prob under the condition that ppc is 0 (�gure 4.1) or 1 (�gure 4.2).

We arbitrarily chose the 23th October 2024 19:00UTC.
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Figure 4.1 Histograms of PPC prob under the condition that PPC is zero andPPC prob larger
than zero. The black solid line is the truncated median, the red solid is the truncated
mean, and the red dashed lines show the truncated standard deviation. The truncation
is necessary, otherwise all statistical measures would appear in the �rst bin, rendering
this representation useless. This behaviour is due to the fact that the state where the
conditions for PPC = 0 met is by far the most common state in the tropspere. The
zero bin alone would have over 90% of the gridpoints. The data set used is from the
latest weather forecast for 2023-10-25T1900 UTC.

Of the more than 52 million grid points in one forecast, only around 4 million (2.4

million in �gure 4.1 and 1.6 million in �gure 4.2) ccontribute to the two diagrams.

As indicated previously, this is due to the fact that there is usually no ice super-

saturation in the atmosphere. Since the ensemble members can re
ect part of the

uncertainties via their spread, it can be seen in both �gures that not all ensemble

members predict the same as the deterministic run, and thus the forecast has some

uncertainties. There are even several points where more than half of the ensemble

members predict the opposite of the deterministic forecast.

Figure 4.1 shows the distribution ofPPC prob for all gridpoints wherePPC = 0 ,

that is where contrails are not expected. Most of the ensemble members agree with

this expectation at most gridpoints, such that there is a huge peak atPPC prob= 0.

This peak contains 90% of the gridpoints in forecast �eld. This is not surprising, as

a situation without ice supersaturation and thus withPPC = 0 represents the most

common state in the atmosphere [28]. The peak is omitted from the plot in order
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Figure 4.2 As �gure 4.1, but under the condition that PPC is one and no bin is omitted.

to make the rest of the distribution visible. In the remainingPPC = 0 gridpoints

(about 5% of all gridpoints in the forecast �eld) not all of the ensemble members

agree with the deterministic run. But cases with high agreement (PPC probsmall)

occur often and cases with low agreement (PPC prob large) rarely. The distribu-

tion of PPC prob decays roughly in exponential fashion. In this speci�c case, the

truncated (i.e. without PPC prob) mean value is 0.2. This means that on average

over all gridpoints with PPC = 0 and PPC prob6= 0, 1/5 of all ensemble members

don't agree with the deterministic run. The truncated median lies closer to zero at

around 1/7. The truncated standard deviation of this asymmetric distribution,which

is skewed toward 0, is about 1/6.

In contrast to �gure 4.1, no grid points are omitted in �gure 4.2. In this graph, the

distribution of PPC probis derived from all points at whichPPC is one. Apart from

a peak at 1, the distribution looks like a triangle that increases towards 1. In about

10% of the grid boxes withPPC = 1, all ensemble members agree. Consequently,

in the remaining 90% ofPPC = 1 gridboxes not all members agree and on average

only 3/4 of the ensemble members agree withPPC = 1. The median is close to the

average, but is slightly more in the direction of one. The standard deviation of this

distribution is about 1/5.
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Figure 4.3 Histograms of PPC prob under the condition that PPC equals one, similar to �gure
4.2.Every individual line depicts a di�erent lead time. The date for the left plot is the
25th October 2023 19:00 UTC and for the right one the 25th December 2023 19:00 UTC.
The left diagramm shows pattern that can be usually found in this kind of diagram,
whereas the right one seems to be a more rare case. The spread and distance of the
mean in these diagrams is connected to the uncertainty of the weather forecast. It is
therefore conceivable that the image on the right-hand side shows a more uncertain
forecast. Furthermore, the forecasts get, as expected, more uncertain and spread out
for longer lead times.

Given our primary concern is regions with potential consistent contrails, we now

analyse the variation in histograms under the condition thatPPC equals one across

di�erent forecast horizons.

In �gure 4.3 on the left side we can see a similar kind of plot as in �gure 4.2. The

prediction time is the same (23th October 2024 19:00UTC). This can represent an

aircraft on route and we want to predict its contrail formation potential, but in this

�gures there are histograms for di�erent lead times. That is, they belong to fore-

cast with di�erent initialisation times, between 1 and 43 h in the past. ThePPC

and PPC prob are always from the deterministic and ensemble runs with identical

initialisation time. To make a comparison of di�erent lead times possible, the area

under each histogram is normalised to one. For each model run n-hours (1, 7, 13, 19,

25, 31, 37 and 43 h) before the valid time, we plot the density function ofPPC prob

under the condition that PPC equals one. Figure 4.3 on the left side is a typical

example. The further the model initialisation lies in the past, the 
atter is the den-

sity function. Furthermore, it is also successively shifted closer toPPC prob zero.

The reason behind this phenomenon is quite simple: In a chaotic yet deterministic

model, model runs with slightly di�erent initial conditions spread over time [34].

The PPC probis an average of 40 di�erent model runs with slightly modi�ed initial

conditions. It is therefore clear that as the delay between the initialisation time and

the valid time increases, less and less members of the ensemble agree with thePPC

parameter of the deterministic run. The distribution is therefore spread out. The

temporal behaviour of the histograms occurs quite often, but there are exceptions.
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On the right side of �gure 4.3 we see the same kind of plot as on the left. The chosen

date was the 25th December 2025 at 19:00 UTC. This was a weather situation that

was hard to predict (personal correspondence with Linda Schlemmer, DWD). If we

compare the left- and right-hand side of �gure 4.3, we see that they have noticeable

di�erences. The 1 h line peaks only half as high as in the other case on the left

side of the �gure. The peaks of the other runs are more shifted towards 0:5. The

histograms look more like a Gaussian distribution and not like a distribution skewed

to the right.

Taken together, the results so far suggest that forecast �elds are getting worse with

larger lead times and there are some peculiar weather situations where prediction

of future weather is more di�cult.

Until now, we only looked at individual situations. This does not give us an idea

of general trends. Since this is desirable, but not feasible, with the diagrams in

�gure 4.3, we try to capture the connection between di�erent lead times and the

two variables PPC and PPC prob via a single number and search for statistical

patterns of this number. The algorithm we chose for this is the Pearson correlation,

cf. section 3.2.1. The Pearson correlation is a way to describe similarities of variables

with only one number. In the next two �gures, we chose multiple dates and for each

date the PPC �eld with the shortest lead time as a reference (proxy for reality).We

correlate this reference with either variablesPPC or PPC probfrom forecasts with

earlier initialisation times.

In �gure 4.4 we plot the autocorrelation ofPPC for 26 independently chosen dates

between the end of October 2023 and March 2024. These 26 cases are depicted with

variously coloured dashed lines. The referencePPC �eld in each case is from the

�rst �ve hours of the most recent forecast. ThesePPC �elds are correlated toPPC

�elds from runs with earlier initialisation time increasing in steps of 6 h, up to 48 h

earlier. The 6 h were chosen because this is the timeframe in which a new forecast is

calculated with more assimilated measurements. The thicker blue line is the average

of these 26 autocorrelation functions, and the blue shaded area is the corresponding

standard deviation.

The autocorrelation function starts at 1 per de�nition (correlation of the proxy with

itself) and decreases on average as the lead time gets longer. With increasing lead

time the average autocorrelation decreases, reaching� 0:6 at 48 h lead time, and

its standard deviation increases to almost 0.1 at 48 h . There are some peculiar

cases where the dashed line of an individual case does not completely follow the

trend of the mean and instead increases temporarily. This can be seen as a random


uctuation of the system as the general trend for each line is a decrease.
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Figure 4.4 Evaluation of the Pearson-correlation betweenPPC and PPC as a function of lead
time. Hereby onePPC is set as a proxy for reality. The dashed colored lines are the
result of 26 randomly chosen dates. (Between end of October 2023 and March 2024)
The blue solid line is the average and the shaded area indicates the standard deviation.
At the beginning all lines start at 1.0, since this is an auto-correlation. The di�erent
h stand for the di�erent lead times. As the the lead times get shorter the correlation
rises on average. There are some peculiar cases where for a single dashed line this is
not the case.



4.1. ENSEMBLE VS. DETERMINISTIC FORECASTS OF POTENTIAL CONTRAIL
COVER 31

Figure 4.5 This graph shows a similar graph as �gure 4.4, but here thePPC that is varied is
exchanged byPPC prob. The shape of the two �gures is very similar, but this �gure
starts lower and ends higher than the previous one.

The next �gure 4.5 is similar to the previous �gure. The same days are chosen, but

instead of an autocorrelation, a cross-correlation betweenPPC and PPC prob is

used. Here,PPC with the shortest lead time remains the proxy of reality. The

�gure design for the individual cases, mean and standard deviation, remains the

same. The curve starts slightly below 0.9 at 0 h lead time and ends around 0.7 at

42 h lead time. Here too, the standard deviation increases with longer lead times and

there are also small outliers in the individual curves. The crosscorelation function

of PPC and PPC prob di�ers in some respects from the autocorrelation in �gure

4.4. PPC corr does not achieve the same agreement as a distribution with itself,

but the curve decreases at a lower rate and has a lower standard deviation. At the

longest lead times, the cross-correlation is about 0.1 above the autocorrelation. It

seems that the ensemble mean is better for predictions that have longer lead times.

Overall, we can conclude from this section: First,PPC and PPC prob correlate

strongly with each other. Second, shorter lead times achieve higher correlations than

longer lead times. Third, the ensemble mean is to be favoured for longer prediction

times. Fourth, the correlations are always higher than 0.6. In spite of that, it is

not clear whether this is actually a positive result or whether it is rather due to

the predominance of cases where no contrail can form. Other studies, like the one

in the next section, are necessary, which factor in the high probability of the most
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Figure 4.6 1000 random 
ight tracks on 
ight level 350 over Europe on 20th March 2024,
11:00 UTC. The single waypoints are coloured according the relation between the con-
trail forecast with a lead time of 24 hrs and the most recent forecast for the time of
the 
ights. Grey dots: no contrails predicted in both forecasts; green dots: contrails
predicted at 
ight planning and in the most recent forecast; red dots: misses; blue dots:
false positives. Note that some regions near the borders of the map are not covered
with random 
ight tracks.

common state.

At this point, we should again point out the limitations of this comparison. The

predictions are compared only with one other prediction. Errors between real-

ity/observations and the prediction are not recorded. Therefore, only the "stability"

of the prediction is analysed. Furthermore, we only have a very vague idea of how

air tra�c is a�ected by the changes in the forecast from the investigations carried

out so far. In the next section, which presents the results of the paper, we will take

this point into account in our further analyses.

4.2 Strategic contrail avoidance under imperfect

weather forecast

4.2.1 Results

Evaluation on a single 
ight level

Figure 4.6 shows 1000 random 
ight tracks over Europe for one hour (20th March

2024, 11:00UTC). We assume that the routing of these 
ights has been planned
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Table 4.1 Number of waypoints on the 202403201100

0+5h True 0+5h False �
24+5h True 18576 6328 24904
24+5h False 5392 101328 106720
� 23968 107656 131624

Table 4.2 Number of 
own km on the 202403201100 in 1000 km

0+5h True 0+5h False �
24+5h True 464 158 623
24+5h False 135 2.533 2.668
� 599 2.691 3.291

24 hours ago, that is 19th March 2024, 11:00UTC. The most recent forecast available

at that time was initialised at 06:00 UTC. This means, the forecast is already 5 hours

old at the time of the routing process. At 20th March 2024, 11:00UTC, when the

planes are underway, the forecast used for 
ight planning is tested against the then

most recent forecast of 20th March 2024, 06:00UTC, that is, with a lead time of

5 h. For the simplicity of the test we assume that all 
ights take place on FL (
ight

level) 350 (about 238:4 hPa). The map of Fig. 4.6 shows the 
ight tracks in four

colours: Grey means that no contrails were expected at 
ight planning, and no

contrails formed according to the most recent weather information. Green means

that both forecasts agree on contrail formation, so that contrail avoidance could be

bene�cial. Blue indicates tracks where contrails have been predicted �rst, but not

so later (false positives); here contrail avoidance measures lead to rerouting along

with its penalties, such as additional fuel consumption and emissions, without a

bene�t of actual contrail avoidance. Finally, red tracks indicate regions where ice-

supersaturation appeared only after the initial 
ight planning (misses). This would

lead to the unintentional forming of contrails. The analysis of this special case in

numbers of waypoints and in 
own distances (in 103 km) is given in tables 4.1 and

4.2. Here, 
own distances are computed from numbers of waypoints along a track

by multiplication of the latter number with 25 km.

For this case, contrails are predicted for 6:2 � 105 km, but rerouting is in vain on

1:6 � 105 km, approximately a quarter of the total predicted contrail distance (false

positives). 4:6 � 105 km contrails were correctly predicted, but simultaneously more

than 1:3 � 105 km contrails are formed that have not been forecast. This means

that about 30% of the contrail distance that has successfully been avoided has been

missed at other locations. For this case, the CSI is 0:61 and the ETS is 0:55.

As a further illustration of the range of possible results, we selected two dates,

one with a particularly high and one with a quite low CSI at 24 hrs lead time, see
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Figure 4.7 Comparison of contrail forecast at two di�erent lead times, one at 
ight planning (lead
time 24 hrs) and one at the time of the 
ight. Grid-points are coloured as in �gure 4.6.
The selected date, the 21st November 2023, 14:00 UTC, is one where the forecast gives
a high CSI value.

Figure 4.8 As �gure 4.7, but for the 29th February 2024, 23:00 UTC, a day that gives a quite low
CSI.
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