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Abstract vii

Abstract

Contrails and their evolution into contrail-cirrus clouds constitute a significant contribution to aviation’s
climate impact, as these anthropogenic ice clouds modify the atmospheric radiation balance. Present
research investigates alternative propulsion systems, such as liquid hydrogen combustion, as potential
strategies to mitigate the climate impact of contrails. These technologies can alter the physical processes
involved in contrail formation and evolution. Therefore, a deep understanding of those processes is essential
for assessing the potential of alternative propulsion technologies to reduce the climate impact of aviation.
Recent research focuses on extending and adapting models simulating the contrail lifecycle to account
for new physical processes, as well as planning and executing flight campaigns to measure emissions and
contrails behind aircraft using non-conventional fuels.

This thesis presents a comprehensive model investigation of the contrail lifecycle, spanning from the initial
formation to the transition of line-shaped contrails into aged contrail cirrus. The aim is to advance the
understanding of how contrail properties respond to changes in the propulsion system, specifically regarding
hydrogen combustion or hydrogen fuel cell systems.

The early formation phase is crucial for predicting the final number of nucleating ice crystals, which is
one of the most important parameters of young contrails, determining the contrail’s radiative impact. The
Lagrangian Cloud Module (LCM) in a box model approach simulates contrail ice crystal formation; however,
it lacks the accurate representation of plume dilution during the first seconds of plume evolution. With
the shift to alternative fuels and the resulting changes in contrail formation processes, the existing model
requires re-evaluation. Therefore, this thesis presents the development of the radial model (RadMod) that is
used to simulate the early stage of the dynamical jet evolution. RadMod models the turbulent mixing of hot
and moist engine exhaust with ambient air by solving the two-dimensional advection-diffusion equations for
momentum, temperature, and water vapor. The model’s validity is demonstrated through comparisons with
theoretical and observational data across a range of conditions, including exhaust temperature, jet velocity,
and aircraft velocity. Furthermore, RadMod is applied to simulate plume dilution; a scaling relation proposed
in the literature is validated, and the simulated dilution is compared to measurements of the exhaust plume
behind a fuel cell emulator. This work establishes the foundation for the intermediate-complexity model
RadMod-LCM, which will be the subject of future research. Due to its lower computational cost compared
to fully three-dimensional large-eddy simulations (LES), RadMod-LCM will enable extensive parameter
studies across a wide range of atmospheric and engine conditions. In particular, this includes the modeling
of aircraft configurations typical for alternative propulsion systems, e.g., smaller aircraft with lower flight
and jet velocity.

The formation phase is followed by the vortex phase, which covers the first few minutes of the contrail’s
lifecycle. Previous studies investigating the contrail’s evolution during the vortex phase focused on con-
ventional aircraft propulsion systems operating under typical cruise altitude conditions. To investigate the
vortex phase of individual contrails behind aircraft powered by alternative propulsion systems, the LES
model EULAG coupled to LCM is employed. The input parameters are adjusted to be representative of
alternative fuels or propulsion systems. These adjustments account for increased water vapor emissions,
variations in the initial number of ice particles, and an extension of the atmospheric parameter space toward
higher ambient temperatures. It is shown that the processes during the vortex phase, in particular the partial
sublimation of ice particles in the descending wake vortex system, reduce the initial differences in the num-
ber of ice crystals. Ice crystal loss is found to increase with higher ambient temperatures and lower humidity
values. A new parameterization for ice crystal loss in hydrogen contrails is provided that is incorporated
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into larger-scale climate models by other research groups.

Building on this work, the subsequent transition of contrails into contrail-cirrus clouds during the dispersion
phase is examined using EULAG-LCM. It is assessed how a switch to alternative propulsion systems
affects the lifecycle and radiative properties of contrail cirrus. Results indicate that reducing the number
of initially formed ice crystals leads to fewer but larger particles, which accelerates sedimentation and
shortens contrail lifetime, highlighting the potential of emission-based mitigation strategies. In contrast,
the emitted water vapor mass has a comparatively minor effect on contrail-cirrus properties relative to the
initial ice crystal number, ambient temperature, and aircraft type. When averaged over all meteorological
conditions, a reduction of the initial ice crystal number by a factor of 100 results in a 20-fold decrease
in the lifetime-integrated total extinction, which serves as a proxy for the contrail’s radiative effect. The
relationship between initial ice crystal number and radiative impact is shown to be nonlinear.
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Zusammenfassung

Kondensstreifen und ihre Weiterentwicklung in Kondensstreifenzirren tragen erheblich zum Klimaein-
fluss der Luftfahrt bei, da diese anthropogenen Eiswolken die atmosphérische Strahlungsbilanz verdn-
dern. Aktuelle Forschungsarbeiten untersuchen alternative Antriebssysteme, wie zum Beispiel die Ver-
brennung von fliissigem Wasserstoff, als potenzielle Strategien zur Minderung des Klimaeinflusses von
Kondensstreifen. Diese Technologien konnen die physikalischen Prozesse bei der Bildung und Entwick-
lung von Kondensstreifen verdndern. Daher ist ein tiefgehendes Verstindnis dieser Prozesse unerlisslich,
um das Potenzial alternativer Antriebstechnologien zur Verringerung des Klimaeinflusses der Luftfahrt
beurteilen zu kdnnen. Aktuelle Forschungsarbeiten konzentrieren sich darauf, Modelle zur Simulation des
Kondensstreifen-Lebenszyklus zu erweitern und anzupassen, um neue physikalische Prozesse zu beriick-
sichtigen. Dariiber hinaus werden Messkampagnen durchgefiihrt, um Emissionen und Kondensstreifen von
Flugzeugen mit nicht-konventionellen Treibstoffen zu erfassen.

Die vorliegende Arbeit prisentiert eine umfassende Modelluntersuchung des Lebenszyklus von Kon-
densstreifen von der initialen Bildung iiber die Entwicklung linienférmiger Kondensstreifen hin zu gealterten
Zirren. Ziel der Arbeit ist es, das Verstidndnis dariiber zu vertiefen, wie sich die Eigenschaften von Kon-
densstreifen bei verdnderten Antriebssystemen von Flugzeugen, insbesondere bei Wasserstoffverbrennung
oder Wasserstoff-Brennstoffzellensystemen, verindern.

Die frithe Bildungsphase ist entscheidend fiir die genaue Vorhersage der endgiiltigen Anzahl an Eispartikeln
— eines der wichtigsten Parameter von jungen Kondensstreifen fiir deren klimawirksamen Eigenschaften.
Das in einer Boxmodell-Konfiguration eingesetzte Lagrangsche Wolkenmodul (Lagrangian Cloud Module,
LCM) simuliert die Bildung von Eiskristallen in Kondensstreifen; jedoch wird die Verdiinnung der Abgas-
fahne wihrend der ersten Sekunden nicht ausreichend abgebildet. Der Umstieg auf alternative Kraftstoffe
und die damit verbundenen Anderungen in der Kondensstreifenbildung erfordern eine Neubewertung des
Modells. Daher wird in dieser Arbeit das Radialmodell (RadMod) entwickelt, um die dynamische Jeten-
twicklung in der Friihphase zu simulieren. RadMod beschreibt die turbulente Durchmischung der hei3en
und feuchten Triebwerksabgase mit der Umgebungsluft durch Losung der zweidimensionalen Advektions-
Diffusions-Gleichungen fiir Impuls, Temperatur und Wasserdampf. Die Giiltigkeit des Modells wird durch
Vergleiche mit theoretischen und experimentellen Daten iiber eine Vielzahl von Bedingungen, wie Ab-
gastemperatur, Jetgeschwindigkeit und Fluggeschwindigkeit, nachgewiesen. AuBlerdem wird RadMod zur
Simulation der Plumenverdiinnung angewendet; eine in der Literatur vorgeschlagene Skalierungsrelation
wird validiert und die simulierte Verdiinnung mit Messungen der Abgasfahne hinter einem Brennstoffzellen-
Emulator verglichen. Die vorliegende Arbeit legt damit die Grundlage fiir das Modell RadMod-LCM mit-
tlerer Komplexitit, das in weiteren Forschungsarbeiten untersucht werden wird. Aufgrund seiner geringeren
Rechenkosten im Vergleich zu dreidimensionalen Large-Eddy-Simulationen (LES) wird RadMod-LCM
umfangreiche Parameterstudien iiber eine grofSe Bandbreite atmosphirischer und triebwerksbezogener Be-
dingungen ermoglichen. Insbesondere umfasst dies die Modellierung von Flugzeugkonfigurationen, die fiir
den Einsatz alternativer Antriebssysteme vorgesehen sind, z. B. kleinere Flugzeuge mit niedrigerer Flug-
und Abgasgeschwindigkeit.

Auf die Bildungsphase folgt die Wirbelphase, die die ersten Minuten im Lebenszyklus eines Kondensstreifens
umfasst. Friihere Studien zu dieser Phase konzentrierten sich auf konventionelle Antriebssysteme unter
typischen Flugbedingungen in Reiseflughohe. Zur Untersuchung der Wirbelphase von einzelnen Kon-
densstreifen hinter Flugzeugen mit alternativen Antriebssystemen wird in dieser Arbeit das LES-Modell
EULAG gekoppelt mitdem LCM eingesetzt. Die Eingangsparameter werden so angepasst, dass sie repréasen-
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tativ fiir alternative Treibstoffe oder Antriebssysteme sind. Diese Anpassungen beriicksichtigen erhdhte
Wasserdampfemissionen, Variationen in der anfiinglichen Anzahl an Eispartikeln sowie eine Erweiterung
des atmosphirischen Parameterraums hin zu hoheren Umgebungstemperaturen. Es wird gezeigt, dass die
Prozesse wihrend der Wirbelphase, insbesondere die partielle Sublimation der Eispartikel in der absink-
enden Wirbelschleppe, die anfinglichen Unterschiede in der Anzahl der Eiskristalle verringern. Zudem
steigt der Eiskristallverlust mit zunehmender Umgebungstemperatur und abnehmender relativer Luftfeuchte.
Es wird eine neue Parametrisierung fiir den Eiskristallverlust in Wasserstoff-Kondensstreifen préasentiert, die
fiir die Integration in groBskalige Klimamodelle durch andere Modellierungsgruppen Anwendung findet.
Aufbauend auf diesen Ergebnissen untersucht die vorliegende Arbeit die anschlieBende Entwicklung
von Kondensstreifen zu Kondensstreifenzirren wéhrend der Dispersionsphase, ebenfalls mit dem Mod-
ell EULAG-LCM. Es wird analysiert, wie sich alternative Antriebssysteme auf den Lebenszyklus und die
Strahlungseigenschaften von Zirren auswirken. Die Ergebnisse zeigen, dass eine Reduktion der anfinglich
gebildeten Eiskristallanzahl zu weniger, dafiir aber gro3eren Partikeln fiihrt, was die Sedimentation beschle-
unigt und die Lebensdauer der Kondensstreifenzirren verkiirzt. Im Vergleich zur anfanglichen Anzahl an
Eiskristallen, der Umgebungstemperatur und dem Flugzeugtyp hat die emittierte Wasserdampfmasse einen
geringen Einfluss auf die Eigenschaften von Zirren. Gemittelt {iber alle meteorologischen Bedingungen
fiihrt eine Verringerung der anfianglichen Eiskristallanzahl um den Faktor 100 zu einer zwanzigfachen
Abnahme der lebenszeitintegrierten Gesamtextinktion, die als Proxy fiir den Strahlungseffekt des Kon-
densstreifens dient. Die Beziehung zwischen der Anzahl anfinglicher Eiskristalle und der resultierenden
Strahlungswirkung erweist sich als nichtlinear.
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Introduction

1.1 Motivation: Climate impact of contrails

Widespread and rapid changes in the atmosphere, ocean, cryosphere and biosphere
have occurred. Human-caused climate change is already affecting many weather and
climate extremes in every region across the globe. This has led to widespread
adverse impacts and related losses and damages to nature and people. [...] Every
increment of global warming will intensify multiple and concurrent hazards. [...] The
choices and actions implemented in this decade will have impacts now and for
thousands of years.

—ARG6 Synthesis Report: Climate Change 2023

This excerpt from the Intergovernmental Panel on Climate Change (IPCC) Synthesis Report (IPCC, 2023)
highlights the urgent need to act on human-induced climate change. Climate change is not a distant threat,
but a present crisis with accelerating impacts. Science leaves no doubt that human activity is driving these
changes. Rapid and sustained mitigation is essential to limit warming, reduce risks, and preserve a livable
future.

The recent IPCC report states that, across all assessed emission scenarios, the central estimate for exceeding
the 1.5°C global warming threshold is in the early 2030s. In the long-term period (2081-2100), the
projected 5-95 % range of globally averaged surface air temperature increase is 0.2—1.5° C under a low-
emission scenario and 2.7-5.7° C under a high-emission scenario (Lee et al., 2021b).

Radiative forcing of contrail cirrus

Changes in the atmospheric composition and global cloudiness affect the atmospheric energy budget by
causing an imbalance between incoming solar radiation (shortwave) and outgoing terrestrial radiation
(longwave). This energy imbalance is commonly quantified in terms of radiative forcing (RF) (Prather et al.,
1999; Lee et al., 2009; Kircher, 2018). The effective radiative forcing (ERF) is a metric that includes the
rapid responses of the atmosphere, e.g., an adjustment in cloud cover, to a climate forcer (Myhre et al., 2013;
Forster et al., 2021). It is the preferred metric that is used in global circulation models (GCMs) (Myhre
et al., 2013; Smith et al., 2020; Bickel et al., 2025).
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Global Aviation Effective Radiative Forcing (ERF) Terms

ERF RF ERF | conf.
(1940 to 2018) mwm? | (mwm? RF |levels
LI L T T T T T T T T T T
Contrail cirrus i
I
N kil redlons i 57.4 (17,98) |111.4 (33,189) | 0.42 | Low
1
Carbon dioxide (CO,) i : )
emissions | 4 34.3 (28,40) | 34.3 (31,38) | 1.0 [ High
Nitrogen oxide (NOy) emissions | |
Short-term ozone increase : : 49.3 (32,76) | 36.0 (23,56) | 1.37 | Med.
Long-term ozone decrease | | -10.6 (-20,-7.4)| -9.0 (-17,-6.3) | 1,18 | Low
| |
Methane decrease | | -21.2 (-40, -15) [ -17.9 (-34,-13) | 1.18 | Med.
| |
Stratospheric water vapor decrease | | -3.2 (-6.0, -2.2) | -2.7 (-5.0,-1.9) | 1,18 | Low
| |
T T
Net for NOy emissions E—{ : : 17.5(0.6,29) | 8.2 (-4.8,16) --=- | Low
| |
| |
Water vapor emissions in | |
1 i
proelishasidintoi I‘ : ] 2.0(08,32) | 2.0(0.8,32) | [1] | Med
Aerosol-radiation interactions | |
-from soot emissions | | 0.94 (0.1,4.0) | 0.94 (0.1,4.0) | [1] Low
: l. Best estimates
-from sulfur emissions : |- 5 - 95% confidence -7.4 (-19,-2.6) | -7.4 (-19,-2.6) | [1] | Low
1
Aerosol-cloud interactions :
-from sulfur emissions | —_— No best No best === | Very
-from soot emissions : _— estimates estimates - | low

Net aviation (Non-CO, terms)

Net aviation (All terms)

|
|
|
|
|
1
|
|
|
|

66.6 (21, 111)

100.9 (55, 145)

114.8 (35, 194)

149.1 (70, 229)

-50

50

100

Effective Radiative Forcing (mW m-2)

Figure 1.1: Bestestimates of effective radiative forcing (ERF) components from global aviation
between 1940 and 2018. Bars represent ERF best estimates, while whiskers indicate the 5-95 %
confidence intervals of the RF uncertainty scaled to ERF. Red bars correspond to warming
contributions, and blue bars to cooling effects. The accompanying table provides numerical
values for ERF and radiative forcing (RF), including confidence intervals, ERF-to-RF ratios,
and associated confidence levels. Figure taken from Lee et al. (2021a).
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Aviation contributes approximately 3.5 % to the total present-day climate forcing through the emissions
of soot, NOy, CO,, and water vapor, as well as through the formation of contrails and contrail-induced
cirrus clouds, so-called contrail cirrus (Lee et al., 2021a, 2023). Contrails are ice clouds that originate
from aircraft exhaust in the upper troposphere. Under favorable meteorological conditions, they can persist
and evolve into contrail cirrus over the course of several minutes to hours (Schumann, 2005; Burkhardt
and Kircher, 2009; Lewellen et al., 2014; Unterstrasser et al., 2017a). In such cases, we refer to them as
long-lived or persistent contrails. Once a contrail has transitioned into contrail cirrus, it often becomes
indistinguishable from natural cirrus clouds in satellite or visual observations, as the original line-shaped
structure dissipates into an irregular form (Minnis et al., 1998; Heymsfield et al., 2010; Unterstrasser et al.,
2017b). This transition occurs when the ambient atmosphere is supersaturated with respect to ice along the
flight track. The extent and duration of ice-supersaturated regions, determined by the prevailing synoptic
conditions, govern the lifetime and spatial development of contrails (Irvine and Shine, 2015; Kércher, 2018;
Hofer and Gierens, 2025).

Contrails, whether line-shaped or evolved into irregular structures, modify atmospheric cloudiness by
introducing an additional anthropogenic cloud type. Their presence may also inhibit the formation or alter
the development of natural cirrus clouds, which has been studied by Burkhardt and Kéarcher (2011). They
showed the RF of contrail cirrus to be roughly nine times larger than that of line-shaped contrails. Earlier
assessments (Penner et al., 1999; Lee et al., 2009) considered only line-shaped persistent contrails and did
not account for contrail cirrus due to the limited availability of data. The updated analysis by Lee et al.
(2021a), shown in Fig. 1.1, incorporates contrail-cirrus effects, using RF and ERF estimates derived from
GCM studies (Burkhardt and Kércher, 2011; Chen and Gettelman, 2013; Schumann et al., 2015; Bock and
Burkhardt, 2016a; Bickel et al., 2020).

Figure 1.1 shows the best estimates of ERF from global aviation for the years between 1940 and 2018.
Significant contributions stem from contrail cirrus (+57.4 mWm~2), CO, emissions (+34.3 mWm™2), and
NOy emissions (+17.5mWm~2). Stratospheric water vapor and aerosol-radiation interactions exert smaller
warming and cooling effects, respectively. The net aviation ERF, accounting for all contributing forcing
terms, is estimated at +100.9 mWm™2, indicating a net warming effect. Of this total, non-CO, effects,
dominated by NOy and contrail cirrus, contribute roughly two-thirds of the total aviation ERF. The best
estimate for contrail-cirrus ERF is associated with substantial uncertainty, ranging from 17 to 98 mWm™2.
This wide range arises from multiple sources of uncertainty, including the frequency of ice supersaturation in
the upper troposphere, the number of ice crystals (which depends on soot particle emissions, ice nucleation
processes, and ice particle losses during the vortex phase), as well as uncertainties in the background cloud
field, its overlap with contrail cirrus, and the microphysical properties of ice crystals, such as size and habit,
which strongly influence the contrail’s radiative properties (Lee et al., 2021a).

Contrail mitigation strategies

Global aviation has grown steadily over the last decades and is projected to continue increasing in the coming
years. According to the International Civil Aviation Organization (ICAQO), annual passenger numbers rose
from 1 billion in 1985 to 4.6 billion in 2024, a trend expected to persist. Post-COVID forecast scenarios
project a long-term average annual growth rate of 3.4 % in global revenue passenger kilometers through
2050 (ICAO, 2025). Compared to 2023, the International Air Transport Association (IATA) reports that
international air traffic in 2024 increased by 13.7 %, reflecting continued recovery from the COVID-19
pandemic. Airlines in the Asia-Pacific region led this growth with a 26.6 % increase, accounting for nearly
half of the global growth (IATA, 2025).

Given the projected growth of global aviation, not only an increase in CO; emissions but also an increase in
contrail-cirrus coverage and occurrence frequency is expected, though assessing their radiative impact on
the atmosphere remains associated with large uncertainties. These developments highlight the urgent need
to evaluate effective mitigation strategies.

Mitigation options can be divided into two categories (Gierens et al., 2008): operational and technological.
Operational mitigation strategies aim to prevent contrails from becoming persistent; contrails that almost
immediately sublimate after formation, typically in subsaturated conditions, are insignificant from a climate
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Figure 1.2: Overview of the contrail lifecycle, adapted from Paoli and Shariff (2016). Wake
vortices form behind the aircraft and begin to evolve by meandering, linking, and eventually
forming vortex rings (shown in blue). As the vortex structure dissipates, the initially trapped
ice crystals (highlighted in orange) are released and are exposed to larger-scale atmospheric
processes. Photographs by Simon UnterstraBer (MET/IPA).

perspective (Lee et al., 2023). The key criterion determining the climate impact of contrails is whether they
are persistent. Therefore, contrail mitigation can be achieved by avoiding ice-supersaturated regions (ISSRs)
through flight rerouting (Grewe et al., 2017; Gierens et al., 2020; Sausen et al., 2024; Frias et al., 2024) or
by reducing the impact of ISSRs on contrail evolution, for example, through formation flying (Dahlmann
et al., 2020; Unterstrasser, 2020; Marks et al., 2021).

Technological mitigation options involve adapting the fuel, engine design and/or propulsion system. De-
creasing the water vapor emission and the overall propulsion efficiency and increasing the specific energy
would decrease the duration and degree of supersaturation in the plume (Schumann, 1996). As a con-
sequence, fewer ice crystals would form. Furthermore, modeling studies have shown that the size of the
formed ice crystals has only a limited influence on the later evolution of contrail cirrus. Instead, the optical
thickness of contrail cirrus is primarily governed by the number of ice crystals initially formed (Unterstrasser
and Gierens, 2010b; Lewellen et al., 2014; Burkhardt et al., 2018). Reducing this number, e.g., by using
alternative fuels with lower aromatic content or hydrogen as an energy carrier, appears to be an effective
mitigation approach. The potential of alternative fuels and their implications on contrail evolution are
discussed in Sec. 1.3.

1.2 Overview of contrail lifecycle

Contrail formation and evolution occur on a wide range of spatial and temporal scales, beginning with
nanometer-sized aerosol particles on which ice crystals form within milliseconds, and developing into
kilometer-scale contrail-cirrus clouds that can persist for several hours (Fig. 1.2).

In this thesis, I categorize the contrail lifecycle into three distinct phases: the formation phase, the vortex
phase, and the dispersion phase. Each of these phases is described in detail below.
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Contrail formation: Thermodynamic processes

The following text is taken almost verbatim from Sec. 2.1 of Lottermoser and Unterstrasser (2024), with
only minor adaptations. Figure 1.3 is Fig. 1 from that study.

The formation of contrails depends on various parameters related to engine type and ambient conditions. The
constraint that supersaturation with respect to water has to be reached in the jet exhaust plume for contrail ice
particles to form was postulated by Appleman (1953) and has evolved into the Schmidt-Appleman-criterion
(SA) (Schmidt, 1941; Schumann, 1996).

After leaving the engine exit, the hot and moist exhaust gases mix with the surrounding air. As the cold
ambient air is entrained into the plume, the mixture gradually dilutes and cools (Schumann, 2005; Kircher
et al., 2015). The magenta lines in Fig. 1.3 depict the plume’s thermodynamic evolution in (pwv,T’)-space.
The endpoints of the lines on the right and left represent exit conditions (outside of the displayed range) and
ambient conditions, respectively. In contrail science, we refer to it as "mixing line", and its slope depends
on aircraft-related and atmospheric parameters:

_ Eln,0 Cp Pamb

. 1.1
cQ(i-n) (D

Here, Ely,0 denotes the fuel’s emission index of water vapor, c;, is the specific heat capacity of dry air, pamp
is the ambient pressure, Q represents the fuel’s specific energy, i is the overall propulsion efficiency, and
€ = 0.622 is the ratio of the molar masses of water vapor to dry air.

Although initially subsaturated because of high plume temperatures, the mixture reaches or even surpasses
saturation typically within tenths of a second for suitable conditions. If the atmosphere is not cold enough,
i.e., the ambient temperature is above the Schmidt-Appleman threshold temperature ©¢, no transient liquid
supersaturation (i.e., the relative humidity with respect to water RHy,, is larger than 100 %) emerges in the
plume, and hence, no contrails form. If ambient conditions meet threshold conditions (in this example,
OG = Tamb = 226 K), the plume becomes shortly water-saturated (dash-dotted line). In a colder environment
(Tamb = 220K), liquid supersaturation emerges and persists over a more extended period related to the
temperature range where the solid magenta line is above the solid black line. For typical kerosene contrails,
plume aerosols, mainly soot particles, are activated into water droplets and grow by condensation of water
vapor. The droplets freeze to ice crystals when the plume temperature falls below the homogeneous freezing
temperature (Kéircher et al., 2015; Bier et al., 2022). As contrail ice crystals form via the liquid phase,
transient ice supersaturation (i.e., the relative humidity with respect to ice RHj is larger than 100 %) is
not a sufficient criterion for contrail formation. The SA criterion has been confirmed by multiple in-situ
measurements (Busen and Schumann, 1995; Schumann et al., 1996; Petzold et al., 1997; Jensen et al.,
1998Db).

In its simplest form, the mixing line concept is applied to a spatially uniform exhaust plume with mean
thermodynamic properties. However, the concept can be extended, and plume heterogeneity implies that
individual plume parcels can have different dilution states that relate to different points on the (same) mixing
line. How this is represented in the contrail formation model is discussed in Sec. 2.1. The mixing line concept
is solely based on thermodynamic considerations and helps to decide whether or not contrail formation is
expected for given ambient and aircraft parameters. However, this binary information is not sufficient for
understanding the contrail climate effect, as the purely thermodynamical framework of the SA criterion
gives no information about the microphysical and chemical particle formation processes and resulting ice
crystal properties. Contrail ice crystal formation involves complex microphysical processes occurring in the
engine exhaust plume within milliseconds after emission, which is described in the following.

Contrail formation: Microphysical processes

Microphysics refers to particle physics, including the evolution of several types of aerosols, water droplets,
and ice crystals.
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Figure 1.3: Liquid (black solid) and ice (black dashed) saturation curves in a pwy-T-diagram
(water vapor partial pressure versus temperature). Mixing lines (magenta curves) for two
different ambient temperatures are depicted. In this example, ©g = 226 K and pym, = 240 hPa.

The particles that act as nuclei for water droplets and subsequent ice crystal formation are diverse. They
include soot particles emitted as a direct combustion product, ultrafine volatile particles that nucleate in
the exhaust plume before water saturation is reached (Kércher, 1998), and ambient aerosols entrained from
the surrounding atmosphere. These particles compete for available water vapor in the plume, and their
relative importance depends on their size, solubility, and abundance. In the so-called soot-rich regime,
characterized by a soot emission index exceeding 10'* — 10" particles per kilogram of burnt fuel, soot
particles dominate the activation process, forming the majority of the initial water droplets that can later
freeze into ice crystals (Kércher et al., 2015; Paoli and Shariff, 2016). The largest and most hygroscopic
particles activate into water droplets and deplete plume supersaturation due to condensational growth. The
homogeneous freezing of the droplets typically occurs between 229 and 232 K. The first droplets to freeze
are those formed on large soot particles and water-soluble ambient aerosols. The freezing process marks the
transition from a short-lived liquid phase to the formation of ice crystals that constitute the visible contrail
(Kircher et al., 2015). The following provides a brief overview of the particle types that may act as ice
nuclei during contrail formation.

Soot particles are formed through the incomplete combustion of hydrocarbons in aviation fuel (Bockhorn,
1994). Despite their low hygroscopicity, soot particles can still activate in highly supersaturated plumes and
serve as nuclei for droplet formation (Kércher et al., 2015).

Fuel combustion also releases condensable vapors such as water vapor, sulfuric acid, nitric acid, and
hydrocarbons (Kircher, 2018). Sulfuric acid is highly water-soluble and plays a key role in the formation
of ultrafine volatile particles. Increasing the sulfur content in aviation fuel does not significantly affect the
number of these particles formed, but it does lead to an increase in their size (Kércher et al., 2000; Brock
et al., 2000). These particles are in the size range of less than 20 nm and nucleate in the plume on chemi-
ions (electrically charged, molecular-sized clusters), generated by chemical reactions during the combustion
process. The emission index of the ultrafine volatile particles is found to be around 10'7 per kilogram of
burnt fuel (Yu and Turco, 1997). Laboratory studies have also shown that lubricant oil particles can act as
a source of ultrafine volatile particles. Once formed, these particles may serve as condensation nuclei and
contribute to ice crystal formation in contrails (Ungeheuer et al., 2022; Ponsonby et al., 2024; Zink et al.,
2025). However, the small size of ultrafine particles means they require high supersaturation to activate due
to the Kelvin curvature effect, especially in the presence of soot, which otherwise acts as a dominant sink for
water vapor and suppresses the activation of smaller particles (Kircher and Yu, 2009). Therefore, ultrafine
volatile particles are expected to contribute to contrail ice crystals only in cases of low ambient temperature,
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leading to a large plume supersaturation, and in the low-soot regime, which becomes especially relevant
in the context of hydrogen combustion as propulsion type (Kércher et al., 2015). Recent studies suggest
that volatile particles may play a comparatively greater role compared to soot when accounting for plume
heterogeneity (Lewellen, 2020) or soot morphology (Yu et al., 2024).

Ambient aerosol properties further influence contrail microphysics. Ambient aerosols in the upper tropo-
sphere typically originate from natural and anthropogenic precursor gases transported from lower altitudes
(Minikin et al., 2003). In addition, aircraft act as a local source of both particles and precursor gases.
According to Righi et al. (2013), aviation contributes approximately 30 %—40 % of the particle number
concentration in the altitude region 7-12 km in the northern mid-latitudes, with increasing impact in high-
density air traffic regions. Measurements from campaigns such as SCOUT-O3 and TROCCINOX have
revealed substantial variability in aerosol number concentrations at cruise altitudes, ranging from 100 to
over 1000 cm ™3 (Minikin et al., 2003; Borrmann et al., 2010). Ambient aerosols are particularly relevant in
soot-poor or transition regimes, where they can serve as activation nuclei for water droplets and ice crystals.
In the absence of soot, e.g., in hydrogen combustion scenarios, contrail ice crystals are expected to form
primarily on entrained ambient particles. A modeling study by Bier et al. (2024) assumes this, showing
lower ice crystal numbers in a hydrogen-fueled case (without soot) compared to a conventional kerosene
case. They prescribed aerosol number concentrations between 100 and 1200 cm™3, using a log-normal size
distribution with geometric mean dry radii of 3 nm (nucleation mode), 15 nm (Aitken mode), and 50 nm
(accumulation mode). Final ice crystal numbers increase with ambient aerosol concentration, but smaller
particles contributed less due to their higher Kelvin barrier for activation.

Vortex phase processes

The wake vortex dynamics behind the aircraft strongly affect the ice crystals’ evolution after their formation.
During cruise, wingtip vortices form as air moves faster over the aircraft’s upper wing surface than the
lower wing surface, generating a pressure differential, which induces lift. Air from the high-pressure region
beneath the wing curls around the wingtips toward the low-pressure region above, creating a rotational
motion. This mechanism generates a pair of counter-rotating wingtip vortices, which trail behind the
aircraft. In literature, this phase is commonly referred to as the "roll-up" of wake vortices, which typically
completes within a few wingspans behind the aircraft. A vortex is characterized by a vortex core, where
the vorticity, the local measure of rotational motion, is maximal, and a core radius, defined as the radial
distance at which tangential velocity peaks (Gerz et al., 2002). A commonly used analytical description
of the tangential velocity profile is the Lamb-Oseen profile (Lamb, 1879). At the stage of finished vortex
roll-up, most of the exhaust, including potentially formed contrail ice crystals, is entrained into the vortex
system, forming the primary wake (Gerz and Ehret, 1997; Gerz and Holzépfel, 1999).

The two counter-rotating vortices (in three dimensions, vortex tubes) induce a mutual downward motion,
leading to a descent with a speed of typically 2ms~!. They carry an oval-shaped volume of fluid containing
the exhaust gases and ice crystals downward. During the descent, the ambient pressure rises, and the
enclosed air undergoes adiabatic compression. Assuming a vertical descent of 400 m, the temperature of
the enclosed air rises by about 4 K (assuming an adiabatic temperature increase of 10 K km~!), which leads
to an increase in saturation pressure and, eventually, the partial or complete sublimation of entrained ice
crystals to maintain equilibrium (Lewellen and Lewellen, 2001a; Unterstrasser and Gierens, 2010a). In-situ
observations by Kleine et al. (2018) confirmed the loss of ice crystals in a contrail aged 1-2 min during the
vortex phase.

The wake vortex system has a lifetime of several minutes until instabilities develop that lead to vortex
decay. These instabilities arise from stratification-induced baroclinic torque, aircraft-induced shortwave,
and atmospheric-induced longwave perturbations (Lewellen and Lewellen, 1996; Gerz and Holzépfel, 1999;
Holzipfel and Gerz, 1999; Picot et al., 2015; Bouhafid et al., 2024). Perturbations across a broad range
of wavelengths grow at nearly equal rates in a sinusoidal, exponentially amplifying manner. This growth
continues until the vortex tubes interact and reconnect, forming vortex rings, as illustrated in Fig. 1.2. The
dominant unstable mode with the largest wavelength is known as the Crow instability, with a characteristic
wavelength of 8.6 by, where by denotes the initial vortex separation (Crow, 1970).



8 CHAPTER 1. INTRODUCTION

The magnitude of ice crystal loss in the primary wake depends strongly on ambient temperature and
ambient supersaturation (Unterstrasser, 2014, 2016; Lewellen et al., 2014; Picot et al., 2015). Also, stronger
stratification leads to a stronger baroclinic torque at the same height, which leads to faster detrainment and
vortex breakup. In a weakly stratified atmosphere, the vortices travel further down, which leads to more
substantial sublimation losses of the ice crystals compared to a stably stratified environment (Unterstrasser
and Gierens, 2010b; Unterstrasser et al., 2014; Saulgeot et al., 2023).

Furthermore, the aircraft size is important when examining the crystal loss. Larger aircraft generate vortices
with a larger core radius that descend further before decaying, owing to stronger vortex circulation and a
higher descent speed. Consequently, the relative crystal loss is more substantial for larger aircraft than for
smaller ones (Unterstrasser and Gorsch, 2014).

Crystal loss is also influenced by the initial microphysical properties of the ice crystals trapped in the primary
wake, such as their size and number (Unterstrasser and Gierens, 2010b; Lewellen et al., 2014).

In summary, wake vortex dynamics, influenced by turbulence and ambient- and aircraft-related parameters
play a key role in the evolution of the contrail’s vertical extent, ice crystal number, and ice mass.

Dispersion phase processes

Once the wake vortices and aircraft-induced turbulence have dissolved, the remaining ice crystals are exposed
to atmospheric processes. During the dispersion phase, contrails evolve into contrail-cirrus clouds that may
extend horizontally to several tens of kilometers. This transition is strongly impacted by the interaction with
the surrounding atmosphere. Wind shear, atmospheric turbulence, and large-scale uplift or subsidence alter
the evolution of the contrail’s appearance and the microphysical properties of the ice crystals. Wind shear
and atmospheric turbulence broaden the contrail (Jensen et al., 1998a). The resulting optical thinning is
counteracted by the deposition of ambient water vapor onto the ice crystals under supersaturated conditions.
Ice crystals then grow, and the contrail’s optical thickness increases (Unterstrasser and Gierens, 2010a).
The Kelvin effect promotes the growth of large ice crystals at the expense of smaller ones, which leads to a
broadening of the ice crystal size distribution over time (Lewellen et al., 2014; Unterstrasser et al., 2017a).
The small ice crystals eventually sublimate, termed as in-situ loss, regardless of ambient conditions (Lewellen
et al., 2014). In contrast, large crystals, once they reach sizes of several micrometers, begin to sediment,
forming fall streaks composed of relatively few but large ice particles. The sedimenting ice particles can
dehydrate the contrail core region, which contains a high concentration of relatively smaller ice crystals
(Chlond, 1998; Unterstrasser and Gierens, 2010a). The onset and magnitude of the sedimentation flux
primarily depend on the ambient temperature (Lewellen et al., 2014): Higher temperatures, corresponding
to a larger amount of ambient moisture, promote faster and more substantial ice crystal growth. In addition
to in-situ sublimation and sedimentation, large-scale subsidence processes lead to subsaturated conditions,
also limiting the contrail’s lifetime (Bier et al., 2017; Hofer and Gierens, 2025).

Contrail internal dynamics is influenced by radiative processes, involving longwave (thermal infrared)
and shortwave (solar) radiation (Unterstrasser and Gierens, 2010b; Lewellen, 2014; Paoli et al., 2017).
Longwave radiation can either heat or cool the contrail, depending on the thermal regime: Net cooling
causes negative buoyancy, descent, adiabatic compression, and ice sublimation; net heating leads to ascent,
adiabatic expansion, and ice growth. Thus, longwave radiation can shorten or prolong the contrail lifetime.
Shortwave radiation is predominantly scattered by ice crystals, producing weaker heating than longwave
radiation, with a strength that varies diurnally and seasonally due to the solar zenith angle (Lewellen, 2014).
Interactions between natural cirrus clouds and contrails might play an important role in affecting the evolu-
tion of both cloud types. Factors governing natural cirrus evolution include the degree of supersaturation, the
concentration of heterogeneous ice nuclei, and the strength of synoptic-scale uplift. While heterogeneous
nucleation requires lower supersaturation levels, homogeneous ice nucleation, i.e., the freezing of super-
cooled solution droplets, is considered the dominant pathway for cirrus formation in the upper troposphere
due to the scarcity of heterogeneous ice nuclei (Kdrcher and Strom, 2003; Mohler et al., 2006; Solch and
Kircher, 2011). In a modeling study, Unterstrasser et al. (2017b) found that strong atmospheric uplift, which
causes cirrus to form shortly after the contrail, can inhibit contrail spreading and the development of fall
streaks. Conversely, under weak uplift conditions, the contrail evolves more freely, while the formation of
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natural cirrus is delayed and further suppressed due to water vapor depletion by the contrail. This interaction
can reduce overall natural cirrus cloud coverage (Burkhardt and Kércher, 2011). Because contrails typically
contain more and smaller ice crystals than natural cirrus, they exhibit higher optical extinction and may be
distinguishable in lidar measurements when embedded within cirrus layers. However, in scenarios where
natural cirrus forms near a contrail, ice crystals from one cloud type may fall into the other, making a clear
distinction between the two cloud types challenging (Unterstrasser et al., 2017b).

1.3 Alternative aircraft propulsion systems

In the growing awareness of the need to decarbonize the aviation sector and to mitigate the contrail radiative
effect, many projects are underway to explore the feasibility and potential of alternative propulsion systems.
In this context, "alternative" refers to propulsion methods that do not rely on conventional kerosene-based
jet fuel, including sustainable aviation fuels (SAFs), hydrogen, and battery-electric technologies.

SAF as aircraft fuel

SAFs are hydrocarbon fuels that can be produced from renewable sources. Unlike fossil fuels, SAFs are
derived either from biogenic feedstocks, such as plants or vegetable oils, or through synthetic production,
in which atmospheric carbon is captured and combined with hydrogen (produced via electrolysis) to form
hydrocarbons (Schmidtetal., 2018). Over their full lifecycle, from production to combustion, SAFs generally
have a lower carbon footprint than conventional jet fuel. However, biogenic SAFs face a significant drawback,
as land use emissions from creating new farmland and growing feedstocks can prevent them from achieving
net-zero lifecycle emissions (Searchinger et al., 2008; Prussi et al., 2021). In contrast, synthetic SAFs
produced using renewable energy are essentially carbon-neutral, making them a highly promising option.
Yet, their production remains both energy-intensive and costly (Clean Sky 2, 2020). One major advantage
of SAFs as an alternative fuel is their compatibility with existing aircraft engines, requiring only minor or
no modifications (Adler and Martins, 2023).

The current supply of SAF remains limited, and production costs are high. In 2024, global SAF output
doubled compared to 2023, yet it accounted for only 0.3 % of total aviation fuel consumption. The average
price per tonne was about 3.1 times higher than that of conventional jet fuel. According to IATA, SAF is
expected to reach 0.7 % of airlines’ total fuel use in 2025. Ongoing research and infrastructure development
aim to scale up production and distribution and make SAF a commercially viable alternative (IATA, 2025).

Hydrogen as aircraft fuel

Hydrogen, on the other hand, is seen as the most climate-friendly alternative, as its use as aircraft fuel avoids
in-flight CO, emissions completely (e.g., Verstraete, 2013; Mgller et al., 2017; Timmons and Terwel, 2022).
Prominent initiatives exploring hydrogen use in aviation include Airbus’s ZEROe program (Airbus, 2020),
as well as projects like ZeroAvia (ZeroAvia, 2017) and H2FLY (H2FLY, 2019), which focus on hydrogen
fuel cells for propulsion. Additionally, several European programs, FlyZero (Debney et al., 2022), Clean
Sky 2 Joint Undertaking (Clean Sky 2, 2020), and the Clean Aviation Joint Undertaking (Aviation, 2023),
are advancing hydrogen aviation technologies.

Hydrogen has about three times the specific energy by mass compared to kerosene, highlighting its potential
as an aircraft fuel where weight is a critical factor (Brewer, 1991). However, its energy density by
volume is roughly four times lower than that of kerosene, posing significant storage challenges. To achieve
practical energy densities, hydrogen must be either compressed or liquefied (Adler and Martins, 2023).
Liquefaction requires cooling to around —250° C, necessitating advanced cryogenic tanks with efficient heat
management systems, including insulation and materials resistant to embrittlement (Moody and Thompson,
1990; Verstraete, 2013). Additionally, the larger and differently shaped tanks mean they must be located
inside the aircraft fuselage rather than in the wings, as is typical for kerosene storage (Cecere et al., 2014).
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Hydrogen can be used as aircraft fuel either through combustion to power turboprops or turbofans, or in fuel
cells that convert chemical energy into electrical energy. Both propulsion types are briefly outlined below.
Existing kerosene-based turbomachinery can be modified to burn hydrogen, but the combustor and fuel
supply systems require adaptations due to hydrogen’s different combustion properties (Brand et al., 2003).
Hydrogen’s wider flammability limits enable leaner combustion with lower flame temperatures. Addi-
tionally, hydrogen burns faster, reducing the residence time (the time the air-fuel mixture spends in the
combustor). The lower flame temperature and shorter residence time lead to reduced NOy emissions (Khan-
delwal et al., 2013). Another advantage is that the gas entering the turbine is cooler, which can extend
turbine lifetime and reduce maintenance frequency (Adler and Martins, 2023).

A widely studied fuel cell type is the polymer electrolyte membrane fuel cell (PEMFC), in which hydrogen
molecules are electrochemically dissociated at the anode into protons and electrons. The electrons generate
an external electric current that can be utilized to drive electric motors for propelling a propeller or ducted
fan. Concurrently, the protons migrate through the polymer electrolyte membrane to the cathode, where
they react with oxygen molecules to produce water as the only byproduct (Dicks and Rand, 2018). The
efficiency of a fuel cell decreases as the current density (current per fuel cell area) increases. Fuel cells can
achieve overall propulsion efficiencies of up to 60 % (Kazula et al., 2023). However, their relatively low
specific power makes it challenging to scale them for the high-power demands of long-range aviation (Brelje
and Martins, 2019). As a result, current assessments suggest that fuel cells are best suited for short-range
aircraft, whereas hydrogen combustion remains more promising for large, long-range aircraft due to the
higher specific power and lower thermal management requirements of turbomachinery (Verstraete, 2013;
Adler and Martins, 2023).

SAF- and hydrogen-contrails

"SAF-contrails" or "hydrogen-contrails" are short for "contrails that form behind SAF- or hydrogen-powered
aircraft" (but do not consist of SAF or hydrogen). As contrails are the most uncertain and potentially the
most significant contributor to aviation’s climate impact, studying the effect of alternative fuels on contrail
properties is an ongoing research topic.

The fuel and combustion properties of SAF are broadly comparable to those of kerosene, though with a
potentially slightly higher water vapor emission index (Teoh et al., 2022). Consequently, the SA mixing
line slope is expected to be similar to that of kerosene. At the same time, recent measurement campaigns
have demonstrated the potential of SAF to reduce particle emissions and contrail ice crystal numbers. In
particular, during the ECLIF campaigns, the emissions and ice crystal numbers behind aircraft powered by
SAF blends were measured (Briuer et al., 2021; Voigt et al., 2021; Mirkl et al., 2024; Dischl et al., 2024).
Owing to their lower aromatic content compared to conventional Jet A-1, SAFs generate fewer soot particles
during combustion (Moore et al., 2017). For example, Mérkl et al. (2024) reported that an Airbus A350-941
operating on 100 % SAF emitted 35 % fewer soot particles, resulting in a 56 % reduction in contrail ice
crystal numbers.

Based on molecular weights, the emission index of water when using hydrogen as aircraft fuel is 8.94 kg
water per kg hydrogen used. For kerosene, the value is 1.26 kg water per kg kerosene used, reflecting the fact
that the mass of hydrogen constitutes only 15 % of the total kerosene fuel mass (for hydrogen it is 100 %).
The exact water vapor emission index for kerosene depends on the H:C ratio of the hydrocarbon chains.
Thus, on a mass basis, hydrogen produces about 7.1 times more water vapor than kerosene. Hydrogen has
a specific energy of 120 MJ per kilogram fuel compared to 43 MJ per kg fuel for kerosene, giving a ratio of
2.79. Consequently, the energy-specific water emission index for hydrogen is 2.57 times higher.

From a thermodynamic perspective, this results in a mixing line slope 2.57 times greater for hydrogen
compared to kerosene (assuming equal overall propulsion efficiency). Supersaturation in the exhaust plume
can then be reached at ambient temperatures around 10 K higher than in the kerosene case, allowing contrail
formation more frequently and at lower altitudes (Schumann, 1996; Bier et al., 2024). This effect was already
documented in 1957, when a NASA test aircraft with one hydrogen-burning and one kerosene-burning engine
produced a contrail solely behind the hydrogen engine (Sloop, 1978). Under identical ambient conditions,
the steeper mixing line for hydrogen leads to an earlier crossing of the water saturation curve, resulting in
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longer durations and peak values of supersaturation in the plume. If the number of nucleation sites were the
same as for kerosene, this would produce more and/or larger ice crystals. However, hydrogen combustion
emits neither soot particles nor sulfate aerosols, greatly reducing the number of available ice nuclei (Kircher
et al., 2015). Fewer nucleation sites can yield fewer ice crystals, potentially lowering optical thickness and
shortening contrail lifetimes, thereby reducing their warming effect (Bier et al., 2017; Bock and Burkhardt,
2019; Burkhardt et al., 2018).

For hydrogen fuel-cell propulsion, exhaust conditions may differ from hydrogen combustion. While fuel
cells and combustion systems have the same specific energy and water vapor emission index, external cooling
of fuel cell systems via heat exchangers can lower the exhaust temperature. Water vapor in the cathode
exhaust can approach saturation (Adler and Martins, 2023), making condensation and droplet formation
possible before emission. During the mixing process with the ambient air after emission, the initially cooler
fuel cell plume can reach supersaturations up to 2000 %. Under such conditions, homogeneous droplet
nucleation (HDN) is likely (personal communication with Dennis Hillenbrand, MET/IPA), a process where
water droplets spontaneously form without the need for a nucleus. It becomes relevant for supersaturation
values above 500 % (Wolk and Strey, 2001). This could potentially lead to the spontaneous formation of
numerous water droplets and, subsequently, a high concentration of ice crystals (Jansen and Heymsfield,
2015). Given the lack of detailed contrail formation simulations and measurements of hydrogen fuel cell
plumes, the role of HDN in fuel cell exhaust plumes is not yet understood.

1.4 Research goal of the thesis

Contrail formation is well understood for kerosene-powered aircraft with typical engine and exhaust plume
characteristics. Likewise, contrail evolution during the vortex and dispersion phases has been studied in
detail for the conventional kerosene case (see Sec. 1.2).

In contrast, contrail formation and evolution differ when alternative fuels or propulsion systems are used.
During formation, other particle types become relevant, such as volatile particles originating from combus-
tion products and entrained ambient aerosols. In addition, changes in aircraft and engine characteristics
influence plume dynamics and thermodynamic evolution. For example, SAF or hydrogen combustion is
likely to be applied in smaller, regional aircraft, which operate with reduced engine size, aircraft speed, and
jet velocity. A potential fuel cell configuration would differ even more fundamentally, as it produces no
exhaust jet with velocities of several hundred meters per second.

Regarding the contrail lifecycle, large-scale modeling studies (Gruber et al., 2018; Bier and Burkhardt,
2022) have shown that incorporating vortex phase ice crystal loss leads to significant changes in contrail
properties at regional and global scales. To estimate the RF of contrail cirrus, GCMs with grid resolutions
of several hundred kilometers rely on parameterizations derived from high-resolution, small-scale models
for contrail initialization. For instance, the GCM ECHAM-CCMod incorporates parameterizations for
ice nucleation from Kircher et al. (2015) and ice crystal loss during the vortex phase from Unterstrasser
(2016) (Bier and Burkhardt, 2019, 2022). Therefore, the continuous evaluation and improvement of these
high-resolution, small-scale models are crucial for enhancing the accuracy and reliability of results derived
from large-scale GCMs (Paoli and Shariff, 2016; Kércher, 2018). Adapting initial ice crystal properties to
account for alternative fuels and propulsion systems is therefore essential for assessing contrail properties
and their radiative impact. Moreover, Sec. 1.3 outlined that hydrogen combustion may enable contrail
formation at higher ambient temperatures, which must also be considered in this context.

The goal of this thesis is thus to advance the understanding of contrail formation under alternative fu-
els and propulsion systems and to provide detailed insight into the subsequent evolution of individual
contrail(-cirrus) behind such aircraft. To structure this research goal, the thesis is organized along the three
main contrail phases, formation, vortex, and dispersion, each associated with a dedicated research question:
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How can the altered aircraft and engine characteristics associated with alternative fuel use be
evaluated in terms of their impact on the dynamical and thermodynamic evolution of the
exhaust plume?

How does the use of alternative fuels affect contrail evolution during the vortex phase, in
particular the number of surviving ice crystals? Is the existing ice crystal loss parameterization,
developed for kerosene scenarios, still be applicable to alternative fuel cases?

How do contrail-cirrus properties respond to the use of alternative fuels during the dispersion
phase, and how does this depend on the prevailing meteorological conditions?

To address these questions, Chapters 2, 3, and 4 present results from publications produced during my
PhD. Each chapter corresponds to one of the three contrail phases. At the time of writing this thesis, the
publications on the formation and vortex phases are published, while the paper on the dispersion phase is
under revision.

Chapter 2 focuses on the contrail formation phase. It presents the development of a new model component,
RadMod, which extends the existing model used for simulating ice crystal formation. Previously, the contrail
formation model relied on externally prescribed data to represent plume evolution. RadMod was developed
to improve this representation by numerically solving the underlying advection-diffusion equations governing
the plume’s (thermo-)dynamical evolution. Section 2.3 presents a purely dynamical application of RadMod,
simulating the dilution of aircraft plumes and comparing simulated with observational data. Section 2.4
outlines ongoing work, particularly the coupling of RadMod with the existing contrail formation model.
Chapter 3 addresses the vortex phase, with a particular focus on the impact of hydrogen propulsion systems
on ice crystal loss during the wake vortex descent. The existing parameterization of ice crystal loss was
reviewed and updated for the hydrogen scenarios.

Chapter 4 builds directly on the publication presented in the previous chapter and explores the dispersion
phase, during which the contrails from hydrogen-propelled aircraft transition into contrail cirrus. A broad
parameter range is explored, encompassing variations in meteorological, aircraft-related, and propulsion-
related parameters.

Chapters 2 and 3 provide an introduction to the model used for the respective phase. Since the model used
in Chapter 4 is already introduced in Chapter 3, no separate model introduction is provided there.

Chapter 5 addresses the research questions formulated above and outlines potential directions for future
work.

Appendices Al-A4 contain the appendices and supplements of the three publications. Appendix A5
summarizes the findings of a Bachelor’s thesis and an internship that I supervised during my PhD. These
studies examine how different approaches to wake vortex initialization, such as varying the number of exhaust
plumes or replacing the default analytical flow field with one obtained from Reynolds-Averaged Navier-
Stokes (RANS) simulations, affect contrail evolution, scrutinizing the implications of some assumptions
used in the contrail vortex phase simulations of Chapter 3.
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Extension of Contrail Formation Model

Section 2.1 provides a general overview of the model, called Lagrangian Cloud Module (LCM), that is used
to perform contrail formation simulations. It also discusses the main limitation of a box model approach
and outlines potential avenues for improvement.

Section 2.2 is an excerpt of the publication Lottermoser A. and Unterstrasser S. (2024). Towards intermediate
complexity modelling of contrail formation: the new dynamical framework RadMod. Aeronaut. J.,
129(1332):351-379. DOI: 10.1017/aer.2024.130. Only minor formatting adjustments and rephrasings
were made to ensure consistency with the thesis.

Plume dilution simulated with RadMod is examined in Sec. 2.3, and Sec. 2.4 discusses future developments
of RadMod, in particular its coupling with LCM.

The studies presented in this chapter relate to Research question 1 (see Sec. 1.4), which examines how
changes in aircraft and engine characteristics associated with the use of alternative fuels can be evaluated in
terms of their impact on the dynamical and thermodynamic evolution of the exhaust plume.

2.1 Introduction to the LCM box model

Simulating contrail formation, i.e., the formation of ice crystals in the expanding exhaust plume behind an
aircraft, requires modeling both microphysical and (thermo-)dynamical processes. These are described in
the following.

LCM microphysics

The microphysical processes are simulated using the LCM, as described in Solch (2008) and Solch and
Kaércher (2010). LCM includes routines for aerosol activation into droplets, homogeneous freezing of water
droplets into ice crystals, depositional growth of ice particles, and sedimentation. In its first application,
LCM was coupled to the large-eddy simulation (LES) model EULAG, forming the EULAG-LCM model
version, to simulate cirrus clouds (Solch and Kircher, 2010). Later, LCM was also used for simulations of
young and aged contrails (Unterstrasser et al., 2014, 2017a,b; Unterstrasser, 2020). For contrail formation
studies, LCM was extended to also cover the formation of contrail ice crystals on emitted soot particles (Bier
et al., 2022), on entrained ambient aerosols in the framework of hydrogen propulsion (Bier et al., 2024), and
also on lubrication oil droplets (Zink et al., 2025). In those studies, LCM is used in a box model version.

In the particle-based approach of LCM, the particles are represented by simulation particles (SIPs). LCM
distinguishes between three particle classes: aerosols, water droplets, and ice crystals. If the Schmidt-
Appleman-criterion is fulfilled (see details in Sec. 1.2), water saturation in the aircraft plume is surpassed,
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and ice crystal formation is possible. In LCM, aerosols are activated into water droplets if the plume water
relative humidity exceeds the equilibrium saturation ratio over the droplet surface Sk, which is given by the
k-Kohler equation (Petters and Kreidenweis, 2007).

The procedure in LCM is the following. At each time step, the condensation and deposition processes
are evaluated, ensuring conservation of the total water mass of all three phases (vapor, liquid, solid) in the
system. The water partitioning changes during the simulation; water vapor from the environment condenses
and deposits onto the SIPs based on the diffusional growth equation for liquid droplets and ice crystals,
resulting in a decrease in water vapor in the ambient and an increase in water contained within the SIPs
over time. The amount of water mass that has condensed or deposited, expressed as a change in specific
humidity, is given by

—AMsip

= > 2.1
1 Pamb Vbox At’ ( )

where AMgp is the change in total water mass contained in all SIPs, pamp is the air density, Viox is the volume
of the box, and At is the model time step. The phase changes condensation and deposition come along with
the release of heat, and the phase changes evaporation and sublimation come along with the absorption of
heat. The change in temperature due to these phase changes is calculated by

_ L AMwv,c + La AMwvd

Rr = . 2.2)
' Cp Pamb Vbox At

cp is the specific heat capacity of moist air, and AMwv, and AMwy4 are the water vapor mass that has
condensed/evaporated and deposited/sublimated, respectively. Ry and Ry serve as source terms for Egs. 2.5
or, in the new approach, for RadMod, as further elaborated in Sec. 2.4.2.

Each SIP carries a flag that identifies whether it represents an aerosol (phase = 0), a water droplet (phase =
1), or an ice crystal (phase = 2). This allows LCM to track the number of aerosols, droplets, and ice crystals
over time and to apply the correct equations. The model outputs time-resolved particle numbers, size and
mass distributions, and contrail optical properties.

Plume dilution and thermodynamic evolution in a box model approach

As the aircraft exhaust mixes with the surrounding atmosphere, the plume expands and entrains ambient air.
This entrainment modifies the thermodynamical properties and evolution of the plume; as the plume ages,
its exhaust gas concentrations and temperature gradually approach those of the ambient air. The mixing
process is referred to as dilution, which quantifies the fraction of plume air relative to ambient air at a given
time. The dilution factor D(t) is expressed through the temporal evolution of the mixing ratio of a passive
tracer y (Kércher, 1995)

X() = Xamb
XE — Xamb

D(t) = 2.3)
A passive tracer is a quantity whose evolution is solely determined by plume dynamics; it is transported
through the plume via advective and diffusive processes, but its physical properties, such as composition,
remain unchanged. An example is an exhaust gas that is unaffected by microphysical and chemical processes
during plume evolution. y(t) represents the mixing ratio of a passive tracer at a specific time ¢, yg refers to
the condition at engine exit, and y,mp is the ambient tracer mixing ratio. By definition, the dilution factor is
at maximum at the engine exit (D (tp) = 1) and then declines with increasing plume age (D(t) < 1).

D(t) relates to the entrainment rate w(t) via (Kércher, 1995; Bier et al., 2022)

_dlnD(t)

w(t) = dt

(2.4)

Box models are typically zero-dimensional (0D) and computationally inexpensive, which makes them
advantageous compared to 3D RANS or LES plume models when exploring a multi-parameter space. In a
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Figure 2.1: Illustration of contrail formation as simulated with the box model. (a) A particle-
containing box, shown in orange, follows the plume evolution along the average trajectory
representing the mean dilution state. Microphysical processes occurring inside the box are
displayed. (b) Plume evolution represented by Ny, spreading trajectories in an ensemble
trajectory approach. In "Case 1", undiluted ambient air is entrained into the plume. In "Case
2", the dilution state of the k™ trajectory is determined not only by the contribution from the
ambient air but also, more importantly, by the dilution states of all the other trajectories in
addition to the ambient air.

0D box model approach, illustrated in Fig. 2.1a, y (t), and therefore w(t) via Eq. 2.4, is externally prescribed
from a-priori data, for example, from RANS or LES simulations of an expanding and cooling aircraft plume.
This data representing the dynamical plume evolution can be averaged to obtain the plume’s mean state.
The mean state is then represented by a trajectory that describes the plume’s mean dilution evolution (black
line in Fig. 2.1a).

A box containing particles moves downstream, while the box volume increases according to D~'. The
evolution of water vapor mass mixing ratio mwy and temperature T inside the box is then given by

V)~ —0(0) (v () = ) + Rony @5
T () (1) ~ Taw) + Ry 2.6)

Using the same w(t) in both equations assumes that mass and heat diffuse at an equal rate, i.e., the Lewis
number is 1. At each time step, the microphysical processes inside the box are simulated, including the
activation of aerosols into droplets and their freezing into ice crystals (Fig. 2.1a). These processes, in turn,
modify the humidity and temperature through latent heating and condensation or deposition, which enter
the above equations via the source (or sink) terms Ry, and Rr. A detailed overview of the microphysical
aspects is provided in the next section. The above equations can, in principle, be applied to any species in
the evolving plume (Kércher, 1995).

Plume heterogeneity: Ensemble trajectory approach

Instead of prescribing dilution with a single average trajectory, a full set of plume-sampling trajectories can
be used, as shown in Fig. 2.1b (black lines with labels n). For clarity in the illustration, the trajectories are
simplified; in reality, RANS- or LES-derived trajectories are not straight and may intersect due to advective
and diffusive processes. Similar to panel (a), microphysical processes are calculated in the boxes following
the trajectories, illustrated in panel (b) for one example trajectory. This ensemble (multi-OD) trajectory
approach captures the spatial heterogeneity in the plume: the trajectories representing the plume edge cool
and dilute more quickly than those in the center. Consequently, supersaturation is reached earlier at the
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edge, leading to radially distributed ice nucleation events. Effectively, this means that ice crystals form first
at the plume edge and later at the plume center (in the average trajectory approach, all particles experience
the same temperature and humidity at a given time). Using the ensemble approach with 25000 trajectories
from 3D LES simulations, provided by Vancassel et al. (2014), Bier et al. (2022) found a more gradual
increase in ice crystal number compared to the pulse-like nucleation in the average trajectory approach.

The drawback when using the ensemble trajectory approach is the following. Analogously to the OD box
model approach, but now for each trajectory individually, the dilution and the entrainment rate are calculated
via Eq. 2.3 and Eq. 2.4, respectively. However, this implies that each trajectory only communicates with
the ambient air, since Eq. 2.3 prescribes decreases in water vapor and temperature solely through the
entrainment of undiluted ambient air. This is showcased by the red-framed "Case 1" scenario in Fig. 2.1b,
which illustrates how dilution is currently represented in the box model approach.

However, the decrease in water vapor and temperature results from radial mixing across all trajectories
(green-framed "Case 2" scenario). The dilution at trajectory k is determined by contributions from all
trajectories (blue arrows). Since the direct neighbors of trajectory k are only weakly diluted due to their
proximity to the center/large radial distance to the plume edge, their entrainment rate at k must be larger to
achieve the same dilution as in the "Case 1" scenario. This is illustrated by the varying arrow thicknesses.

The simplification illustrated by "Case 1", as used in the box model approach, introduces major drawbacks
on contrail formation, i.e., regarding microphysical processes of droplet activation and ice crystal nucleation.
Microphysical computations are performed for each trajectory separately. As in each time step unprocessed,
ambient air is entrained into the plume, the inter-trajectory communication is neglected. In this "offline
approach”, the feedback of microphysical processes during the radial mixing process is neglected, so
particles at a given downstream position "see" microphysically unprocessed air in the radial direction.
By contrast, in an "online approach", particle-induced variations in temperature and humidity influence
the thermodynamical fields. For example, a box near the plume edge is cooler and reaches supersaturation
earlier compared to the plume center region, leading to aerosol activation. In a box closer to the plume center,
mixing would, without microphysics, bring in cold, moist air from the ambient, but because condensation
in the boxes further out has already reduced water vapor and released latent heat, activation is suppressed.
Hence, ice crystal formation is hampered. Moreover, the "online approach" also accounts for particle
diffusion (aerosols, droplets, and ice crystals) between the boxes, which alters microphysical processes in
the boxes they are transported to.

As aresult of the missing communication between the trajectories in a multi-OD "offline approach”, ice crystal
numbers tend to be overestimated compared to 3D simulations with fully-coupled (online) microphysics
(Lewellen, 2020; Bier et al., 2022). This limitation is particularly relevant when considering alternative
propulsion systems. As shown by Bier et al. (2024), in the case of hydrogen combustion, where soot
and volatile particle emissions are assumed to be absent, contrail ice crystals solely form on entrained
ambient aerosols. If volatile particles are emitted or form early in the plume (as may occur with hydrogen
propulsion), these particles compete with ambient aerosols for the limited humidity within the plume.
Unlike particle emissions, which occur once, ambient aerosols are continuously entrained into the plume.
Aerosols entering at the plume edge and moving inward can deplete the water vapor before reaching the
center through radial mixing processes. Consequently, emitted particles near the center may no longer
find sufficient water vapor for activation and growth. On the other hand, in case of high exhaust particle
concentrations, emitted particles might deplete water vapor at the center before late-time entrained ambient
aerosols can be activated. The missing competition between exhaust and entrained particles in a box model
is found to cause an overestimation in the final ice crystal number (Lewellen, 2020).

To address this, our future goal with the coupled model RadMod-LCM is to simulate jet dynamics explicitly
instead of relying on fixed LES-based trajectories. We will dynamically simulate the effect of advection
and diffusion on plume temperature and humidity, as well as on the radial re-distribution of the particles,
while simultaneously calculating the microphysics with LCM. The dynamical model component RadMod
is introduced in the following.
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jet properties at
engine exit
Tamp = 225K Elp,0 = 1.26 kgkg™! Ag = 0251 m?

Ambient conditions Engine properties

Pamb =260hPa | Q =4.3x 107 JTkg™! Cg =175
RHymb.ice = 120 % n =036 Uy=271ms™!
mc =0.0031kgm~! Tg = 549K

MwV,exc (TE) =0.030

Table 2.1: Baseline parameters used in our simulations

2.2 Towards intermediate complexity modeling of contrail forma-
tion: the new dynamical framework RadMod

The following Sects. 2.2.1-2.2.4 correspond to Sects. 2-5 of Lottermoser and Unterstrasser (2024). Sec-
tion 2.2.1 presents the methods used to develop RadMod, Sec. 2.2.2 describes the results, Sec. 2.2.3
provides a discussion, and Sec. 2.2.4 concludes. The nomenclature for these sections is provided at the end
of Sec. 2.2.4.

2.2.1 Methods

In this study, we choose the initial temperature and water vapor mixing ratio such that the total heat and water
vapor content resemble that of a typical aircraft exhaust plume. We use the dilution formulae presented in
Bier et al. (2024). The initial plume air-to-fuel ratio is

_ Q(l-n)
Ep (Tg — Tamp) + 0.5 UJ2 '

Ce 2.7)

The values for the specific heat of combustion Q (also known as lower calorific or heating value) and the
overall propulsion efficiency n are listed in Tab. 2.1.

We solve Eq. 2.7 for the jet exit temperature Tg by assuming an initial air-to-fuel ratio of Cg = 75 and an
initial energy partitioning of 90 % (thermal) and 10 % (kinetic) energy. In the second step, we derive the
initial jet excess velocity Uy. With commonly used values (see Tab. 2.1), we obtain Tg = 549 K and Uy = 271
ms~!. In general, a jet excess quantity is defined such that cexcess = Ciotal — Cambient fO @ generic variable c,
i.e., "excess" means "subtraction of the background". Hence, Uexe = Uiyt — U Where U is the free-stream
(or, equivalently, coflow) velocity.

The water vapor mixing ratio myy is defined as the ratio of the density of water vapor over the density of
dry air. The initial excess value mwv.exc(Tg) is given by

M
MWV, exc (TE) = Ag VpV: (28)
ry
REI
_ tEH,0Me T, 2.9)
AE Pamb

The total amount of water vapor Mwv per meter of flight path is the product of the emission index of
water vapor Ely,o and the fuel consumption per meter of flight path mc, whose values are listed in
Tab. 2.1. Moreover, we assume that the contribution of the water vapor partial pressure to the total ambient
pressure can be neglected (i.e., pamb = pary). We obtain myvexe(Tg) = 0.030. The initial water vapor
in the environment mwy.amb represents a relative humidity with respect to ice RHympice = 120 %, which
corresponds to a value of RHymbwat < 100 %. Ice supersaturation (i.e., RHambice > 100 %) is a common
phenomenon in the upper troposphere (Gierens et al., 1999) and supports the formation of climate-relevant
contrail cirrus (Bock and Burkhardt, 2016a; Unterstrasser et al., 2017a).
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2.2.1.1 Basic knowledge on jet spreading and flow rates

In general, the evolution of a round free jet is divided into different axial regions (Lee and Chu, 2003; Ball
et al., 2012). The near field represents the section of flow establishment extending from the jet nozzle to
Xpe/d, where Xpc is the potential core length. The potential core is the region close to the source where
the surrounding fluid has not penetrated the jet’s central axis. Therefore, the jet at the centerline is not yet
affected by diffusion (Lee and Chu, 2003; Ball et al., 2012). The potential core thickness decays linearly
with x as the mixing zone surrounding the potential core, also termed the shear layer, spreads towards the
jet center (Lee and Chu, 2003). The near and intermediate fields are characterized by the development and
interaction of eddies formed in the shear layer (Ball et al., 2012; Khorsandi et al., 2013) caused by the initial
strong shear between jet and environment (Or et al., 2011). The shear layer continues to grow laterally.
Within the zone of established flow, i.e., in the far field, experiments revealed that the mean flow is fully
developed and exhibits self-similar behavior (Wygnanski and Fiedler, 1969; Panchapakesan and Lumley,
1993a; Hussein et al., 1994). Self-similarity can be understood as a state of dynamic equilibrium (Richards
and Pitts, 1993) and has been observed for both constant- and variable-density jets (Djeridane et al., 1996;
Charonko and Prestridge, 2017). It is characterized by a spreading of the jet while the centerline velocity
Up(x) = U(x,r =0) decreases as the axial distance from the jet nozzle increases.

In the case of a free jet, i.e., the ambient is stagnant with Uy, = O0ms™! (U = Uee = Usor), the centerline
velocity decays linearly with downstream distance and is given by (Hussein et al., 1994; Pope, 2000; Lipari
and Stansby, 2011)

U  1x-x0
Up(x) B d °

(2.10)

where B is the decay constant and X is the virtual origin. A hypothetical jet exhibiting self-similar behavior
right from the beginning originates at the virtual origin. Hence, the virtual origin is the projected location
of the onset of a self-similar jet with zero dimension (Or et al., 2011). Note that Eq. 2.10 is only valid for a
free jet in the region of self-similarity (Ball et al., 2012).

The linear spreading behavior in a free jet is governed by (Djeridane et al., 1996; Ball et al., 2012)

ros(x) x—Xo

d = d
where S represents the spreading rate. The parameter ros(x) is defined as the radius at which the axial
velocity decreases to half of its centerline value Uy and is referred to as the velocity half-width radius. In
other words, ry5(x) can be understood as a proxy of the jet’s width. The constants B and S are independent
of the jet’s Reynolds number (Pope, 2000).
The turbulent diffusion coefficient, introduced in Eq. 2.22, is connected to the centerline excess velocity and
velocity half-width radius through the empirical relation

DT(x) = f)T Uexc,O(x) ro.s (X), (212)

where Dt was observed to be within 15 % of 0.028 in 0.1 < r/rgs(x) < 1.5, where the value of 0.028
was derived from experiments (Pope, 2000). In the case of a free jet, the product of Uec o(x) and ro5(x)
becomes independent of x once the jet reaches its self-similar state because then, Ueyc () scales with x~1,
and ro5(x) scales with x. Eqs. 2.10 and 2.11 hold only in the scenario without a coflow, and Sec. 2.2.2.3
reports on the axial dependencies in the case of a coflowing jet.

The mass flow rate is given by (Sforza and Mons, 1978; Khorsandi et al., 2013)

(2.11)

m(x)=2x /DO p(x,7) U (x, 1) rdr. (2.13)
0

As ambient air is continuously entrained, the mass flow rate is linearly proportional to x (Ball et al., 2012).
The excess momentum flow rate remains constant with axial distance (Pope, 2000; Ball et al., 2012) and is
computed by

M(x) =My =2m /00 p(x, ) Ut (x5, 1) (Ugor (x5, 1) — Uso) dr. (2.14)
0
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Also, the tracer mass flow rate, given by

F(x) =To = 27 / P, 1) Uier (%, 7) Cexc (6, ) 1 dr 2.15)
0

is conserved (Chu et al., 1999). Cexc(x, 1) is the tracer excess concentration.
The thermal and kinetic energy flow rates are calculated via

Eerm(x) = 275, / P, 1) Toxe (5, ) U, 7) -l 2.16)
0

Ekin(x) =T /oo p(X, T‘) (Utot(x) I‘) - Uoo)2 Utot(x’ r) rdr. (217)
0

The thermal energy flow rate increases and the kinetic energy flow rate decreases with increasing axial
distance to the jet nozzle because momentum is continuously transferred into heat. Hence, the total energy
flow rate remains constant with axial distance.

Generalizing Eq. 2.10 by accounting for density differences between jet and ambient, the centerline velocity
law (Eq. 2.10) is normalized using the effective diameter in the far field instead of the initial jet diameter.
This concept was originally proposed by Thring and Newby (1953) and later extended to the near field and
to jets in a coflowing environment by Sautet and Stepowski (1995). Following their work, the effective

diameter is given by
denr(x) = d o[22, (2.18)
Peft (X)

where pj o is the initial jet density and peg is the effective density that is calculated by

fooo p(x,7) Utor (x) (Urot (x, 1) — Uso) rdr
fooo Utot (%, 1) (Utot (x, 1) = Us) rdr .

Pett(x) = (2.19)

defr(x) can be understood as the diameter of a jet of ambient fluid inducing the same momentum flow rate as
a variable-density jet at downstream position x. peg(x) is the excess momentum flow rate-weighted mean
density (Charonko and Prestridge, 2017).

2.2.1.2 Advection-diffusion equation (ADE) in cylindrical coordinates

We consider the turbulent flow of a round jet. The flow field is regarded as stationary and axisymmetric.
The two-dimensional system is represented by an axial coordinate x and a radial coordinate r, where the use
of cylindrical coordinates is appropriate given the geometry of the problem. A continuous spreading and
cooling characterize the (thermo-)dynamic evolution of the hot jet. The jet is assumed to be highly turbulent
with a Reynolds number > 10*. The governing equations are the momentum, energy, and mass equations.
Splitting the flow field quantities into a temporal mean and a fluctuating part results in the corresponding
time-averaged equations.

Furthermore, the axial direction is the dominant flow direction as the mean axial velocity U is much larger
than the mean radial velocity V. Also, axial gradients are negligible because they are significantly smaller
than lateral gradients. Based on these assumptions, the axial momentum flow rate is much larger than the
axial flow rate of angular momentum. Hence, the so-called swirl number is small, and we neglect the mean
angular velocity.

The turbulent, time-averaged boundary-layer equations for the mean axial and radial velocity, consisting of
the continuity equation and momentum equation, therefore are

a(pU) 1 a(rpv
(pU) L1 a(rpV) _ 0
ox r or
_—dU _—aU
pU— + pV—
ox

(2.20)
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with p representing the air density and v the molecular diffusivity (Pai, 1954; Pope, 2000). Special attention
is drawn to the shear stress uv, where u and v are the fluctuating velocity components in the axial and radial
direction. The shear stress can be related to the turbulent diffusivity D via

uv = —Dp —, (2.22)
ar
where Dt is determined empirically as shown in Sec. 2.2.1.1. In the following, it is assumed that the
turbulent diffusivity is much larger than the molecular one (v + Dt = Dr).
The density p is derived via the ideal gas law for assumed isobaric conditions

Pamb
= 2.23
P="2T (2.23)

with absolute temperature T, which is the sum of the excess temperature of the hot jet Texc = AT and the
temporally and spatially constant ambient temperature T,n,,. While the assumption of isobaricity is not
applicable directly behind the engine exit, we presume the jet pressure to equate to the ambient value within
a few jet diameters, as has been done in prior investigations (Kédrcher and Fabian, 1994; Lewellen, 2020).
Following Kiircher and Fabian (1994), the set of equations, known as ADEs, for axial velocity U, temperature
T, and water vapor mass mixing ratio myy takes the form

ou oU Dt o au
U—+pV —=—— — 2.24
P a P ar r oor ( ' ar) ( .
2

T oT Dt 1 9 ar\ D ou
pUZ +pv = =L (o) + Zp (E) + Re (2.25)

a or Pr r or ar p or

omwy omwy Dt 1 9 omwy

U +pV = - — + Ry - 2.26
P ax p ar PrXxLer or (p g ar ) v ( )

For better readability, the bars indicating the averaging have been omitted. The specific heat capacity
for dry air averaged over the temperature range of interest is represented by cp. Dividing the turbulent
diffusion coefficient by the turbulent Prandtl number Pr or Lewis number Le yields thermal diffusivity or
mass diffusivity, respectively. In our studies, we set Pr = 1, Le = 1, and ¢, = 1020J kg~!' K~!. The second
term on the right-hand side of Eq. 2.25 describes the viscous heating effect, capturing the increase of internal
energy (heat) because of the viscous dissipation of kinetic energy.

Eqgs. 2.24-2.26 are applied for both a free jet that submerges into a stagnant surrounding and a coflowing
jet where the ambient air moves with speed Us. In the case of a free jet, excess axial velocity and excess
thermodynamic fields are examined. In the latter case, i.e., a coflowing jet, total variables (sum of excess
and ambient fields) are used.

The ADEs given above represent only incompressible flows. However, with an initial jet excess velocity of
271 ms~!, the Mach number is M = 0.90 for our cold jet and M = 0.58 for our hot jet. As a rough guideline,
flows with M > 0.3 should be treated with compressible equations (Anderson, 2017), making our approach
seemingly questionable. For jet flows, however, the importance of compressibility effects is judged upon
the convective Mach number M., which is a local metric defined in a coordinate system moving with the
velocity of the turbulent structures within the shear layer (Papamoschou and Roshko, 1988; Yoder et al.,
2015; Lewellen, 2020). It is defined as

U -U
M, = 21—

- (2.27)
Cs,1 +Cs2

where U; and U, represent the velocities of the two air streams (with U, = O0ms~! for a free jet) and Cs,1
and ¢z are the corresponding speeds of sound inside the jet and of the background, respectively. The
convective Mach number is independent of the coflow velocity, as the jet velocity is the sum of excess and
coflow velocity, and U, cancels out. With U; =271 ms™!, the calculated M, is approximately 0.45. When
considering a hot jet with an exit temperature Tg, the speed of sound cs increases, thereby reducing the
convective Mach number. For exit temperatures around 500 K (as we assume in our model), the jet flow
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can be considered low subsonic according to the definition of the convective Mach number. Hence, our
incompressible approach is justified for all use cases this study presents.

For flows with M, > 0.5, numerous experiments have shown that the dilution decelerates for increasing M,
(Yoder et al., 2015). In such cases, our model would overestimate the jet dilution rate.

Following Pope (2000), the momentum ADE can be solved analytically when assuming no density differences
between jet and ambient air. A free jet (i.e., without a coflow) is considered.

Under these circumstances, the analytical solution for Eq. 2.24 is written as (Pope, 2000)

U(x,r) =Uy(x) f ( ) (2.28)

r
ro.5

that consists of two terms: the axial centerline velocity Up(x) and a second term f (l’oLs) that captures the

radial dependency and reads as

f (L) - (2.29)

0.5 (1 +cr2)2

with ¢ = ‘ﬁ—_;z The centerline velocity Up(x) and the velocity half-width radius are calculated using

ro.5(x
Egs. 2.10 and 2.11.
The analytical solution for the radial velocity is (Pope, 2000)

V(x,r) =4D 1 ert (2.30)

x,r) =4Drcr ————. .
(1+cr?)?

In this study, we use the benchmark scenario of the dynamical evolution of a constant-density jet as

verification for our numerical solution of the momentum equation.

2.2.1.3 Development of a numerical solution procedure for the ADE system

In the following, we present a numerical solution procedure that allows us to simulate the evolution of a hot
jet with variable density as governed by Eqgs. 2.20 and 2.24-2.26. We discretize the ADEs in a space-fixed
coordinate system (with adapted spatial coordinates). In this purely dynamic framework, source terms are
zero. Once the model is coupled with a microphysical model of contrail formation, the source terms Ry and

Ry, Will be nonzero.

2.2.1.3.1 Coordinate-transformed ADE system

We introduce the Stokes stream function

y- LM 1 (2.31)
pr or prox

for cylindrical coordinates. This is a valid procedure as we consider a two-dimensional and stationary flow

field.

Inserting the axial and radial velocities expressed by the stream function (Eq. 2.31) into Egs. 2.20 and 2.24,

one single equation remains, since the continuity equation is by construction automatically fulfilled. The

new momentum equation (not shown) is complex and unappealing to solve numerically as third derivatives

in r and mixed derivatives in r and x appear. It is convenient to perform a coordinate transformation from

(x, r)-space into (¢, P)-space as proposed by Kircher and Fabian (1994).

The new radial coordinate 1 is chosen to be equivalent to the stream function. The new axial coordinate ¢

is defined such that

¢

— = Dr(x). (2.32)
ax
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This is a valid transformation as the turbulent diffusion coefficient Dt is always positive. The function that
maps ¢ onto x is invertible. ¢ depends only on x because we assume that D is independent of r. In general,
an increase or decrease in the diffusion coefficient results in a stretching or compression of the axial grid.
The coordinate transformation is described by

f) o oY 9
9 g Y 0
i o a JAw . (2.33)
_ ( Dr -Vpr ) ?
O U pr ﬁ
Therefore, the transformed ADEs in (¢, 1)-space read as
U 9 [, , aU
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Note two significant advantages that result from that transformation: Firstly, the radial velocity disappears
so that we are left with only one unknown quantity in the momentum equation (Eq. 2.34), namely the axial
velocity U. Secondly, all three equations have the form of a classical diffusion equation without advection.
Conveniently, all advective terms containing mixed derivative terms drop out. Nevertheless, we will still
speak of an ADE to make clear that the effect of advection is implicitly accounted for. When applying the
transformation formulae, the continuity equation is still implicitly fulfilled.

We define a radial grid given by the coordinate 1) that follows from Eq. 2.31:

P(x,r) = ‘/Or p(e,r)U(x,r)r dr. (2.37)

A close look at the transformed ADEs reveals that the "old" radial coordinate still appears in the equations.
To solve the system of equations, we need to evaluate r> in (¢, 1b)-space, for which we use Eq. 2.31:

» 1
2-2 - dy'. 2.38
" /0 o) U Y (2.38)

A description of the implicit finite-difference discretization of Eqs. 2.34-2.36 can be found in Sec. Al. The
new (¢, )-grid is not time-constant and stretches and compresses in physical (x, r)-space. This necessitates
the introduction of a time-adaptive (¢, 1b)-grid as described in Sec. Al.

2.2.1.3.2 Initial and boundary conditions

In the following, the generic variable ¢ serves as a placeholder for either U, T, or myy. We prescribe a radial
grid r with variable spacing. It is defined within the range of [0,100] m (for more details on the radial grid,
see Sec. Al). In physical (x,r)-space, we select the initial profile c(xgare, 7). As the algorithm operates in
(¢, )-space, the initial c-profile needs to be mapped to the coordinate-transformed system.

The axial grid is specified as x = N, X dx, and N, can be arbitrarily chosen. Throughout the study,
dx =0.01 m.

A step-wise function serves as the most generic shape for the initial profile:

C r<d/2
C(Xstart: r) = {CO rs d;Z (2.39)
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Figure 2.2: Radial profiles of (a) axial and (b) radial velocity for a constant-density jet. Solid
lines depict the analytical solution from Pope (2000), and dotted lines show the numerical
results. The curves are plotted at different downstream distances.

In general, when selecting a step function as initial profile for axial velocity, we define that xs ¢ = Om.
In the case of a free jet, cq is either Uy, Texe = T — Tamb OF Mwv exc(TE). Simulating a coflowing jet, we
prescribe Uy, Te, and mwv exc(Te) + mwy,amp (see Tab. 2.1).

Simulating a jet flowing into a stagnant ambient, we compute excess quantities, and the outer boundary
of the spatial grid is chosen to be cexe,n, = 0, where Ny, is the number of grid points in i-space. It can
be assumed that far away from the jet center, excess axial velocity, excess temperature, and excess water
vapor mixing ratio are zero. In the case of a coflowing jet, we prescribe Uiy p; s = Ucos Trot,N,, = Tamb, and
MWV tot,N; = MWV,amb- The matrix coefficients of the inner boundary are computed differently, as shown in
Sec. Al.

2.2.2 Results

The plausibility of the model outcome will be examined based on various jet configurations. We distinguish
two cases:

* Cold jet with prescribed density of air

If we consider a cold jet (T = Tanp), solely the momentum ADE is solved. Viscous heating effects are
ignored, and the density of air pg is spatially and temporally constant.

* Hot jet with variable density of air

Compared to the cold jet, we initialize a jet with Texc > O and a suitable water vapor field. We
solve all three ADEs given above. According to the ideal gas law, we account for density changes
p = p(T). In our implicit numerical approach, the momentum and temperature ADEs are fully (i.e.,
two-way) coupled and are solved simultaneously. The axial velocity can no longer be determined
without knowledge of the temperature because of U(p(T)).

We first validate the numerical algorithm by comparing the numerical velocity profiles of a cold jet with the
analytical solution (Sec. 2.2.2.1). We assess the jet spreading behavior for cold and hot jets and compare
our model results with findings from prior studies (Sec. 2.2.2.2). Furthermore, the algorithm is employed to
simulate the jet evolution in a coflowing environment (Sec. 2.2.2.3). Finally, we compare the model results
with those obtained from Computational Fluid Dynamics (CFD) simulations (Sec. 2.2.2.4).

2.2.2.1 Comparison with the analytical solution

In the first development step, we investigate a cold jet, i.e, we solve for axial velocity only. In this case, an
analytical solution of the momentum equation exists (see Sec. 2.2.1.2), which helps to verify the numerical
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solution algorithm. We initialize U (xgart, ) as a self-similar profile according to Eq. 2.28. As proposed
in Pope (2000), we take the values from the study of Hussein et al. (1994) to calculate the axial centerline
velocity and velocity half-width radius: S = 0.094, B = 5.8, and xo = 4d. These constants are specifically
used to define an initial numerical profile for U, aligning with the analytical profile in this verification
scenario. Alternative parameter values could be specified if they correspond to those used for the analytical
U-profiles. Sec. 2.2.2.2.1 demonstrates that an arbitrary starting profile for U, such as a step function, can
be chosen, allowing the parameters S, B, and xg to be determined from the numerical solution rather than
being predefined.

The selection of a starting value xg is constrained by the condition Uy > Ug(xgsart). With values for S and
B as described above and an initial jet diameter of 1 m, we obtain X & 10 m.

Solving the equation system presented in Sec. 2.2.1.3, the resulting radial profiles of axial and radial velocity,
shown as dotted lines in Figs. 2.2a and b, agree with the analytical profiles, represented by solid lines. The
radial velocity is calculated numerically by discretizing Eq. 2.31 and compared to the analytical solution
(Eq. 2.30). We see an outward movement of the jet’s core air (V(r) > 0) at small radial distances, whereas
at outer regions, ambient air is entrained and moves inward (V(r) < 0). As the jet expands, the inward
movement of ambient air shifts further outwards.

Another verification test involves the evaluation of the jet flow rates. We confirm the conservation of
momentum and tracer excess concentration flow rates and the total energy flow rate. See Sec. A1 for further
details.

2.2.2.2 Investigation of a turbulent jet in a stagnant environment

2.2.2.2.1 Simulations of a cold jet

After a thorough verification of the numerical results with the analytical profiles, we initialize the axial
velocity as a step function as described in Sec. 2.2.1.3.2 and values listed in Tab. 2.1. In order to derive
the spreading rate S, decay constant B, and virtual origin xg, a linear curve is fitted to our simulation data
ro.5(x)/d and Uy /Up(x) for both a self-similar and step-wise initial profile of axial velocity. We initialize
the step function at xs, = Om and, in a second simulation, at 10 m. Fig. 2.3a shows the centerline velocity
decay for the case of an initial step function with Xt = Om.

The obtained fitted values of the three model setups (i.e., self-similar and step profile with two different
starting values) and those from previous studies are listed in Tab. 2.2. The value of the virtual origin refers to
the velocity decay fit. Not surprisingly, the fitted values in the case of a self-similar initial profile agree with
the initially prescribed values. In the case of an initial step function, the spreading rate and velocity decay
constant also nicely agree with prior studies. Yet, we note differences in the fitted value for the virtual origin
when using different starting values of x. When also initializing the step function at x = 10 m downstream
distance, the fitted value for the virtual origin is 5.9 m, shifting it around 10 m downstream compared to the
simulation with x = Om. Initializing the axial velocity profile at x = 10 m as a step function results in a
virtual origin located further downstream due to the time it takes for the jet to exhibit self-similar behavior.
By altering the initial jet excess velocity and initial jet diameter, we find minimal variations of the fitted
values S, B, and xy. Specifically, by halving Uy while simultaneously halving d, the jet spreading behavior
in terms of S, B, and xp remains consistent.

The profiles in Fig. 2.3b suggest the onset of self-similarity at around 3 to 4 m downstream distance. Beyond
that distance, the normalized profiles converge and collapse onto the self-similar profile. Our estimated
potential core length of 3 to 4 m agrees with commonly found values of few jet diameters (Xia and Lam,
2009; Or et al., 2011; Yoder et al., 2015).

We provide a brief note on the analysis of density in the case of a cold jet: The density is radially independent
so that it cancels out in Eqs. 2.24-2.26. In Egs. 2.34-2.36, on the other hand, the density only appears in the
term on the right-hand side and, at first glance, does not seem to cancel out in the equation system. Keeping

2,2
in mind that 1 « p, the factors = dfp 2U are independent of p (the radial coordinate does not depend on density

because it is proportional to p~! dip). Thus, the results obtained from solving the coordinate-transformed
system do not depend on the prescribed (constant) value of p.
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S B | xo/d x/d
Panchapakesan and Lumley (1993a) | 0.096 | 6.06 0 0-160
Hussein et al. (1994) 0.094 | 5.8 4 30-120
Chassaing et al. (1994) 009 |515| 2.8 >20
Khorsandi et al. (2013) 0.099 | 5.66 | 4 10-115
Amielh et al. (1996) 0.062 | 9.1 | -2.6 <40
Antoine et al. (2001) 0.064 | 6.83 | 49 | 70-140
Oretal. (2011) - 511 | 2.4 >3
present study (self-similar profile) | 0.094 | 5.80 | 4.1 | 10-100
present study (step profile) 0.094 | 585 | 5.9 | 10-100
present study (step profile) 0.094 | 585 | -3.9 | 0-100

25

Table 2.2: Measured/simulated spreading rate S, decay constant B, virtual origin xo/d, and
axial measurement ranges x/d for turbulent axisymmetric jets in various studies
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Figure 2.3: (a) Simulated centerline velocity decay (black diamonds) and radius of velocity
Note that the axial
resolution is dx = 0.01 m as specified in Sec. 2.2.1.3.2, but we only plotted a sample of points
for illustration reasons. Linear fits are displayed in orange and red. (b) Axial velocity profiles
normalized by the centerline velocity are depicted as functions of r/rg s at different downstream

half-width (blue dots) as functions of the normalized axial distance.

locations. Initial values for jet diameter and excess velocity d = 1 m and Uy = 271 ms

used in this example.
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Figure 2.4: (a) Radial density profiles at different downstream distances. The initial density
ratio is 0.41. (b) Radial temperature profiles with and without the viscous heating effect are
displayed. (c) Radial profiles of axial velocity for a hot jet with variable density and prescribed
constant density.

2.2.2.2.2 Simulations of a hot jet

In the following, we simulate the expansion of a hot jet by solving the full equation system (Eqs. 2.34-2.36).
The density is allowed to vary with temperature according to Eq. 2.23. We initialize U, T, and mwy as step
profiles, see Sec. 2.2.1.3.2. Notably, prescribing self-similar or Gaussian initial profiles for temperature
and water vapor mixing ratio is not a reasonable choice in our applications. In this case, each radial grid
box corresponds to a specific point on the mixing line shown in Fig. 1.3. In a certain radius interval, the
plume temperature and water vapor conditions are such that liquid saturation is surpassed (corresponding
to the segment of the mixing line lying above the saturation curve). Once we couple RadMod with LCM,
supersaturated conditions at initialization are not meaningful as particle nucleation and growth processes
start once saturation is surpassed, and water vapor is depleted. To eliminate initial supersaturation in our
profiles, we choose step functions for both T and mwy independently of the shape of the initial axial velocity
profile. In this case, the value pair for T and myy lies on the mixing line far to the right of the point where
the mixing line crosses the saturation curve.

As it is illustrated in Figs. 2.4a and b, the plume density in the core region increases with increasing axial
distance to the jet nozzle as the jet’s core region (r < 0.5m) is continuously cooled down due to the
entrainment and mixing with the cold surrounding. The hot jet is expanding, so the mixture of jet and
ambient air at the former jet’s edge (r > 0.5 m) is heated up and becomes less dense.

Optionally, we can switch the viscous heating effect off by setting the viscous heating term to zero in Eq. 2.35.
Fig. 2.4b shows results with included and excluded viscous heating terms. Not surprisingly, the inclusion of
viscous heating makes the jet warmer compared to the case without the viscous heating term, where kinetic
energy is lost, and the total energy flow is not conserved in the system. At maximum, the viscous heating
causes a temperature difference of around 20 K. The velocity profiles, however, do not change substantially
when viscous heating is switched off (not shown). In contrail formation theory (Schumann, 1996), typically,
the assumption is made that the jet kinetic energy has been fully converted into thermal energy at the time
contrail formation sets in. In purely thermodynamical considerations, this assumption then justifies an
initial energy partitioning of 100 % and 0 % (instead of 90 % and 10 % as in our approach) and simplifies
the analysis. We test the validity of this assumption by running an additional simulation that initializes the
plume with 100 % thermal energy. The jet kinetic energy is set to 10 % of the total (reference) energy. We
switch off the viscous heating effect, and after the dissipation of the jet, the total energy is identical to our
default simulation with a (90 %, 10 %) partitioning. The dotted line in Fig. 2.4b indicates this simulation.
The initial jet excess temperature is around 36 K higher in the jet center compared to the 90 %-cases. While
differences in the temperature profiles are apparent at x = 1 m, they are nearly/fully negligible after 5 and
10 m, respectively. As the excess temperature is still high and relative humidity well below saturation, the
assumption of (100 %, 0 %)-energy partitioning in purely thermodynamical considerations is justified, also
for cases with hydrogen combustion where supersaturation shapes up earlier (Bier et al., 2024).

The measurement of jets with densities differing from the density in the surrounding has been investigated in
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Figure 2.5: (a) Centerline velocity decay in four jets with different density ratios (see legend in
panel (b)) as a function of normalized downstream distance and (b) density-scaled normalized
downstream distance. (c) Effective density and diameter as functions of x. In panel (c), no
curve is displayed for Ag as both peg and d.g are equal to 1.0.

several studies, e.g., Richards and Pitts (1993); Djeridane et al. (1996), or Charonko and Prestridge (2017).
In agreement with these studies, we observe a faster mixing in such lower-density jets, see Fig. 2.4c. The
jet’s initial mass, momentum, and kinetic energy fluxes are smaller, and the entrainment of ambient air leads
to a faster velocity decay. The faster mixing process is also observed for the thermodynamic variables (not
shown).

In order to systematically investigate jets with variable density, we initialize four jets with different density
ratios A = pyo/pe, Where p, represents the density of the surrounding. For this, we increase the jet exit
temperature: Ay = 0.41 (Tg = 549K), Ay = 0.21 (Tg = 1049K), and A3 = 0.14 (Tg = 1609K). Ag = 1.0
represents a cold jet. Az is chosen to correspond to a proxy of a helium jet, for which various simulations
have been performed in previous studies (Panchapakesan and Lumley, 1993b; Sautet and Stepowski, 1995;
Amielh et al., 1996). Note that a jet having an exit temperature of >1000 K does not necessarily represent
a realistic aircraft jet flow, yet, corresponds to a jet with very low density. Also, buoyancy effects are not
accounted for. As has been shown experimentally in Monkewitz et al. (1990), a hot jet experiences a faster
rate of turbulent structure growth than a cold jet. Our simulations of hot jets indicate that their spreading
rates are comparable to those of cold jets. However, we observe that the velocity half-width radius is
shifted closer to the centerline, a phenomenon that intensifies with increasing jet temperatures (not shown).
Interpreting ro 5 as the center of the shear layer, this shift suggests a reduction in the potential core length.
Consequently, the jet reaches its self-similar state earlier (Yoder et al., 2015).

The faster decay of the axial centerline velocity with decreasing density ratio is shown in Fig. 2.5a. The
virtual origin decreases for increasing density ratio, consistent with findings by Charonko and Prestridge
(2017). For a helium-like jet (dotted line), we find a slope of 0.452 comparable to the value of 0.414 reported
in Panchapakesan and Lumley (1993b). When normalizing with the effective diameter (Eq. 2.18), the data
points lie on a unique line with B~!(A3) = 0.172, see Fig. 2.5b.

In Fig. 2.5c¢, the effective diameter (blue) and effective density (black) are displayed for different density
ratios (the curves for Ag are not shown because deg(Ag) = per(Ag) = 1.0). We see an increase in effective
density and a decrease in effective diameter with downstream distance. At a fixed axial position, the
effective diameter is smaller for a smaller density ratio. This outcome is expected, since d.g(A3) represents
the diameter of a jet comprising solely ambient fluid but carrying the momentum of a helium jet, which is
significantly smaller than the momentum of a cold jet. Therefore, d.g(A3) needs to be smaller than deg(A3)
(and deg(A3), in turn, needs to be smaller than deg(A1)). For all cases, the effective density approaches pe,
at larger downstream distances.

So far, we presented the evolution of U and T. We now investigate the plume water vapor mixing ratio
mwy, obtained by solving Eq. 2.36. Figure 2.6a shows radial profiles of excess mixing ratio at different
axial positions. With temperature and total water vapor mass mixing ratio at hand, we calculate the plume
relative humidity with respect to water by dividing the water vapor partial pressure pwy (mwy) by the water
vapor saturation pressure pgy wv (T). The relative humidity profiles are displayed in Fig. 2.6b.
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Figure 2.6: (a), (c) Radial profiles of water vapor mixing ratio and (b) plume relative humidity
with respect to water. The legend in panel (a) refers to panels (a) and (b), which show the case
with a classical step function. (c) Case with a water vapor deficit for medium radii of the initial
jet.

Even though the initial jet features a very low value of RHyy, it reaches values above 100 % within the
first meters behind the engine exit. Then, the supersaturation peak value decreases slightly with increasing
axial distance, yet a larger area becomes supersaturated. Eventually, supersaturation is reached at all radial
distances up to around 20 m. Note that in our present approach, the effect of microphysical processes on the
relative humidity evolution is not considered. During contrail formation, condensation/deposition of water
vapor on contrail water droplets and ice crystals would reduce the relative humidity.

Exploring the model’s capabilities further, we initialize a water vapor profile with a local deficit, as seen in
the orange curve in Fig. 2.6c. This serves as a simplified representation of the effect of microphysics, which
reduces the water vapor via a source term in the water vapor ADE. The advective and diffusive processes
then work to smooth out the deficit, gradually reducing its visibility until it is no longer discernible. The
"effectiveness” of the diffusion processes is underscored by the fact that the initialized deficit region is
balanced within a short distance of 1 to 2m. The diffusion of a water vapor deficit or of a spike in ice
crystal and liquid droplet mass/number is a clear advantage of the coupled dynamical-microphysical model
over common trajectory-based contrail formation models (Paoli et al., 2008; Bier et al., 2022, 2024) where
diffusion between neighboring trajectories is typically neglected.

2.2.2.3 Investigation of turbulent jets in a coflowing environment

In the context of contrail formation studies, our objective is to implement the concept of a moving source
emitting into a stagnant atmosphere. We change the reference system by interpreting the movement of the
aircraft with speed Uac through the stagnant environment as a stationary aircraft surrounded by a coflowing
airstream with speed |Us| = |Uac|. In the following, we show that our model is capable of reflecting the key
features of jet expansion in a comoving environment. We examine coflowing cold and hot jets with coflow
velocities 50ms~!, 150ms~!, 250 ms™!, and 400 ms~1.

The coflowing jet has been studied extensively, e.g., Nickels and Perry (1996); Chu et al. (1999), or Xia and
Lam (2009). It has been found that the evolution of a coflowing jet differs in two main aspects compared to
a free jet: The jet spreading proceeds more slowly, and the axial centerline velocity decay is slower.
Following Chu et al. (1999), we divide the jet evolution into two parts: In the strong jet regime, where the
jet’s excess velocity is much larger than the coflow velocity, the jet behaves as a free jet, i.e., the coflowing
environment does not influence the jet’s evolution. In the weak jet regime, i.e., far from the jet’s origin,
the jet has been decelerated and is impacted by the surrounding’s movement. In this axial region, it holds
ros o x'/3 and (Utor,0 — Uso) x7213 a5 reported in several studies (Kércher and Fabian, 1994; Chu et al.,
1999; Enjalbert et al., 2009).

It is customary to define a momentum length scale [}, = ‘{]E (Chu et al., 1999; Lee and Chu, 2003; Moeini
et al., 2021). Note that Chu et al. (1999) and Moeini et a1.00(2021) use a purely kinematic momentum flow
rate without the density appearing in the integral (Eq. 2.14). In our analysis, we normalize the density in
M) by the ambient density p.,. Hence, p/p is approaching 1 for large axial distances where the jet density
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converges to the ambient density. This density normalization ensures that the unit of the momentum length
scale is meter.

Although previous studies (e.g., Nickels and Perry (1996) or Davidson and Wang (2002)) suggest power
laws of the form ros/0, = (x/ l;"n)l/ 3 and Uexe,0/Uso = (x/ l;“n)_z/ 3, we find the need for introducing axial
offsets xp w and x(')’W in order to fit the data well:

/3
0.5 X — Xo,w
= ’ 2.40
L, ( I ) (240
U ey |23
exe0 _ o ( , O’W) . (2.41)
Us Ik

Figs. 2.7a and b show spreading and axial centerline velocity decay of a cold jet (Texc = 0 K) for four different
coflow velocities. By normalizing with the momentum length scale, the data collapse on a single curve for
x/l3, 2 10. The onset of the 1/3-spreading behavior at x/[;;, = 10 was also found by Lee and Chu (2003). In
order to assess the robustness of the normalization with the momentum length scale, we conduct simulations
for a jet with Uy = 135 ms~!, which is about half of our default jet excess velocity. The corresponding data
points, represented by the blue symbols in Fig. 2.7, align with the same curve, confirming the robustness of
the scaling.

Furthermore, we simulated two coflowing hot jets with exit temperatures Tg = 549 K and Tg = 1049 K. We
confirm that coflowing hot jets also exhibit spreading and velocity-decay behaviors following 1/3 and —2/3
power laws, respectively (not shown).

In Fig. 2.8, the fitted values for coefficients and offsets of Eqs. 2.40 and 2.41 are displayed. Fitted values for
Eq. 2.40 (Eq. 2.41) are shown in blue (orange). We examine three exit temperatures (indicated by symbols)
and two jet excess velocities (indicated by line styles).

We observe an increasing trend in the coefficient a and a decreasing trend in a’ for an increasing coflow
velocity at Uy = 271 ms~! and at Uy = 135ms~'. This highlights the faster spreading (represented by a)
and faster centerline velocity decay (represented by a’) in the presence of an increasingly strong coflow
where the jet’s transition from the strong into the weak’s jet regime occurs earlier. These observations are
independent of the exit temperature. Generally, a higher exit temperature corresponds to a larger value
of a and a smaller value of a’, consistent with the findings in Sec. 2.2.2.2.2, which showed that hot jets
experience faster jet spreading and centerline velocity decay due to the higher mixing rate. Similarly, the
dependences of a and a’ on the exit velocity follow expected trends: Faster jet spreading is observed with
lower exit velocities where the jet is weaker relative to the coflow. This results in larger (smaller) values of
a (a’) at the same temperature.

The axial offsets xp y and x(’)’W exhibit a strong dependency on U, see Fig. 2.8b. We interpret the axial offset
as the "weak jet’s virtual origin", and hence, its dependence on U, is not surprising. It shifts to smaller
distances if the coflow is stronger and the 1/3 behavior is observed earlier. In general, we observe smaller
offsets for a smaller initial excess velocity at the same temperature because, in that case, the jet enters the
weak jet regime earlier.

2.2.2.4 Comparison with CFD simulations

In the current framework of the LCM box model studies (Bier et al., 2022, 2024), the dilution of the plume
is not explicitly modeled but suitably prescribed. For the latter, plume dilution properties are derived from
a-priori CFD simulations.

In the following, we compare the results of the dynamical jet evolution obtained by RadMod with CFD
simulation data provided by AIRBUS. The jet phase behind a single turbofan engine has been modelled
by AIRBUS using the Navier-Stokes solver FLUSEPA in a RANS approach. FLUSEPA is a high-order
unstructured finite volume CFD solver developed by the ArianeGroup (Brenner, 1991) that is used here to
simulate compressible and turbulent flows (Pont et al., 2017).

The turbofan exhaust comprises two distinct flow regions: the core flow, which extends radially up to approx-
imately 0.3 m for the given engine, and the bypass flow extending to around 1 m. For comparing the plume
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Figure 2.7: (a) Normalized jet spreading and (b) centerline velocity decay for a coflowing cold
jet with different coflow velocities. Power law fits are displayed in red, and their fitted values
are depicted in Fig. 2.8.
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Figure 2.8: Fitted values for the coefficients a and a’ and axial offsets xg y, and x(') « as functions
of the coflow velocity. Different jet configurations regarding exit temperature and initial excess
velocity are analyzed.
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Figure 2.9: (a),(b) Axial velocity profiles of a turbofan engine at different axial distances
obtained by FLUSEPA (solid) and RadMod (dashed). In (b), the diffusion coefficient in
RadMod is manually adjusted within the first 40 m, see blue curve in (c). The black curve
denotes Dt calculated by using Eq. 2.12.

dilution as simulated with FLUSEPA with our results of a coflowing jet obtained with RadMod, we choose
ambient and exit conditions in RadMod as used in FLUSEPA (Tymp = 218.8 K, pamp = 23842 Pa, T core =
564 K, Tg pypass = 224 K, Us =231 m s~1). We run RadMod up to an axial distance of 250 m.

Fig. 2.9a shows axial velocity profiles produced by FLUSEPA and RadMod. We observe that the profiles of
RadMod evolve with different spreading rates. Initially, the diffusion appears excessively strong, whereas
the profiles tend to align at larger axial distances (especially at around 250 m downstream distance). The
strength of diffusion in RadMod is determined by the diffusion coefficient Dy. For a coflowing jet in
RadMod, it holds Dt o« x~!/3. This behavior of the diffusion coeflicient is expected as velocity half-width
radius and centerline axial velocity evolve with x!/3 and x=2/3, respectively (see Sec. 2.2.2.3). We introduce
a temporal adjustment to the diffusion coeflicient to reach an agreement between RadMod and FLUSEPA
results. Doing so, the resulting RadMod-axial velocity profiles show better alignment with the FLUSEPA
data, as depicted in panel (b). The adjustment of Dr is illustrated by the blue curve in panel (c). Within
the initial 40 m, Dt is a monotonically increasing, piece-wise constant function. Beyond 40 m downstream
distance, there is no need to manually adjust D as it converges to the original Dy curve. It is then determined
using Eq. 2.12 and follows a —1/3 behavior, depicted by the black line. For generating the black line, Eq. 2.12
is used from the beginning (x > O m).

The exhaust plume behind a turbofan engine features also a rotational flow around the jet’s centerline axis.
Yet, the so-called swirl number is small, and the effect of the rotational flow component on the jet expansion
is typically neglected: Neither the CFD data used here nor previous modeling studies (Garnier et al., 1997,
Paoli et al., 2013; Cantin et al., 2022; Bouhafid et al., 2024) incorporated this aspect. This justifies our
approach of neglecting the swirling component.

The pragmatic approach of adjusting the diffusion coefficient within RadMod will give us the chance to better
compare contrail formation simulations with the upcoming RadMod-LCM model ("online microphysics")
to those with our present multi-trajectory approach with the LCM box model ("offline microphysics"), as
both model versions use a similar plume dilution based on the same a-priori CFD simulation. Previous
multi-trajectory studies (Bier et al., 2022, 2024) have not used FLUSEPA, but FLUDILES data (Vancassel
et al., 2014). We were also able to mimic the FLUDILES-simulated plume dilution with RadMod by
adjusting Dt (not shown).

2.2.3 Discussion
2.2.3.1 Dynamical aspects

RadMod effectively models the evolution of a cold jet with a prescribed constant density, showing good
alignment with theoretical and experimental studies in terms of both spreading rate and decay rate. In
literature, a range of estimates exists for the location of the virtual origin xy. We notice a correlation
between the virtual origin’s location and our profiles’ (prescribed) initialization point Xggr. Shifting Xgeart
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from 10 m downstream distance to O m introduces approximately the same shift in xo from ~ 6 mto ~ -4 m.
This implies a linear relationship between X, and xg. On the other hand, the spreading rate and decay
constant exhibit only minor sensitivity to the selection of xy,¢. Therefore, the evolution of the jet appears
unaffected by its initial position.

The model provides meaningful results in terms of a faster centerline velocity decay when simulating a hot
jet with variable density. Simulating a proxy of a helium jet with density ratio A = 0.14, we compare our
fitted value of B! for axial centerline velocity decay, which is 0.17, with prior studies that have used the
same normalization: Amielh et al. (1996) found B~ (A) = 0.110 and, according to Charonko and Prestridge
(2017), Panchapakesan and Lumley (1993b) reported a value of B~!(A) = 0.155. Our finding is consistent
with these values.

Also in the case of a coflowing jet, RadMod yields favorable outcomes. In the strong jet regime, the jet
evolution follows the well-known linear relationships, ros o x! and Uexco o« x~!, whereas in the weak
jet regime, these dependencies change to rg 5 o x!/3 and Uexc,0 x~2/3. The initiation point of the weak
jet regime is primarily determined by the velocity difference between the jet and the coflow, with the exit
temperature playing a secondary role.

Radial profiles behind a turbofan engine, as obtained from a CFD model that also accounts for the complex
engine mounting geometry, can be reproduced sufficiently well when we include a fine-tuning of the diffusion
coefficient. Notably, the formula used to calculate the diffusion coefficient (Eq. 2.12) is valid for x/d > 30.
This recommendation is based on empirical data from Hussein et al. (1994), which was limited to the range
where the profiles exhibit self-similar behavior. Examining the onset of self-similarity in the evolution of the
turbofan jet suggests that the near field extends up to around 100 m, corresponding to x/d > 50 (with plume
diameter d = 2m). Thus, the diffusion coefficient formula is strictly applicable only beyond this point.
Since the initial turbofan exhaust cannot be suitably approximated by a self-similar (i.e., fully developed)
jet profile, our adaptation of the diffusion coefficient in the early phase is not surprising. It does not imply
that the Airbus CFD results contradict the empirical data.

In a similar exercise, we compared RadMod results with FLUDILES simulations (Vancassel et al., 2014)
that simulated the jet expansion behind an A340-300 aircraft (with d = 1 m) and were used in our previous
contrail formation simulations (Bier et al., 2022, 2024). Consistent with the preceding case study, we achieve
a better model agreement when the diffusion coefficient Dt is chosen smaller than what an extrapolation of
Eq. 2.12 would give for the near field. These findings suggest that the empirical formula for the diffusion
coeflicient should not be used in the near field when self-similarity has not yet been reached.

The stronger decline of the RadMod-profiles at larger radial distances compared to the CFD-profiles might
be attributed to our assumption of a radially-constant normalized diffusivity Dt. As illustrated in Pope
(2000), Dt = 0.028 decreases in r/rgs > 1.5 so that in RadMod the diffusion might be too weak at
large radial distances. A radial adjustment of Dt could potentially address this issue and warrants further
investigation in a follow-up study. Here, we calibrated the diffusion coefficient particularly at the jet edge,
where supersaturation is reached first and ice crystals form.

2.2.3.2 Contrail formation modeling

Our new model describes the key features of the dynamical jet evolution that are relevant for contrail
formation. Our recent contrail formation studies with the multi-OD framework and offline microphysics
exploit the efficiency of the box model approach and allow us to perform extensive parameter studies (Bier
et al., 2022, 2024). Despite producing more plausible results than with a box model with a single mean
dilution, the "multi-OD" approach misses important phenomena as the microphysical model is run in an
offline mode. As already stated in Sec. 2.1, microphysical computations are performed independently for
each trajectory, neglecting any interactions among them. Yet, we have seen strong diffusive processes
between nearby air parcels (or trajectories). Droplets, ice crystals, and the associated reduced water vapor
amount from one air parcel can be mixed into neighboring air parcels where no droplets have yet formed.
Those mixed-in droplets can then deplete water vapor and suppress further droplet activation.

While for typical soot-rich emissions contrail ice crystals form on emitted soot particles (via the liquid
phase), other droplet sources like entrained ambient aerosol or ultrafine volatile plume particles contribute
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to ice crystal formation in so-called soot-poor conditions (Kércher and Yu, 2009). For contrails from
hydrogen combustion, it is also unclear whether plume particles stemming from lubrication oils or chemi-
ions play a role in ice crystal formation (Ungeheuer et al., 2022; Ponsonby et al., 2024). Both scenarios
have in common that competition effects between entrained and emitted droplets may occur. Those are not
well-resolved in OD-models (Kéarcher and Yu, 2009) as they cannot capture the concentration gradients with
opposite signs in the radial direction. Hence, the RadMod model with "online microphysics" will remedy
the shortcomings mentioned in the preceding paragraphs. We will speak of an intermediate complexity
model, as the level of detail of the dynamical solver is in between 3D LES (or RANS) and box model
calculations.

Moreover, the RadMod model provides a framework for spatial simulations where air parcels of different
ages interact. LES models are primarily run in a temporal mode, where all air parcels in the domain have
the same age, as spatial LES are expensive and have been carried out only for a few cases (Lewellen, 2020).
For RANS models, a spatial approach is more commonly employed (Khou et al., 2015, 2017; Cantin et al.,
2022).

2.2.3.3 Limitations of the model

The newly proposed RadMod model does not capture all dynamical features of plume expansion that could
be simulated with a 3D LES or RANS model. Such limitations of the intentionally simpler RadMod model
are listed in the following and have to be kept in mind for our future contrail-related applications.

First of all, we assume axial symmetry in the initial jet profile, which could be an oversimplification
in certain configurations. Moreover, RadMod does not incorporate turbulent fluctuations even though
LES show contrail properties to be affected by them. This is a common shortcoming of contrail RANS
approaches. In our approach, it could be potentially remedied by including synthetic perturbations in the
data handed over from RadMod to the LCM microphysics.

The comparison with CFD data in Sec. 2.2.2.4 revealed that the formula used to calculate the diffusivity is
not applicable in the initial development stage. Our typical future workflow will also use other existing CFD
data or in-situ measurement data to fine-tune RadMod, in particular the diffusion coefficient, for specific
configurations.

Furthermore, our approach neglects jet-vortex interactions. With increasing downstream distance, the
expanding jet and exhaust plume start interacting with the wake vortices. Extending simulations with
RadMod to several hundred meters downstream, RadMod results may suffer from neglecting the influence
of such wake interactions. A recent study by Saulgeot et al. (2023) analyzed jet-vortex interactions. They
found that the initiation of such interactions, termed the deflection phase, depends on the aircraft type and
engine placement. Specifically, the onset of the deflection phase starts further downstream for engines
positioned closer to the aircraft’s center. Furthermore, larger aircraft tend to have jets that remain unaffected
by the wake vortices over a larger axial distance. E.g., using the downstream position estimates from Tab. 2
in Saulgeot et al. (2023), the deflection phase is expected to start at x ~ 100 m when the engine is located
at 2/3 of the wingspan, and at x ~ 400 m when the engine is positioned at 1/3 of the wingspan, for an
aircraft with a wingspan of 60m. As shown in Fig. 2.6b, water supersaturation occurs at the plume edge
immediately after the emission. Consequently, the available water vapor condenses onto aerosols, followed
by the subsequent freezing of the droplets into ice crystals. These processes immediately occur irrespective
of the strength of the diffusivity. Even with very low diffusivity, the plume’s temperature and water vapor
conditions exceed the liquid saturation threshold in a certain radial interval (see Sec. 2.2.2.2.2). According
to Garnier et al. (1997), the deflection regime starts at around 1s after emission. Results in Bier et al.
(2022) and Lewellen (2020) show that ice crystal formation is completed after around 1 s for typical cruise
conditions. Based on the spatial or temporal estimates for the onset of the deflection phase, we expect
that droplet activation and ice crystal nucleation for a typical aircraft will have already commenced and
will be more or less completed by the time the interaction with the wake becomes significant. Despite this
promising estimate, contrail formation is completed at different downstream distances for different use cases
(e.g., kerosene vs. hydrogen combustion), and future RadMod applications need to scrutinize whether or
not wake vortices substantially impact contrail formation.
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2.2.4 Conclusion and outlook

We developed a computational model called RadMod that simulates a jet’s expansion and thermodynamic
evolution by solving the two-dimensional advection-diffusion equations of momentum and thermodynamic
quantities. We employed a coordinate transformation originally proposed by Kéarcher and Fabian (1994). The
ADEs are two-dimensional, assuming a stationary, axially symmetric flow. Furthermore, they are Reynolds-
averaged, meaning that turbulent fluctuations are not explicitly resolved. Our new model adequately captures
the expansion and deceleration of a cold and a hot jet with a prescribed constant and variable density as the
spreading rate and decay rate compare favorably with results from theory and previous experimental studies.
Furthermore, the axial dependencies of flow rates are confirmed. The model is also able to represent the
evolution of a coflowing jet.

As afirst application, we carried out a comparison study with CFD data describing the exhaust plume behind
a turbofan engine. The different diffusion rates underscored the significance of the diffusion coefficient.
Further comparison studies will be performed to provide robust estimates of the initial strength of diffusivity.
RadMod is ready to be fully coupled with a microphysical model of contrail formation. The procedure during
one time step will be as follows: The thermodynamic fields generated by RadMod, such as temperature and
water vapor mass mixing ratio, will serve as input for the microphysical model. These background fields are
then used to simulate aerosol and cloud physical processes, including the depletion of water vapor due to
condensation onto aerosols and the latent heat release from phase changes. Such changes in thermodynamic
properties are subsequently passed back to RadMod and enter the ADEs via source terms. The coupling of
both model codes is currently in progress.
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Nomenclature

R gas constant of dry air per molmass, Jkg™! K~!

Cp mean specific heat capacity, J kg~! K~!

Rr source term of temperature, kg Km™3 s~!

Ry source term of water vapor mass mixing ratio, kgm =3 s!
Pr, Le Prandtl number, Lewis number, 1

X, r coordinates in axial and radial direction, m

U,v velocities in axial and radial direction, ms™!

U, v mean velocities in axial and radial direction, ms™'
u, v turbulent velocity fluctuations in axial and radial direction, m g1
uv shear stress, m? s 2

Uy initial jet excess velocity, ms~!

Uexc jet excess velocity, m s!

Utot total axial velocity, m s7!

Uso coflowing axial velocity / aircraft velocity, ms~!
Uy axial centerline velocity, ms™!

Cs speed of sound, ms~!

M, M, Mach number, convective Mach number, 1

T temperature, K

Tamb ambient temperature, K

Tg exit temperature, K

Texc excess temperature, K

Cexc tracer excess concentration, m~>

mwv water vapor mass mixing ratio, 1

MWV exc excess water vapor mass mixing ratio, 1

MWV, amb ambient water vapor mass mixing ratio, 1

PWV partial pressure of water vapor, Pa

Dsat WV saturation pressure of water vapor, Pa

Damb ambient pressure, Pa

RHyat relative humidity with respect to water, 1

RHympwae  ambient relative humidity with respect to water, 1
RHymp,ice ambient relative humidity with respect to ice, 1

Dt turbulent diffusivity, m?s~!

Dr normalized turbulent diffusivity, 1

Eln,o0 emission index of water vapor, kg kg™!
Mwv total amount of water vapor per flight meter, kgm™!
Q specific combustion heat, J kg~!

Ag initial plume cross-sectional area, m?

Ce initial plume air-to-fuel ratio, 1

mc fuel combustion, kgm~!

105 radius of velocity half-width, m

d, deg jet initial diameter, effective jet diameter, m
Xo virtual origin, m

Xpe potential core length, m

Xstart starting value of axial grid, m

r, momentum length scale, m

S spreading rate, 1

B velocity decay constant, 1

] mass flow rate, kg s~!

M momentum flow rate, kg ms™2

Eherms Exin  thermal energy flow rate, kinetic energy flow rate, Js~!
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Greek Symbols

p air density, kgm™3

1.0 initial jet density, kg m~3

Peff effective density, kgm ™3

A ratio of initial jet density to ambient air density, 1

molecular diffusivity, m?s~!

stream function, radial coordinate in coordinate-transformed system, kg s~
axial coordinate in coordinate-transformed system, m> s~

fraction of total energy partitioned into thermal energy, 1

overall propulsion efficiency, 1
tracer concentration flow rate, kg m

1
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2.3 Application of RadMod: Plume dilution study

The primary objective of developing RadMod was to conceptually advance the currently used box model
framework for contrail formation simulations in order to better capture the interplay between jet dynamics and
plume microphysics, as outlined in Sec. 2.1. Beyond this, RadMod is also a standalone (thermo-)dynamic
RANS model that describes the evolution of the exhaust plume. This allows for plume studies beyond
microphysical processes within the contrail formation framework.

In the purely dynamical framework of RadMod without accounting for microphysics, we assume the water
vapor mass mixing ratio to be a passive tracer and adopt the definition given in Eq. 2.3, but take the inverse
of it (as this is also a common measure of plume dilution): D! (t) = %, where mwy exc.E represents
the plume’s excess water vapor mixing ratio at the engine exit, and mWV,ex’c,O,iS the axial-dependent excess
mixing ratio at the centerline. Using this formula, plume dilution increases with increasing time/axial
distance behind the aircraft. RadMod helps to understand how plume dilution changes when jet properties,
such as jet diameter and velocity, are altered, as occurs when aircraft size or propulsion type vary. Moreover,
the model results can be compared to in-situ near-field measurements of aircraft emissions.

The following sections provide a summary of our results assessing the evolution of plume dilution with
RadMod.

Section 2.3.1 validates a scaling relation from the literature, and Sec. 2.3.2 relates it to plume dilution
measurements.

Section 2.3.3 describes differing definitions of the plume age and how they impact our understanding of
plume dilution.

2.3.1 Scaling relation for plume dilution

Figure 2.10 presents the centerline dilution data obtained with RadMod as a function of downstream distance
x, along with corresponding fitted curves. Results for different values of jet exit temperature Tg (panels)
and coflow velocity U, (symbols) are displayed. The jet excess velocity is fixed at 250 ms~'. The coflow
velocity cancels in the definition of the convective Mach number (see Eq. 2.27). Hence, higher values for jet
and coflow velocity or lower jet temperatures can be chosen, as long as the convective Mach number remains
below 0.3, and compressibility effects can be neglected. In the setup presented here, we restrict ourselves
to coflow velocities ensuring that the jet is subsonic, i.e., Mach < 1. Supersonic jets are typically avoided in
real-world (commercial) aircraft configurations, since shock waves would damage turbine components and
the exhaust exit aperture. The simulations use a diffusion coefficient adjusted based on the comparison with
the turbofan data (see Sec. 2.2.2.4).

In Fig. 2.10, the prefactors of the fitted curves increase with Tg but decrease with Us,. By contrast, the
exponent is largely insensitive to jet temperature, though it tends to decrease with increasing Us,. AsS
discussed in Sec. 2.2.2.2.2, higher jet temperatures enhance mixing and thus accelerate early dilution. In
contrast, higher coflow velocities reduce the velocity gradient in the shear layer, leading to slower dilution
than in cases where jet and coflow velocities differ strongly.
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Figure 2.10: Plume dilution as a function of downstream distance for jets with increasing
excess temperature. Three different coflow velocities are examined, see legend in (c). Red
curves indicate fitted curves to the data points, which are shown as black symbols. Note that
the axial grid resolution is 0.01 m; to improve visibility, not all data points are displayed.

Given the deviations in plume evolution between different setups, the question arises whether a single power
law can describe plume dilution across a wide range of jet and engine parameters. Scaling the dilution with
a function of Ry = Ufi"l‘}w and the downstream distance with [, (I, represents the momentum length scale,
see Sec. 2.2.2.3) yields a data curve that is independent of coflow velocity and excess temperature. This
scaling has been proposed by Lee and Chu (2003) using experimental data.

Figure 2.11 shows the scaled dilution versus the scaled downstream distance as simulated with RadMod.
The data collapse onto a single curve. In order to test the robustness of the scaling, the set of simulations
shown in Fig. 2.10 is repeated also for a jet with approximately half the jet excess velocity (orange points) and
half the initial jet diameter (symbols with a magenta frame). All data points across three coflow velocities,
three excess temperatures, two jet excess velocities, and two initial jet diameters align along a single curve

that is described by 0.13 (x/1%,)"7®.

2.3.2 Comparison to measurement results

As part of the Nephele measurement campaigns, a collaboration between Airbus and DLR, the objective
is to emulate a fuel cell exhaust and to characterize the resulting emissions and contrail ice crystals. An
evaporation chamber designed by Airbus, serving as a fuel cell emulator, was mounted on the fuselage of
a Convair C131 aircraft (emitting aircraft). During the Nephele 2 campaign, conducted in December 2023
in Minnesota, five measurement flights were performed. In these flights, an artificial tracer gas, N,O, was
released from the evaporation chamber to emulate a fuel cell exhaust plume with low jet velocity. This setup
enabled the distinction between the fuel cell emulator plume and the engine exhaust plumes characterized
by CO, emissions, subsequently detected by a following measuring aircraft, a Cheyenne Piper 400LS. In
the near-field region, i.e., in the first few hundred meters behind the emitting aircraft, one of the two tracer
signals was dominant, indicating that either one of the plumes was measured. In the far-field region, more
than 1 km downstream, similar concentrations of CO;, and N, O were observed, indicating that the two plume
types had become homogeneously mixed. The following analysis focuses on the evolution of N,O dilution.
The dataset comprises around 1900 measurements conducted during three flights. The excess N,O concen-
tration above the background as a function of downstream distance was measured. Although 3D GPS data
of both the emitting and follower aircraft are available, accurately determining the precise position of each
measurement within the exhaust plume remains challenging. Consequently, the fit was performed using the
observed peak values, under the assumption that these correspond to measurements taken near the plume
center (personal communication with Simon Braun (WOL/IPA)).

In order to compare measurement and model outcomes, input parameters for RadMod were adjusted
accordingly. The following test data, provided by Simon Braun, were used: exhaust temperature Texe =
318.44 K, jet velocity Uy = 11.08 m,s!, initial jet diameter dy = 25.4cm, ambient temperature Topp =
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Figure 2.11: Scaled plume dilution versus scaled downstream distance. Symbols are defined
as in Fig. 2.10. The color shading indicates the variation in excess temperature. Bluish tones
correspond to the default jet excess velocity, while orange-like tones represent cases with
decreased excess velocity. The red line shows the fitted power-law curve to all data points.

234.36 K, ambient pressure pymp = 42271 Pa, initial N»O molar mixing ratio in the exhaust rn,0 init =
756.6 ppm, and aircraft velocity Uac = 92.74ms™!. Assuming a molar mass for NoO of MyeiN,0 =

44.01¢g mol~! and dry air of Mmolair = 28.96 ¢ mol~!, the mass mixing ratio of N, O calculates to my,o0 =
Mmol,N,O
erO Mmol azir

a mass mixing ratio of 5.14 x 1077,

To evaluate the applicability of the dilution scaling, shown in Fig. 2.11, beyond hypothetical jet and engine
configurations, Fig. 2.12 presents the fitting curves of the scaled dilution from the Nephele 2 measurements
and the turbofan dataset (presented in Sec. 2.2.2.4). The datasets differ in their jet diameters, exhaust
temperatures, and jet and aircraft velocities, and therefore help to assess the robustness of the scaling
relation. The scaled dilution curves are obtained by scaling the Nephele 2 and turbofan dilution curves as

simulated with RadMod (not shown) with the respective values of Ry /(1 — Ry) and [;,. Doing so, all three
0.79
)

=0.0011. The background molar mixing ratio of N,O is set to 338 ppb, which corresponds to

curves exhibit similar trends, with the Nephele 2 curve following 0.11 (x/, and the turbofan curve

following 0.13 (x/ l;"n)o'78 (prefactors and exponents rounded to two decimal places). The exponents are
considerably closer than in the unscaled case, where values of 1.19 and 0.87 were obtained.

This constitutes a valuable tool for improving the understanding of dilution evolution and, therefore, contrail
formation behind different aircraft configurations, regarding variations in propulsion systems or aircraft
velocities. The demonstrated validity of the scaling relation over a wide range of parameters, including
coflow velocity and excess temperature, suggests that it may help reduce the number of required contrail
formation simulations in the future. However, the obtained best-fit should not be interpreted as a universal
power law; further comparisons with other data sets are necessary to better constrain the diffusion coefficient
used in RadMod. The analysis of the impact of further parameters on plume dilution, such as variations
of the core and bypass distribution, is subject of further research. Additional datasets, simulation-based or
measured, such as those from the VOLCAN campaign (VOLCAN, 2023), could help to further constrain
and refine the estimated dilution exponent.

2.3.3 The "problem' with the plume age

A subtlety that has not yet been addressed concerns the treatment of the plume age. In the commonly used
conceptual model of two aircraft flying in sequence at the same velocity, the plume age, i.e., the time elapsed
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Figure 2.12: The fitted curve of Fig. 2.11 is shown in red alongside the fitted scaled dilution
curves of Nephele 2 (blue) and of the turbofan data (dark blue) as simulated with RadMod
(RM). The data points of Fig. 2.11 are displayed in grey.
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Figure 2.13: Conceptual scheme illustrating the differing definitions of plume age applied in
plume dilution studies. See text for details.



40 CHAPTER 2. EXTENSION OF CONTRAIL FORMATION MODEL

(a) (b)
300 1.5 3.0
Us / mst
250 1.2 2:3] 50
200 o 0207 7777 130
= 0.9\ ~ | 220 |
<150 s 15
X 06,5 2 e
100 = <10/
0- | | | | oo 0.0 ,
0.0 05 1.0 15 2.0 0 1 2 3
r/m XUw [S

Figure 2.14: (a) Plume age as calculated via Eq. 2.42 with Uy, = 250ms~! as a function of
radial and axial position. (b) Plume age at the centerline versus x /U, for four different coflow
velocities, differentiated by line style. The grey line indicates the one-to-one line.

since emission, is approximated as the distance between the two aircraft divided by their common velocity.
This approach, illustrated in the left panel of Fig. 2.13, assumes that the emission remains stationary in
the observer’s frame of reference. However, this simplification neglects the fact that the exhaust jet itself
leaves the emitting aircraft with a finite speed Uy, corresponding to the excess jet velocity as described in
Lottermoser and Unterstrasser (2024). A more accurate interpretation, shown in the right panel of Fig. 2.13,
involves a change of reference frame: Both aircraft are considered stationary, and the emission moves
downstream with a total velocity Uiy, defined as the sum of the aircraft (or coflow) velocity and the excess
jet velocity. In this frame, the plume age is given by the distance divided by Ui. It is smaller than the value
obtained using the first method.

An additional complication arises when considering the age of individual air parcels at different radial
positions within the plume. At a fixed downstream location, air parcels closer to the plume centerline
exhibit lower ages compared to those further away. This is due to the radial variation in axial velocity:
Parcels near the centerline are moving faster, resulting in lower plume ages. This behavior is shown in
Fig. 2.14a. The plume age is computed as

X
1
tace (X, 1) = —dx’. (2.42)
age( ) /0 Uior (X7, 7)

Panel (b) shows the centerline plume age tage 0 = tage(x,r = 0) simulated with RadMod. This quantity is
more representative of what could be measured in practice, as it likely corresponds to the peak concentration
decay. To facilitate comparison with the definition illustrated in Fig. 2.13a, it is plotted against the "classical"
plume age definition, x/Us. As expected from the discussion above, tyee is generally smaller, since the
tage,0 framework accounts for the jet’s excess velocity. It is also noteworthy that both definitions converge for
higher aircraft (i.e., coflow) velocities (as indicated by the dotted line approaching the one-to-one line). This
behavior is consistent with physical expectations, as the relative importance of the jet velocity diminishes
with increasing coflow velocity.

When plotting the scaled dilution against the scaled centerline plume age tage L{T:, the data of the 36
parameter combinations, shown in Fig. 2.11, again collapse onto a single curve (not shown). However, the
fitted exponent of 0.67 is smaller than the previously found exponent of 0.78. This supports the interpretation
given above as the jet is younger in the t,e. framework and therefore less diluted when looking at the same
point on the x-axis.
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2.4 Discussion and further steps with RadMod

2.4.1 Possible extensions and modifications of RadMod
2.4.1.1 Finite-volume method

RadMod solves the advection-diffusion equations for momentum, temperature, and water vapor. To simplify
the numerical treatment of the system, the governing equations are transformed into a new coordinate system.
The resulting form of the equation is

j—; = % (rzszs—;), (2.43)
where ¢ represents either axial velocity, temperature, or water vapor mass mixing ratio. To solve this
equation, a finite-difference method is applied, as described in Section Al. An alternative approach to
numerically solve the equation is using finite volumes. Although the finite-difference method currently
implemented in RadMod produces plausible results, this thesis includes, for the sake of completeness, a
theoretical overview of how the finite-volume method can be realized within RadMod. This section is
intended as a foundation for future adaptations and extensions of the numerical model. The finite-volume
method offers greater flexibility in handling complex numerical meshes. For example, a cone-shaped grid
that dynamically follows the expanding exhaust plume could be implemented. Such a grid configuration
may improve both the numerical stability and the computational efficiency of the model compared to the
existing finite-difference approach.

In the coordinate-transformed framework, two transformations have been applied: from the Cartesian to the
cylindrical coordinate system ((x, y,z) — (r,0,x)) and from the cylindrical to the stream function-based
coordinate system ((r,0,x) — (1,0, ¢)). As we apply RadMod for axisymmetric problems, the system
reduces to two dimensions, (r,x) — (Y, ¢).

The Jacobian for the transformation (r, x) — (y, ¢) reads

or  or
J:(g g). (2.44)
W o

As we have given transformation equations of the form %, %, and g (Egs. 2.31 and 2.32), the inverse
Jacobian can be written as

L)
=l (2.45)
o ox
_ [ Upr =Vpr
—( 0 Dy ) (2.46)
J is then given by
1 v
= Upr UDr 2.47
(57 o
T

The determinant of the Jacobian is detJ = —1.

UprDt*
Then, the volume element in the RadMod-transformed system is calculated from the Jacobian: dV =
detJrdipdep = ﬁdlp d¢, where r is the transformation factor converting from Cartesian to cylindrical

coordinates. A unit check confirms that the expression yields m?, as required. With the transformation

vector 7 = (ULprl,b + ULDT¢>, Dde)), the surface elements are

1 2\ 1/2
dAy = D_T (1 + ﬁ) rd¢ and (2.48)

1
dAg = o7 dip. (2.49)
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It follows that dV = W dAy dyp and dV = - dA¢ do.
Integrating both sides of Eq. 2.43 over a volume V and applying the divergence theorem yields

1
—dA dAy. 2.50
}{ v 7§ a¢ (V2+02)12 (230
In a discretized form, this equation becomes
c c r? p Ac r? p Ac
(DT Up " )isip \DrUp )iy \Dr A‘»b j+12 \Dr1 A‘rb i-1)2

where the indices i and j refer to the ¢- and p-directions, respectively (equivalent to the finite-difference
formulation). The half indices indicate that the fluxes across the volume boundaries are calculated. In the
numerical implementation, the values given at the grid cell boundaries are used instead of the Values at the
grid cell centers, €.g., Ceenter,j+1/2 = Cborder,j+1- As in the finite-difference method, evaluating the & _xp terms
ati+ 1 yields a tridiagonal system that can be solved similarly to the procedure presented in Sec. Al.

2.4.1.2 Turbulence model

In the current formulation, the diffusivity in RadMod is described by Dt = 0.028 g 5(x) Up(x) with rg s
and Uy(x) as half-width radius and axial centerline velocity, respectively, and the value of 0.028 empirically
determined for the self-similar regime. The comparison with CFD data for a turbofan engine (Sec. 2.2.2.4)
has shown a limitation of using this diffusion model, as it seems to be valid only in the region where the
turbulent jet has reached its self-similar state. In the initial phase, i.e., in the first 40 m downstream, the
diffusion coefficient had to be modified manually in order to match the axial velocity profiles (CFD data).
This points toward the possibility of using an alternative turbulence model for turbulence closure. One of
the most common models is the k — ¢ model, which includes two additional transport equations for the
turbulent kinetic energy k and the turbulent dissipation € to represent the evolution of the turbulent flow
properties. The equations for a steady-state, axisymmetric jet read as follows (Launder and Spalding, 1974):

ok dk 19 dk

pU — + pV — i (pr—) + Py + P, — pe (2.52)
ox or Oy I or or
de de 19 de €2

pU = +pV == = E o2 or =2 ) €12 (P + CacPy) = Cacp ™. (2.53)
ox oar o ror ar k

Here, the turbulent viscosity is calculated as p, = prke—z. The terms Pj and Pj describe the production
of k and the effect of buoyancy, respectively. ok, oc, Cie, Coe, and Csz. are model constants derived from
experiments (Launder and Sharma, 1974). Since the k — € model involves a coupled system of equations,
initial guesses for k and € can be used and iteratively updated until convergence is reached.

The k — € turbulence model is well established and offers several advantages, including computational
efficiency and suitability for high-Reynolds-number, free-stream flows (Launder and Spalding, 1974), such
as those found in aircraft jet emissions into the atmosphere, which RadMod is designed to simulate. It may
provide improved accuracy over the currently used diffusion model, particularly when compared against
CFD data. Assessing its performance in this context is planned for future work.

2.4.2 RadMod-LCM coupling

The core idea behind coupling the dynamical model RadMod with the microphysics module LCM is to
eliminate the need for externally prescribed fluid fields (e.g., from trajectory data) and instead simulate the
evolution of momentum, temperature, and water vapor mixing ratio using the advection—diffusion equations
(Egs. 2.24-2.26) in an "online" microphysics approach. At each downstream position, these fields are passed
to the LCM routines. Since LCM operates in temporal space, a corresponding time step is computed at each
radial position as Aty cm(r) = Axradmod /U (x, 1), where U(x, r) is the local axial velocity. The microphysical
processes in LCM modify the thermodynamic fields, and these changes are subsequently passed back into
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Figure 2.15: Illustration of Eulerian and Lagrangian approach for diffusing SIPs for an initial
unit concentration at time step tp. Ten grid boxes are displayed. For better visibility, only every
second grid cell contains particles. The grey lines mark the centers of the grid boxes. The
particle trajectories are shown as black lines, while three representative particle trajectories are
highlighted in orange, green, and purple, illustrating the potentially large radial displacement
a single particle can experience. In this example, a particle from grid cells 1, 3, and 5 travels
to the second grid cell. The density of particles at the next time step t; are presented by red
curves.

RadMod as source terms. This section focuses on the treatment of SIPs in the coupled RadMod-LCM
system. Asin EULAG-LCM (Sec. 3.1), the RadMod-LCM system treats a two-phase flow, consisting of the
fluid fields, representing the expanding and cooling jet plume, and the SIPs, representing the aerosols and
ice crystals, moving in that fluid. In LCM, SIPs are treated in a Lagrangian framework, with the properties
of each individual SIP tracked over time. In contrast, SIP diffusion in RadMod can be simulated using either
an Eulerian or a Lagrangian approach.

In both cases, a certain number of SIPs is initialized within the grid boxes, depending on the specific
simulation setup. At initialization, SIPs are assigned weights, where the weight indicates the number of
real particles each SIP represents. In the standard configuration, an initial aerosol number concentration is
prescribed uniformly across all grid cells, assuming that the plume is initially slightly mixed with ambient
air. Alternatively, if a particle emission source is considered, SIPs are additionally initialized within the
grid cells corresponding to the initial jet area. For kerosene combustion, soot particles are emitted, and
the number of emitted SIPs is determined by the soot emission index and the aircraft’s fuel consumption.
In contrast, hydrogen combustion does not produce soot; therefore, only ambient aerosols and optionally
volatile particles are initialized as SIPs. A comparison between the Eulerian and Lagrangian particle
diffusion approach is shown in Fig. 2.15.

Eulerian

To illustrate particle diffusion in the Eulerian approach, consider a specific grid cell j, where a unit particle
concentration is initially prescribed —that is, the concentration in cell j is set to one, while it is zero in
all other cells. The concentration field then evolves according to the advection-diffusion equation. After
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one time step, the initial unit concentration in cell j spreads to neighboring cells (..., j —2, j— 1, j + 1,
j+2,...), which now also exhibit nonzero concentrations. To reflect the evolved concentration distribution,
a loop over all SIPs in cell j is performed. Each SIP is replicated into neighboring grid cells that now have
a nonzero concentration. The SIP’s weight in each target cell is scaled according to the concentration value
in that cell. For instance, a neighboring cell (e.g., j + 1) may have a concentration of 0.9, while a more
distant cell may have 0.02. A SIP with a weight of 500000 would thus be replicated into grid cell j + 1 with
a weight of 0.9 x 500000 and into the farther cell with 0.02 x 500000. A threshold concentration can be
defined to determine whether SIP replication into a given grid cell occurs, preventing unnecessary creation
of low-weight SIPs. To avoid excessive computational cost due to the continuous production of SIPs, a SIP
merging operation is applied. SIPs that share the same phase (i.e., dry aerosol, water droplet, or ice crystal)
and type (i.e., soot, ambient aerosol, or volatile particle), and that have similar sizes, are merged into a single
SIP. This merging step prevents an unmanageable increase in SIP numbers while preserving the relevant
microphysical properties of the particle population. In the subsequent time step, the updated SIP population
in grid cell j is again represented by a unit concentration, which is then diffused, repeating the process.
This procedure is repeated for the next grid cell j + 1, and so on along the radial direction. An illustration
of this process is shown by the red curves in Fig. 2.15. Starting from unit concentrations at the bottom
row, the particle concentrations diffuse downstream (for illustration purposes, five particle concentrations
evolve simultaneously, while in the model, it is one after the other). At the next time step t|, again a unit
concentration is prescribed in each grid cell (not shown), representing the particles that remained there
and/or have been diffused into that grid cell.

Lagrangian

In the Lagrangian approach, the position and velocity of each SIP are explicitly tracked and updated at
every time step as they move radially and downstream. The SIPs generally follow the mean velocity field
v = (U,V) calculated by RadMod, and additional turbulent velocity fluctuations v’ are superimposed. v’
causes the particles to deviate from the flow streamlines described by . The SIP velocity can be described
by

l_;SIP(t) = ﬁ(t) + 17,, (2.54)

where the second component accounts for the turbulent particle motion calculated by

U(t) =R(t) U’ (t = At) + V1 — R(t)2 0, E. (2.55)

R(t) is the autocorrelation function, and £ represents a random variable drawn from a normal distribution
with a mean of zero and standard deviation of one (Schilling et al., 1996; Etling, 2008). How to calculate
R(t) and the velocity variance o, is explained in the following.

The turbulent diffusion in RadMod is described via Eq. 2.12 relating the turbulent diffusion coefficient to
the mean axial velocity at the centerline and the half-width radius. Alternatively, the turbulent diffusivity
can be expressed via the Lagrangian timescale 71, (Davidson and McComb, 1975; Schilling et al., 1996)

Dy =ul1yL, (2.56)

where u denotes the axial velocity fluctuation, and u? = o2 is the variance of the axial velocity fluctuations
representing the turbulence intensity. The turbulent kinetic energy TKE is proportional to o2. Turbulence is
assumed to be isotropic, i.e., the velocity variances are equal in all directions (o2 = 02). Therefore, turbulent
diffusivity is also treated as isotropic Dt = Dr,,. The Lagrangian timescale Ty, characterizes the duration
over which a fluid parcel’s velocity remains correlated with its initial turbulent state. It can be obtained
from the integral of the Lagrangian autocorrelation function

TL =‘/00R(1') dr, (2.57)
0



2.4. DISCUSSION AND FURTHER STEPS WITH RADMOD 45

where R(t) is defined as

R(1)

_ O+ D) e (_Tl) (2.58)
L

u(t)?

This function quantifies the degree of correlation between the current and future turbulent velocities. As
T — oo, the correlation decays exponentially, and the fluid parcel increasingly "forgets" its initial turbulent
velocity (Davidson and McComb, 1975; Etling, 2008). In case of R = 0, the fluctuating velocity component
would be completely uncorrelated to the previous movement and would just move randomly. In case R = 1,
the fluctuations are correlated, and the velocity fluctuation the particle experiences is the same as in the
previous time step.

The velocity variance g, is linked to the turbulent diffusivity via a local length scale I: ¢, = Dt/l (Pope,
2000). Consequently, the Lagrangian timescale can also be written as t;, = l/o,. Based on experimental
data (Hussein et al., 1994), [ is derived via

0.12r95(x) for0.1 <r/ros <2.1

ler) = 0.5(x) /705 (2:59)
0 else
The particle response or relaxation timescale is defined as
2
pp Dp

= , 2.60
Tp 18 1 ( )

which describes the duration of how long the particle needs to adjust to the fluid velocity (Davidson and
McComb, 1975). pp and Dj, are the particle’s density and diameter, respectively, and p denotes the dynamic
air viscosity.

Based on work of Tchen (1947) and Hinze (1959), the particle diffusion coefficient is defined by

TL

Drp = Dr 2.61)

L+ Tp

This formulation reflects how the particle’s inertia limits its ability to follow fluid fluctuations.

In principle, when modeling the diffusion of SIPs in RadMod-LCM, the turbulent diffusivity Dt should be
replaced by the particle diffusivity Dt ,. However, for our use cases (modeling the transport of aerosols,
droplets, and ice crystals) a simple calculation reveals that T, < 71, (on the order of < 107 s compared
to 10~*s). Thus, particle inertia can be considered negligible, and the particles are assumed to follow the
turbulent fluid motion. An adjustment of the diffusion coefficient is therefore, in a first approximation, not
required.
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Vortex Phase

Section 3.1 gives an introduction to the model EULAG-LCM that is used to simulate the evolution of young
contrails during the vortex phase and their transition into aged contrail cirrus during the dispersion phase.
Since the LCM has already been described in detail in Sec. 2.1, the focus is on the EULAG component.
Section 3.2 is an excerpt of the publication Lottermoser A. and Unterstrasser S. (2025). High-resolution
modeling of early contrail evolution from hydrogen-powered aircraft. Atmos. Chem. Phys., 25:7903—7924.
DOI: 10.5194/acp-25-7903-2025. This study relates to Research question 2 (see Sec. 1.4), addressing how
the use of alternative fuels affects the evolution of young contrails during the vortex phase.

3.1 Introduction to the EULAG-LCM model

The treatment of dynamic processes in EULAG-LCM is based on the anelastic, non-hydrostatic model EU-
LAG (Smolarkiewicz and Margolin, 1997; Smolarkiewicz and Prusa, 2002; Grabowski and Smolarkiewicz,
2002; Prusa et al., 2008). The governing equations are

Dv p\ .6 = -

—=-V|Z|-gz - fxv+D; 3.1
Dt (ﬁ) ] fXxv'+ Dy 3.1

D ’
Det =—0-V0,+Qr + Qu + Do (3.2)

Dmwy
Dt = _Qdep — Qcon t mev (3.3)
V- (pv) =0, (3.4)

where v is the wind vector, p the pressure, p the air density, 6 the potential temperature, and myy the mass
mixing ratio of water vapor. The vector g denotes gravitational acceleration (directed vertically), and j? is
the Coriolis parameter vector. The operator D/Dt represents the material derivative. Variables with a bar
correspond to anelastic, hydrostatic background profiles, while primed quantities indicate deviations from
the environmental state, denoted by the subscript e, such that 8 = 6, +6’. The environmental state is typically
a solution to the equations. The source terms Qr, QH, Qdep, and Qcon represent radiative heating/cooling,
latent heat release, and water vapor deposition and condensation, respectively. The terms D,,, Dg, and Dy,
denote turbulent diffusion coefficients for momentum, heat, and water vapor.

In EULAG, the governing equations can be solved using either a Lagrangian or an Eulerian framework.
In this study, the Eulerian approach is employed, using the MPDATA algorithm (Smolarkiewicz and
Margolin, 1998), a positive-definite advection transport scheme. Following the notation of Grabowski and
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Smolarkiewicz (2002), the implicit solution for a generic prognostic variable ¥ (which may represent one
of the three velocity components or potential temperature) is given by

1
el = LE(P) + EAtF?“, (3.5)

where LE denotes the MPDATA transport operator, At is the time step of the model, and F represents the
forcing terms on the right-hand sides of Eqs. 3.1 and 3.2. The subscripts n and i indicate the temporal and
spatial indices, respectively. It holds ¥ = v+ %AtF?. In order to solve Eq. 3.5, the forcings for the next
time step n + 1 are needed. As the microphysics in EULAG-LCM requires a smaller time step than the
EULAG-dynamical time step, At in EULAG is subdivided into several smaller time steps, At = N Atp;c.
During the integration from time level n to n + 1, the microphysical variables ¥ evolve through intermediate
stages Wk, each associated with a sub-step forcing term FX. The forcing term at the next time step, F**!,
is then calculated as a mean over all small time steps Atpic (Grabowski and Smolarkiewicz, 2002; Solch,
2008).

Atmospheric diffusion in EULAG is modeled by resolving large-scale turbulent fluctuations and by using
a subgrid-scale turbulence model based on the TKE approach (Unterstrasser and Gierens, 2010a). During
the vortex phase (~1 m resolution) and dispersion phase (~10 m resolution), the grid spacing is smaller than
the contrail dimensions, so most of the turbulent diffusion is captured by the resolved scales rather than the
subgrid-scale model. In a-priori simulations, turbulent background fields are generated by superimposing
uniform velocity perturbations in both the horizontal and vertical directions, denoted by u’ and v’, respec-

tively, onto the mean flow. The root-mean-square (rms) value of the perturbations, (Zi (W' + v’z)) ", where
i sums over the grid boxes, decays over time until reaching a quasi-steady state, after which it decreases
only slowly. At this point, the a-priori simulation is considered complete and serves as the initialized
background field for subsequent contrail simulations. Since the rms velocity remains nearly constant, no
external turbulence forcing is required during the simulations. Turbulence is anisotropic in a stably stratified
atmosphere, as stable stratification counteracts vertical mixing. Hence, horizontal velocity fluctuations
dominate over vertical ones, leading to stronger horizontal than vertical contrail spreading. The validity of
using a two-dimensional setup to generate these turbulent background fields was confirmed by comparing
passive tracer diffusion results with three-dimensional data from Diirbeck and Gerz (1996).

Particles in EULAG

In EULAG-LCM, the air and particles are modeled as a two-phase flow. The Lagrangian simulation particles
(see Sec. 2.1) are advected through the fluid, which is governed by Egs. 3.1-3.4. In the Eulerian framework
of EULAG, fluid properties such as wind velocity, potential temperature, and water vapor mass mixing
ratio are defined in discrete grid cells. In contrast, the Lagrangian simulation particles representing ice
crystals (Sec. 2.1) can occupy discrete positions within each grid cell. To compute microphysical processes
such as advection, diffusional growth, sublimation, and sedimentation, volume-averaged values of the fluid
properties within the respective grid cell are used. These values are assumed to remain constant over one
dynamical time step At. To account for atmospheric turbulence, fluctuations in wind, temperature, and
humidity are superimposed on the grid cell values.

Interaction between particles and the fluid occurs through the source terms Q. For instance, when water
vapor from the ambient condenses onto a droplet, the droplet’s mass increases according to the diffusional
growth equation, while the water vapor mass mixing ratio in the fluid decreases accordingly, ensuring a
closed water mass budget.

The particle trajectories are determined by the sum of the fluid velocity v and an additional particle velocity
component U,. This additional velocity accounts for effects from turbulent velocity fluctuations and particle
inertia. The inertial component corresponds to the sedimentation velocity, while the turbulent component is
modeled using a Lagrangian autocorrelation function, assuming that particle velocities remain approximately
constant between time steps. Additionally, a stochastic velocity perturbation is introduced, drawn from a
normally distributed random number with a standard deviation proportional to the TKE. Further details are
provided in Solch and Kércher (2010).
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Measurements of ice crystal habits and sizes in young contrails (age < 0.5 h) have shown mean particle
diameters of 1 to 10 pm, with crystals predominantly exhibiting near-spherical shapes (Petzold et al., 1997,
Poellot et al., 1999; Schroder et al., 2000). In aged contrails (age 15-90 min), ice crystal habits deviate from
spherical, and more complex shapes have been observed (Heymsfield et al., 1998; Lawson et al., 1998).
Consequently, in the contrail formation regime, only spherical particles are considered due to their small
size. As ice crystals grow during the transition from contrail to contrail cirrus, this assumption becomes
invalid. To account for more realistic particle shapes in this regime, EULAG-LCM employs empirical
relationships derived from field observations by Mitchell (1996) and Heymsfield et al. (2002):

m; = aD’ (3.6)
A; = yDP. 3.7)

Here, m; is the mass of an ice crystal, D; is its maximum dimension, and A; denotes the projected area. The
coeflicients «, B3, y, and o are dependent on the crystal habit (Solch and Kércher, 2010).

The sedimentation velocity in EULAG-LCM is computed based on the particle’s maximum dimension,
mass, and projected area, which are derived from Eqs. 3.6 and 3.7. Following the approach of Heymsfield
and laquinta (2000), Mitchell (1996), and Mitchell and Heymsfield (2005), these properties are used to
determine the particle’s Reynolds number. The sedimentation velocity is then calculated as

_ Re Namb

, (3.8)
D; Pamb

Ut,i

where namp 1S the dynamic viscosity, and p,mp, is the ambient air density. For instance, the sedimentation
velocity of a hexagonal column with a maximum dimension of 100 zm is approximately 20 cms~! (Sélch
and Kércher, 2010). In the LCM box model (Sec. 2.1), sedimentation is not accounted for, as the particles
are initially too small for this effect to be significant.

Simulations with EULAG-LCM

In order to perform a LES with a large number of simulation particles, the high-performance computing
cluster with parallel processing is used at Deutsches Klimarechenzentrum (DKRZ). The 3D simulation
domain is subdivided into subdomains, each assigned to a single processor. The number of grid cells in the
x- and y-directions is chosen to ensure that each processor handles the same number of grid cells, enabling
a balanced computational load. This 2D domain decomposition decreases the simulation run times.

In the case of a 3D vortex phase simulation, the runtime can extend up to 45h. Since the maximum wall
time at DKRZ is limited to 8 h, the simulation must be split into several sub-simulations. This requires
storing the thermodynamic fields and particle data at the end of each run, which are then read in by the
subsequent simulation. To streamline this process, a Python module is currently being developed to manage
and automate the initialization process steps and sub-simulation workflow. This tool, developed by working
student Pedro Munoz Jimenez, was in the development stage at the time of writing this thesis. For dispersion
phase simulations, which are performed in two dimensions in this study, the runtime is typically <2 h, so a
restart process of sub-simulations is not required.

3.2 High-resolution modeling of early contrail evolution from hydrogen-
powered aircraft

The following Sects. 3.2.1- 3.2.4 are the Sects. 2-5 of Lottermoser and Unterstrasser (2025). Only the
section references and the formatting have been partly adapted to fit the structure of the thesis.

Section 3.2.1 describes the simulation setup and the set of simulations, Sec. 3.2.2 investigates the sensitivity
of hydrogen (H») contrails to various parameters and presents the updated ice crystal loss parametrization.
The implications of the results are discussed in Sec. 3.2.3, and Sec. 3.2.4 provides the conclusions.
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3.2.1 Methods

3.2.1.1 Numerical setup and set of simulations

Generally, we assume ambient conditions such that contrails form and persist, i.e., the atmosphere is
sufficiently cold and moist (Schumann, 1996; Gierens and Spichtinger, 2000).

As Hj-propulsion technology is likely to be initially employed on smaller aircraft, we conduct simulations for
both an aircraft with a wingspan of bgpa, = 60.3 m (A350/B777-like aircraft, default) and a smaller aircraft
with a wingspan of 34.4m (A320/B737-like aircraft). Generally, the setups are consistent with previous
EULAG-LCM studies, where contrails from six different aircraft types were systematically investigated
(Unterstrasser and Gorsch, 2014; Unterstrasser, 2016). Throughout the text, when we use "A350" ("A320")
aircraft, we are generically referring to an "A350/B777-like" aircraft ("A320/B737-like" aircraft).

The number of grid points in our default model domain is n, = 384, n, = 200, and n, = 600, where x, y,
and z denote the transverse, longitudinal (along the flight direction), and vertical direction, respectively. The
size of the simulation domain is adjusted based on specific conditions. For example, weaker stratification
requires a larger domain, as the vortices descend further and exhibit more pronounced meandering due to
the Crow instability (Crow, 1970). Additionally, for high cruise-altitude temperatures, i.e., Tca = 230, 233,
and 235 K, the vertical domain size was increased from 600 to 800 grid points for the A350 and from 856
to 1112 grid points for the A320. The grid resolution is 1 m along the transverse and vertical and 2 m along
the longitudinal direction. For simulating an A320 aircraft, the resolution is changed to dx = dz = 0.57m
and dy = 1.14 m as described in Unterstrasser and Gorsch (2014). For both aircraft types, the domain size
in the flight direction is chosen to allow the formation of the most unstable Crow mode. Periodic boundary
conditions are applied in the horizontal and longitudinal directions. In the vertical direction, rigid boundary
conditions are used, meaning that the vertical velocity component is zero at the top and bottom boundaries
of the simulation domain. The total simulated time is around 6 to 7 min, where the time step increases from
an initial value of 0.03 s to 0.08 s at later stages of the simulation.

The simulations start at a plume age of several seconds. At this stage, it can be assumed that the ice crystal
formation is finished and the vortices have fully rolled up. We initialize the ice crystals in two disks (one
per wing) with uniform ice crystal number concentrations. The flow field is a superposition of a turbulent
background field and two counter-rotating Lamb-Oseen vortices. The vortex circulation, vortex core radius,
and plume radius depend on the aircraft type and are given in Tab. 3.1.

We incorporate the effects of a Hy-propulsion system by varying the initial number of ice crystals (Np) and
the emitted water vapor mass (Ip). The default values of the initial ice crystal number correspond to typical
values of the fuel flow rate, denoted by g, and an apparent ice emission index Eljceno = 2.8 X 10 kg_1
(Unterstrasser and Gorsch, 2014), which represents a typical kerosene contrail. Ny is then determined by

No = mc X Eljceno, 3.9)

where the fuel consumption mc is defined as m¢ := mp/Us. Ue represents the aircraft velocity. The
reference values are Ny rer = 0.85 X 102 m~! for an A320 aircraft and 3.38 x 10'> m~! for an A350 aircraft.
To explore a broad range of scenarios, we scale Ny up and down by factors of 10 and 100 relative to N ref.
The downscaling simulations are supposed to cover Hy-combustion scenarios. Conversely, the upscaling
simulations could represent scenarios involving an Hj-fuel cell propulsion system with HDN occurring
(see Sec. 1.3). Varying the number of ice crystals in the model is achieved by varying the weight of the
SIPs, which keeps their total number roughly the same. Clearly, the assumptions on the initial ice crystal
number are made for hypothetical aircraft designs, and the research on contrail formation processes in Hp
plumes started only recently (Bier et al., 2024; Ponsonby et al., 2024). A more in-depth discussion of the
representativity of our Ny choice is deferred to Sec. 3.2.3.

Analogously to Ny, the emitted water vapor mass is calculated using

Ip = mc X Eln,0, (3.10)

where Ely,0 is the emission index of water vapor, with a value of 1.26kgkg™! for all aircraft types (Bier
etal., 2024). We increase Iy by multiplying the default values, 3.7 gm~! for an A320 aircraft and 15.0gm™!
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for an A350 aircraft (referred to as I kero), by 2.57, resulting in 9.51 g m~! and 38.55 gm‘1 (referred to as
Io.H,), respectively. The value of 2.57 corresponds to the ratio of the emission index of water vapor divided
by the combustion heat (Q) of H; to kerosene (Bier et al., 2024). Note that Ny and Iy are given in units
of "per meter of flight path". Table 3.2 summarizes the key differences between H; and kerosene fuel and
exhaust properties.

We want to mention one caveat that is crucial for properly interpreting the comparison between the H;
and kerosene scenarios. According to Tab. 3.2, switching from kerosene to H,, the water vapor emission
index increases by a factor of 7.1, while the specific heat of combustion is a factor of 2.79 higher. The
energy-specific water emission is then 2.57 times higher, which is, by the way, a crucial difference affecting
the contrail formation process and potential contrail coverage (Schumann, 1996; Bier et al., 2024; Kaufmann
et al., 2024). Achieving the same work rate with both fuel types, the H, fuel consumption is 2.79 times
lower, while the water vapor emission (per flight distance) Iy is 2.57 times larger. Moreover, it is our design
choice to assume the same N .t value for both fuel scenarios. This implies that the reference apparent ice
emission index (Eljcenorer) Of the Hy scenarios, i.e., those simulations with a higher I value, is actually
by a factor of 2.79 larger. Comparing a factor "100 down" simulation with a larger Iy value, as a typical
representative of a Hy contrail, with a conventional kerosene contrail, i.e., reference Ny and smaller I value,
must not be interpreted as a factor of 100 variation in Elicenorer. The difference is actually smaller, with a
factor of approximately 36.

Following, e.g., Unterstrasser and Solch (2010), the initial ice crystal size distribution is represented by
a lognormal distribution with a width parameter rsp. We adopt a default value of rsp = 3.0 and explore
variations with a narrower (rsp = 1.0, monodisperse) and broader (rsp = 4.0) initial size distribution, as
previous studies have identified this parameter as significant (Unterstrasser and Solch, 2010; Unterstrasser,
2014). Note that other modeling studies that initialize the contrails at an earlier state without the specification
that all emitted water vapor has already been deposited on the ice crystals show a weaker impact of the width
parameter (Lewellen et al., 2014). We conducted simulations only with a 100-fold increase or decrease in
Np when altering the width parameter to reduce the number of simulations.

Figure 3.1 shows the mean ice crystal radius versus the initial number of ice crystals for kerosene and H;
water vapor emission. For this estimate, we use a density of ice, p; = 0.92 gcm™3, and assume spherical
particles, which is a reasonable approximation for small ice crystals with aspect ratios close to one. The

PiIONo
all emitted water vapor is deposited onto the ice crystals. While the LCM represents ice crystal habits
as hexagonal columns, this simplified estimate for r( serves as a first-order approximation to illustrate the
general relationship between Ny, Iy, and the resulting crystal size, as shown in Fig. 3.1. A higher Ny value
generally results in a smaller mean radius, as the total amount of water is distributed among more particles.
It is also evident that the initial water content Iy directly impacts the initial particle size: The higher the
Iy, as indicated by triangles that represent the H, case, the larger the initial particles. The initial mean ice
crystal radii remain unaffected by a variation in the initial width of the size distribution rgp.

173
radius corresponding to the mean particle mass, rp, is then approximated by ~ ( ) , assuming that

Additionally, we investigate the influence of different atmospheric conditions on the evolution of contrail
ice crystals. Previous research has highlighted the importance of the ambient temperature at cruise altitude
(Tca), the ambient relative humidity with respect to ice (RHjamp), and the atmospheric stratification (Ngy)
(described by the Brunt-Viisild frequency) as key input parameters (Lewellen et al., 2014; Unterstrasser,
2016). We vary these parameters as outlined in Tab. 3.1. At the lower boundary of the simulation domain,
we prescribe an air pressure of pg = 250 hPa and an air density of approximately paio = 0.4kgm™3. For
ambient temperature, we prescribe cruise-altitude values of Tca = 217, 225, 230, 233, and 235 K. The
relative humidity with respect to ice is assumed to be constant throughout the entire simulation domain
and set to either 110 or 120 %. We use a background turbulence field with an eddy dissipation rate of
€ = 1077 m?s3. The pressure and temperature vertical profiles are computed for an atmosphere with
a vertically constant Brunt-Viisild frequency according to Eq. 2 in Clark and Farley (1984). At cruise
altitude, the resulting air pressure ranges from 231 to 235 hPa, depending on Brunt-Viisild frequency and
temperature. In Tab. 3.1, an average air pressure value is provided. It would seem appropriate to vary the
ambient pressure in combination with Tca to reflect a change in flight altitude. However, a variation in
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Figure 3.1: Mean initial ice crystal radius as a function of the initial number of ice crystals.
Its sensitivity regarding the microphysical initialization in terms of Iy (symbol) is depicted.

pressure has only little impact on the simulated contrail properties, as demonstrated in Sec. A3. This is
because the background water vapor mass concentration is independent of ambient pressure. Hence, we do
not adapt py.

In Tab. 3.1, values that are marked with an asterisk refer to the default simulation of an A350 aircraft with a
water vapor emission value that corresponds to a kerosene combustion system Iy = 15.0 gm™! and an initial
ice crystal number Ny = 3.38 x 10'>m~! at an ambient temperature of 217 K, an ambient relative humidity
with respect to ice of 120 %, and a standard value for atmospheric stability of 1.15 x 1072 s~!. Ice crystal
formation is improbable for ambient temperatures exceeding 233 K, as this surpasses the homogeneous
freezing temperature (Bier et al., 2024), and liquid droplets that form first in the cooling exhaust plume
would not freeze. Nevertheless, we include simulations with ambient temperatures of 233 K and 235K
as limiting cases, as droplet freezing in turbulent and quickly cooling plumes is not well constrained. An
overview of all performed simulations is provided in Tab. Al.

3.2.1.2 Quantities of interest

In the following, we give definitions of quantities that are used throughout the paper.
The respective total number of ice crystals per meter of flight path and the vertical ice crystal number profile
are defined as follows:

1
Nt (t) = i ///N(x,y,z, t)dxdydz and (3.11)
y

Ny(z,t) = Li “//N(x,y,z,t)dxdy. (3.12)
y

Here, L, is the domain length in the longitudinal direction, and N represents the ice crystal number
concentration. Both quantities, Ny, and Ny, are averaged along the flight direction. The total ice mass,
Mo, and the vertical ice mass profile, My, are computed analogously. The normalized ice crystal number is
calculated as
Niot(t)
flt) = ——. (3.13)
No

In Sec. 3.2.2, we will use the term "survival fraction of ice crystals" (fy s), which is the normalized ice crystal
number at the end of the simulation. Another pertinent quantity to examine is the number of sublimated
ice crystals (Ngyp1). Vertical normalized profiles (fy,vsubl) are computed as described in Eqgs. 3.11-3.13 and

track the number of ice crystals that sublimate at a specific altitude.
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Aircraft and vortex parameters

A320/B737 A350/B777*
bspan (M) 34.4 60.3
I (m?s™!) 240 520
re (m) 3.0 4.0
Tplume (M) 12 20
Atmospheric conditions
pairca (kgm™3) 0.36
pca (10 Pa) 233
Tea (K) [217%, 225, 230, 233, 235]
RH; amb (%) (110, 120*]
€ (m?s73) 1077
Ngy (1072571 [0.5, 1.15%]
Ice crystal parameters
A320/B737 A350/B777
No ([10'°, 10", 10">*,10'3, 10" m~") 0.85 3.38
Io (103 kgm™") [3.7%,9.51] | [15.0%, 38.55]
r'sD [1.0, 3.0%, 4.0]
Numerical parameters
A320/B737 A350/B777
dx, dy, dz (m) 0.57,1.14, 0.57 1,2,1
Ny, Ny, Ny 384-768, 200, 600-1112
tsim (S) ~ 400
dt (s) 0.03-0.08

Table 3.1: Aircraft and vortex, ice crystal, atmospheric, and numerical parameters. Multiple
values in square brackets refer to sensitivity studies, and values with an asterisk refer to default
values. Parameters are denoted as follows: bgya,: wingspan; Iy: circulation; r.: vortex core
radius; rpume: plume radius at initialization; Np: initial number of ice crystals; Ip: emitted
water vapor mass; rsp: width of initial ice crystal size distribution; p,irca: air density at cruise
altitude; pca: air pressure at cruise altitude; Tca: ambient temperature at cruise altitude;
RH;j amp: ambient relative humidity with respect to ice; e: eddy dissipation rate; Ngy: Brunt-
Viisild frequency; dx, dy, dz: mesh sizes; ny, ny, n,: number of grid points; tsm: simulated
time; dt: time step.

53
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Fuel/exhaust parameters ~ Hydrogen Kerosene Ratio

Ely,o0 / (kgkg™) 8.94 1.26 7.10
Q/(10°Tkg™") 120 43 2.79
Ely,0Q '/ (10 °kgJ™h)  0.075 0.029 2.57
A320/B737
mc /(107 kgm™") 1.06 296 27971
In/ (1073 kgm™") 9.51 3.7 2.57
Nogef / (102 m™1) 0.85 0.85 1
Elicenoref / (10" kg™1) 7.81 2.8 2.79
A350/B777
mc /(1073 kgm™") 43 120 27971
In/ (103 kgm™") 38.55 15.0 2.57
Noef / (102 m™1) 3.38 3.38 1
Elicenoret / (10" kg™) 7.81 2.8 2.79

Table 3.2: Fuel, engine, and exhaust parameters for hydrogen propulsion (second column),
kerosene (third column), and the ratio between them (fourth column). The water vapor mass
emission index (Ely,0) and specific heat of combustion (Q) ("lower calorific value") are based
on Tab. 1 of Schumann (1996).

3.2.2 Results
3.2.2.1 Exploring H; contrails

In this subsection, we examine the impact of the initial number of ice crystals and the emitted water vapor
mass, corresponding to a Hy combustion engine or a potential fuel cell setup. These two parameters are
varied as described in Sec. 3.2.1.1. The simulations presented in this subsection are performed for an
A350 aircraft at Tca = 217K, RH;j amp = 120 %, and Ngy = 1.15 X 1072 s~1, which were also the baseline
meteorological conditions in previous EULAG-LCM studies. Hence, this scenario has been well explored,
and the new simulations build upon the existing ones. Unless stated otherwise, the presented results use the
default initial values, indicated by an asterisk in Tab. 3.1.

Figure 3.2 (top row) illustrates the temporal evolution of contrail ice crystals in the (x, z)-plane over a
6 min period. The ice crystal number concentration is averaged along the flight direction. At the start
of the simulation, two circular plumes are initialized at z = Om. The centers of the plumes and of the
wake vortices are co-located on each side. Within the first 2 min, a downward motion of the ice crystals is
observed as the aircraft exhaust descends with the downward moving vortices, forming the primary wake.
Also, we see a horizontal broadening of the contrail after few minutes due to the Crow instability (Crow,
1970). Ice crystals that are continuously detrained from the descending exhaust form a curtain between the
original emission altitude and the vortex location, known as the secondary wake (Sussmann and Gierens,
1999; Unterstrasser, 2014). After 6 min, ice crystals are visible close to or even above the cruise altitude
as the vertically displaced air masses rise back due to buoyancy after vortex breakup. Whereas ice crystals
in the secondary wake grow in size due to the deposition of the available water vapor, a significant portion
of the ice crystals can sublimate in the primary wake because of adiabatic heating (Lewellen and Lewellen,
1996; Sussmann and Gierens, 1999; Unterstrasser, 2016).

The second row in Fig. 3.2 shows the cross-subsectional ice crystal number concentrations after 6 min for
the reference Ny case (Nyp = 3.38 x 10'>m™!) and the Ny-upscaling and Ny-downscaling cases. Higher
final number concentrations in absolute terms are evident in the upscaling cases (Ny = 3.38 x 10" m~! and



3.2. HIGH-RESOLUTION MODELING OF EARLY CONTRAIL EVOLUTION 55

Np = 3.38 x 10" m~!). Nonetheless, relative to the initial number, fewer ice crystals survive in these cases,
as illustrated in the third row, where the final vertical profiles of normalized ice crystal numbers (green
curves) are depicted. This observation is further supported by the final vertical profiles of normalized
sublimated ice crystal numbers (orange curves). In the upscaling cases, ice crystals begin to sublimate at
higher altitudes because they are smaller in size (see Fig. 3.1); this is a phenomenon that has already been
described by Huebsch and Lewellen (2006) and Unterstrasser (2014).

Figures 3.3a and b display the temporal evolution of the normalized total ice crystal number and absolute
total ice mass for different Ny and Iy values. The most significant reductions in fy occur in the upscaling
scenarios (red curves in Fig. 3.3a), while the Ny-downscaling simulations (blue curves) show little to no
reduction in the temporal evolution of fy. Due to a higher absolute number of surviving ice crystals in the
upscaling cases, these scenarios also exhibit a larger final total ice mass (red curves lie above the blue ones
in Fig. 3.3b). The greater loss of ice crystals in the upscaling scenarios is reflected in the survival fraction
depicted in Fig. 3.3c. Conversely, contrails with a lower value of Ny (and thus larger initial crystals) are
less prone to sublimation, resulting in a higher survival fraction. This implies that initial differences in
ice crystal number diminish over time. In this specific scenario, initial differences spanning four orders of
magnitude, with Nyp-scaling factors of 0.01 and 100, reduce to just two orders of magnitude, 0.015 and 7.5,
after the vortex phase. Moreover, initializing with a greater amount of emitted water vapor (indicated by
circles in Fig. 3.3c) results in larger ice crystal sizes (refer to Fig. 3.1), which in turn increases the survival
fraction and ice mass. In the Ipy, simulations, the reduction in the initial differences is less pronounced,
with the four-order-of-magnitude difference reducing to three orders by the end of the vortex phase.

3.2.2.2 Parameter study of H,-contrail properties

3.2.2.2.1 Sensitivity to ambient conditions

Asrevealed in previous studies, the evolution of the contrail ice crystal number and ice mass is highly sensitive
to ambient conditions (Lewellen and Lewellen, 2001b; Unterstrasser, 2016). This subsection investigates the
impact of ambient relative humidity, temperature, and atmospheric stratification on Hy-contrail properties.
Note that we performed simulations at Tco > 230 K only for H, contrails with an increased Iy value, as the
formation of kerosene contrails is unlikely at these high ambient temperatures. The results presented in this
subsection refer to simulations of an A350 aircraft with an initial size distribution width of rsp = 3.0.

In Fig. 3.4, final vertical profiles of the ice crystal mass and normalized number and survival fractions after
approximately 6 min are depicted. Columns represent simulations at temperatures of 217 K, 225K, 230K,
233K, and 235K, respectively. The simulations shown in the first and second rows are performed with
Iop = Ipp,. The ice mass (row 1 in Fig. 3.4) remains largely unaffected by variations in Ny, except for the
factor-100 downscaling simulation, which shows a significantly reduced ice mass. A notable increase in ice
mass is observed with increasing temperature, attributable to a higher water vapor mass concentration in
the atmosphere. This additional water vapor can be deposited onto the ice crystals, thereby increasing their
size.

When examining the normalized ice crystal number (row 2 in Fig. 3.4), we observe a reduction with
increasing temperature, primarily in the primary wake. Although the ice crystals grow larger during the first
seconds due to the higher water vapor concentration at higher temperatures, they experience, in absolute
terms, a stronger increase in the saturation pressure within the descending vortices, leading to increased
sublimation (Unterstrasser, 2016; Bier and Burkhardt, 2022). This phenomenon is most pronounced in the
Np-upscaling cases.

The sensitivity of the survival fraction to the ambient relative humidity and ambient temperature is illustrated
in row 3 of Fig. 3.4. In addition to the default cases with Iy = Iy g,, data points for the kerosene reference
case with Iy = Io xero are displayed for Tcp = 217 K and 225 K (yellow symbols). Simulations with I = Iy,
indicate that ice crystals, which would typically sublimate under I ke, conditions, are now sufficiently large
to withstand adiabatic heating. This effect is most pronounced in the RH;jamp = 110 %, Np-downscaling
scenarios: the differences between the yellow and the colored squares are larger than the differences between
the yellow and colored circles at Ny < 10'> m~!. Simulations at a lower ambient relative humidity (square
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Figure 3.2: Ice crystal number concentrations, averaged along the flight direction in the (x, z)-
plane, are depicted in the first and second rows. The first row illustrates the temporal evolution
over 6 min. The final concentration distribution is displayed in the second row for five different
Ny values. The third row shows the normalized vertical profiles of ice crystals (green) and
sublimated ice crystals (orange) (the first row depicts one simulation, whereas the second and
third rows depict five different simulations). The simulation displayed in the top row refers to
the simulation in the middle panels in the second and third rows, marked by the black frame.
The displayed simulations are performed for an A350 aircraft at Tca = 217 K, RH;j jmp = 120 %,
and Iy = Ipy,. The z coordinate is shifted such that z = O m corresponds to the cruise altitude
(which is also done in Figs. 3.4, 3.5, and 3.6).
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depicted.
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symbols) show a stronger loss of ice crystals, a trend consistent across the variations regarding Ny and
Ip. This is due to the stronger sublimation effects in the primary wake in the case of a reduced relative
humidity value (Unterstrasser et al., 2014; Unterstrasser, 2016). Notably, in the extreme Ny-downscaling
scenario (Ny ~ 10'° m~") at 120 % relative humidity, the survival fraction remains largely unaffected by the
ambient temperature, with survival fractions equal or close to one at both 217K (fy,s = 1.00) and 235K
(fns = 0.95). In contrast, for the extreme Np-upscaling scenario, the impact of ambient temperature is
significantly more pronounced, reducing the survival fraction by a factor of 4.5, from fy s = 0.09 at 217K
down to fys = 0.02 at 235 K. This temperature sensitivity is further amplified under drier atmospheric
conditions, where the effect on the survival fraction is more substantial. For the Nyp-downscaling scenario,
the survival fraction decreases by a factor of 2.24, while in the Ny-upscaling case, the reduction even exceeds
one order of magnitude. In the upscaling cases with ambient temperatures at or above 230 K, nearly all ice
crystals sublimate, with fy s < 0.15. Initial differences in Ny spanning four orders of magnitude are reduced
to 2.98 (217K, 120 %) and 2.85 (217K, 110 %), and they further decrease to 2.37 (235K, 120 %) and
2.14 (235 K, 110 %), highlighting the importance of both parameters, ambient temperature and ice relative
humidity, in the context of ice crystal loss during the vortex phase.

The third ambient parameter varied in this study is stratification. Following, e.g., Unterstrasser et al.
(2014), we use a Brunt-Viisila frequency of Ngy = 1.15 X 10257 ! as the default and a smaller value,
Npy = 0.5 x 107257, that characterizes an atmosphere with weaker atmospheric stability. The simulation
domain needs to be larger in the latter case, as the downward movement and oscillation of the vortex system
are stronger. Therefore, to reduce the number of simulations and the associated computational cost, we only
varied Ny only by a factor of 100 both up and down. This simulation set is only performed for Tca =217 K.
Figure 3.5 displays normalized vertical profiles of the final ice crystal number (panel (a)) and the number
of sublimated ice crystals (panel (b)) for both stratification scenarios (indicated by the line style). Only
simulations with Iy = Ip y, are displayed here. Evidently, in a weakly stratified ambient atmosphere, the wake
vortices generally descend further down. Consequently, sublimation extends to lower altitudes, especially
in the default and Nyp-downscaling cases, displayed by the black and blue curves, respectively. This is
mainly observed in the simulations with a default or lower Ny value as the difference in the final contrail
height is about 200 m, compared to about 50 m in the Ny-upscaling scenario. This reduced difference in
the Np-upscaling case arises from the fact that most ice crystals are lost at higher altitudes, independently
of stratification. As anticipated, the survival fraction is reduced for contrails evolving in a weakly stratified
atmosphere. Decreasing the ambient relative humidity exacerbates crystal loss further. Also, lower survival
fractions are observed in scenarios with Iy = Ig kero, as previously noted (not shown). The original four-
order-of-magnitude difference in Ny decreases to 2.69 and 2.46 (default and weakly stratified, 120 %) and
to 2.46 and 2.31 (110 %) at Iy = Ipero,» While it decreases to 2.98 and 2.72 (120 %), and to 2.85 and 2.66
(110 %) at Iy = IoH,.

3.2.2.2.2 Sensitivity to the microphysical initialization

We prescribe the initial ice crystal size distribution (SD) as a lognormal distribution with a specified width
parameter rsp; see, e.g., Unterstrasser and Solch (2010). A variation in rsp has been shown to have a
non-negligible effect on the contrail’s evolution during the vortex phase (Unterstrasser, 2014). Varying the
width, we adjust the geometric mean diameter such that the total initial ice mass and ice crystal number are
unaffected (Unterstrasser, 2014).

In Fig. 3.6, we present simulations, in which rgp is varied according to Tab. 3.1. The final contrail height
for each Ny scenario appears relatively unaffected by variations in rsp, as shown in Fig. 3.6a. However, a
narrower initial SD leads to a higher number of ice crystals present at lower altitudes (dashed curves). This
can be explained by the delayed onset of sublimation, which occurs at lower altitudes (see panel (b)). In
contrast, a broader initial SD results in a higher proportion of smaller ice crystals at the start; these smaller
ice crystals which tend to sublimate at higher altitudes, leading to lower survival fractions. This pattern
is observed consistently across all Ny scenarios. To assess the robustness of these results with respect to
ambient temperature, we repeated this set of simulations at Tcp = 233 K. The general trends related to rsp
remain unchanged by the variation in ambient temperature. As expected based on previous findings, we
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Figure 3.4: Final vertical profiles of ice mass (first row) and normalized ice crystal number
(second row) for different Ny values (as given in the legend in panel (1a)) after 6 min. Columns
depict results for ambient temperatures of 217K, 225K, 230K, 233K, and 235K (see the
headings above the columns). The ambient relative humidity is 120 %. The third row displays

the survival fraction at the two different humidity values as indicated in panel (3e).

At

Tca = 217K and 225K, yellow symbols, which refer to simulations with Iy = Ipyero, are
plotted for comparison. A horizontal dashed line at fy s = 0.5 is provided as a visual guide.
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Figure 3.5: (a) Final vertical profiles of the normalized number of ice crystals and (b) the
normalized number of sublimated ice crystals. Results for default (solid lines) and weaker
(dashed lines) atmospheric stability are depicted. The displayed simulation results correspond
to Tca = 217K, RH;j amp = 120 %, and Iy = IO,HZ-
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Figure 3.6: (a) Final vertical profiles of the normalized number of ice crystals and (b) the
normalized number of sublimated ice crystals. Solid lines represent the reference cases with
rsp = 3.0, while initially broader and narrower ice crystal size distributions are depicted by
dotted and dashed lines, respectively. The shown simulations were conducted for Tcp = 217K,
RH; aymb = 120 %, and Iy = Ip 4, .

observe generally lower survival fractions at this temperature compared to the corresponding rsp-simulation
set at Tca = 217 K.

In aircraft plumes characterized by negligible soot emission, such as those from H,-powered engines, ice
nucleation is assumed to predominantly occur on entrained ambient aerosol particles (Bier et al., 2024).
Therefore, the dry radii of these ambient aerosols govern the size of the resulting ice crystals. Bier et al.
(2024) identified several aerosol modes with sizes spanning from few nanometers to several micrometers.
This broad size range is more accurately captured by an initial size distribution with larger values of rsp
(e.g., 3.0 and 4.0), thus considered more representative of the physical conditions.

3.2.2.2.3 Sensitivity to aircraft type

H>-contrail simulations for a smaller A320 aircraft with a wingspan of bgpa, = 34.4 m are performed for
Tca = 225 K. The grid spacing is adapted as outlined in Tab. 3.1. We simulate this aircraft type only with
an Ny-scaling factor of 100.

Unterstrasser and Gorsch (2014) have done baseline simulations for an A320 aircraft under typical kerosene
conditions. As revealed in this study, the altitude at which sublimation starts is independent of the aircraft
type. As described in Sec. 3.2.1.1, both Ny and I are linearly dependent on the fuel flow rate. As Eljceno
and Ely,o are assumed to be constant across all aircraft types, the mean mass and radius of the initial
ice crystals are consequently independent of the aircraft type, as both are proportional to the ratio Iy/Ny.
However, the vortex system of the A320 descends more slowly. Therefore, the sublimation threshold altitude
is reached later. The vortices of the A320 dissolve before such low altitudes can be reached where strong
sublimation occurs. This decreases sublimation effects in the primary wake, allowing more ice crystals to
survive the vortex phase for smaller aircraft like the A320 than larger ones like the A350. This trend holds
across all Ny-scaling scenarios. Although the final A350 contrail still contains more ice crystals than the
A320 contrail, the relative ice crystal loss is greater for the A350, reducing the initial large differences in
ice crystal numbers.

Figure 3.7 shows how the survival fractions depend on the aircraft type. Each box, delineated by the
dashed vertical lines, corresponds to a different Ny-scaling scenario. Note that in the factor-100 upscaling
scenario, where the survival fractions are less than 0.1, the y-axis is adjusted accordingly. For each
scenario, simulations at Tcp = 225K, 230K, 233 K, and 235 K are performed, as indicated on the x-axis.
As discussed in Sec. 3.2.2.2.1, high ambient temperatures and low relative humidity values increase ice
crystal loss. Overall, the A320 exhibits higher survival fractions, with the most pronounced differences at
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Figure 3.7: Survival fractions of an A320 (red) and an A350 (blue) aircraft. The three boxes
represent the ice crystal number scaling as indicated in the heading, where, e.g., "100 down"
refers to the simulation with an Ny value equal to 3.38 X 10" m~" (A350) or 0.85 x 10" m™!
(A320). In the case of a factor-100 upscaling, the survival fractions are small. Hence, we
adapted the axis as indicated by the light-blue labels. Simulation results for both values of
ambient relative humidity are shown (symbols).

low Ny values and low ambient humidity (e.g., fy s = 0.84 for the A320 and fy s = 0.42 for the A350 at
Tca = 235K). In scenarios with a strong Ny upscaling, nearly all ice crystals sublimate regardless of the
aircraft type (fy s < 0.07).

3.2.2.3 Parameterization of ice crystal loss

Unterstrasser (2016, hereafter referred to as U2016) presents an ice crystal loss parameterization that
approximates the survival fraction of ice crystals after the vortex phase, based on the ambient relative
humidity, temperature at cruise altitude, thermal stratification, apparent ice crystal emission index, and
aircraft parameters. Relevant aircraft parameters are the water vapor emission, the wingspan, and the
wake vortices’ initial circulation. A typical application of the parameterization is its implementation in
larger-scale contrail models, where the contrail initialization refers to some state after vortex breakup, and
effects of the wake dynamics cannot be explicitly resolved. The development of the parameterization was
based on a database of more than 80 EULAG-LCM simulations, comprising sensitivity studies that varied
the parameters mentioned above. Notably, the original focus was on contrails from kerosene combustion.
The new set of H-contrail simulations investigates the sensitivity to Ny more systematically and over a
broader range. Moreover, contrails at temperatures above 225 K have not been considered previously, and
the validity of the parameterization beyond this temperature threshold is not guaranteed.

The following paragraphs will briefly repeat the parameterization formulation, describe appropriate adap-
tations, and analyze its applicability and performance for the new Hj-contrail dataset.

The ice crystal loss during the vortex phase can be assessed by introducing three length scales that describe
the processes relevant to downward-propagating contrail ice crystals:

* Zdesc 18 the final vertical displacement of the wake vortex system, which leads to a maximum adiabatic
heating experienced in the primary wake. The quantity depends most strongly on thermal stratification,
aircraft mass, and wingspan.

* z.m Mmeasures the effect of the ambient supersaturation on the ice crystal mass budget. 2zay, is the
distance that an air parcel has to travel down until its saturation pressure equals its vapor pressure,
i.e., until its supersaturation is depleted due to adiabatic heating. The quantity depends most strongly
on the ambient relative humidity.
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Figure 3.8: Simulated survival fraction as a function of the parameter z5. The (a) original
and (b) updated parameterizations are shown by the solid black line. Gray points represent the
simulated survival fractions from the 2016 study, while orange points correspond to those from
the present study. As the fit coefficients are adapted in the new formulation, the z, parameter
differs in both versions, denoted by 2z 2016 and za 2025.

* Zemit measures the effect of water vapor emission on the ice crystal mass budget. Analogously to z,um,
Zemit 15 @ vertical displacement that corresponds to an adiabatic heating such that an initially saturated
parcel remains at saturation when the emitted water vapor is added to the parcel. The quantity depends
on the ambient temperature and the amount of emitted water vapor, which in turn depends on the fuel
consumption, the emission index of water vapor, and the contrail cross-section.

The exact definitions of these length scales are given in Sec. 3.1 of U2016. We repeat the definition of 2gesc,
which is given by

1/2
8Ty
= . 3.14
Zdesc (ﬂNBV) ( )

Regarding z,:m and zemit, we implement slightly redefined formulae. In the previous version, the definitions
of zym and zemir are based on the assumption of balancing water vapor concentrations. In the updated
parameterization, we redefine the two length scales by requiring the conservation of water vapor mass
mixing ratios, which are the quantities that are actually conserved under adiabatic changes. Hence, we
introduce the adiabatic index x = 3.5, and the modified equations read as follows:

es(Tca) _ es(Tca + Td Zaum)

= 3.15
Tca® (Tca + Td Zatm)* ©-15)

(1 +sj)

es(Tca) Pemit _ es(Tca + Td Zemit)
RwvTcA®  Tca* ! Rwv (Tca + Td Zemit)®

(3.16)

Here, Iy denotes the dry adiabatic lapse rate, with a value of 9.8 K km™!, and Rwy is the specific gas constant
of water vapor, taken as 461.5Jkg™! K~!. The water vapor saturation pressure is represented by e, and
si = RH;j — 1 denotes the supersaturation. In Eq. 3.16, p.n; refers to the emitted water vapor concentration.
According to U2016, we then define a linear combination of these length scales

Zp = Qatm Zatm + Temit Zemit — Adesc Zdesc (3.17)

with positive weights ax.
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zp 1s large if the buffer effect of the ambient supersaturation and the emitted water vapor outweighs the
adiabatic heating due to the wake vortex descent. This means that the water vapor surplus is sufficient to
keep the heated air parcel supersaturated. It should be noted that, in the simulations, the air parcel does
not remain supersaturated, but RH; quickly relaxes to 100 %. Figure 3.3b reveals that the water vapor
surplus deposits on the ice crystals within a few seconds (for large Np) or within at most 30s (for low
Np). The local maximum attained within the first half a minute clearly relates to the water vapor surplus as
estimated by the two length scales 2, and zemi. Also note that the increase in ice mass after 2 min is due to
detrained ice crystals outside of the vortex system, which grow in the supersaturated ambient air. Figure 2a
in Unterstrasser and Solch (2010) displays the evolution of the total ice mass in the descending wake vortex
system. This nicely reveals the dependence of the peak value on the water vapor surplus and the subsequent
monotonic decrease in the ice mass. Hence, the buffer effect is achieved by increasing the total mass and
the mass concentrations of the ice crystals in the vortex system. The larger those quantities are after the
initial growth period, the more and the longer the ice crystals can shrink until complete sublimation.

A small z, (also including negative values) means that the wake vortex descent prevails for so long that a
substantial fraction or even all of the entrained ice crystals are likely lost.

Following U2016, both &4, and demir are modified to include the effect of a variation in Ny, while &gesc can
be left unchanged (i.e., @desc = Adesc):

zp = W (Xatm Zatm + Xemit Zemit) — Adesc Sdesc- (3.18)
In U2016, ¥ was given by EI%, with E[ == E]IEI‘;e“"t and a positive constant y. In the new formulation,

ceno

¥ is defined as
¥ =1/n,, (3.19)

where ng is an (intermediate) ice crystal number concentration, and the "starred" quantity is the value
normalized by a reference value ngrs. In both approaches, increasing Eljcepo in the original formulation
or ng in the new formulation gives smaller weights &, and &@.mi;. This reduces the buffer effect and,
consequently, zo. This reflects the fact that ice crystal loss becomes more substantial when the water vapor
surplus is distributed over more ice crystals with smaller masses on average. With smaller mean ice crystal
sizes, a specific fraction of lost ice mass translates into a larger relative fraction of lost ice crystals.
The definition of ng is deferred to the Appendix (Eq. A8) and the motivation for the switch from EI
n, is explained in Sec. 3.2.3.

The three length scales depend only on input parameters and can be evaluated for given meteorological
and aircraft properties. Notably, they are independent of Ny, and the sensitivity of z, to Ny enters the
parameterization solely by an adaptation of the weights @ay, and &emit-

Plotting the simulated fy ¢ values as functions of z, with suitably chosen weights, the data points can be
reasonably well approximated by an arc tangent function. Hence, the parameterized survival fraction fN,S
can then be defined as

*
iceno to

fus = a(za), (3.20)
with
a(x) =Py + % arctan (g + (x/100m)) . (3.21)

In the following, we outline our procedure for determining the new set of fit coefficients. Simulations with
rsp = 1.0 and rsp = 4.0, accounting for approximately 25 % of the total dataset, were excluded from the
fitting process, as they represent extreme cases of the size distribution width. However, these simulations
are still shown in Fig. 3.8. We selected a representative subset of simulations using the default value of
rsp = 3.0. Additionally, some data points from simulations with weaker stability were identified as outliers
and excluded. Consequently, 69 % of the new simulations and the entire dataset from U2016 were used
to derive the fit coefficients. A weighting was applied in the fitting procedure, with all data points at
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RHjambp = 110 % and EL;__ > 1 being assigned higher weights (1.1 and 2.0, respectively). On the one hand,
these weights were introduced to reduce the absolute errors in the RH;j zmp = 110 % cases. This is favorable
as the survival fractions are systematically smaller than for the RH;j amp = 120 % cases. Hence, similar
absolute errors over both sets of simulations would imply larger relative errors for RHj zmp = 110 % cases.
Furthermore, the occurrence frequency of ice supersaturation is exponentially distributed with decreasing
encounter probabilities for increasing RHj  mp values (Petzold et al., 2017). Increasing the weights is a
pragmatic solution to put more emphasis on the low-RH; ymp, cases.

We propose the following values for the fitting coefficients:

Bo =0.42, (3.22a)
B1 =1.31, (3.22b)
ap = —1.00, (3.22¢)
Oatm = 1.27, (3.224d)
Aemit = 0.42, (3.22¢)
QAgesc = 0.49, (3.22f)
y =0.16. (3.22g)

Figure 3.8 presents a comparison between both versions, where the simulation data used to derive the
original parameterization formulation are displayed in gray, while the present (additional) data points are
shown in orange. Panel (a) depicts the 2016 parameterization curve. The new parameterization (panel (b))
reduces both the absolute maximum and root-mean-square error (see values inserted in the figure). The
absolute root-mean-square is reduced by 2 %, whereas the relative root-mean-square error in the U2016
data is decreased by 9 %. Relative to the U2016 database, the new H, simulations sample particularly the
space for large and very small fy ¢ values more densely. The supplement contains further plots that help to
rate the changes implied by the new version.

In Fig. 3.9, we show the updated parameterization for various meteorological and aircraft scenarios. As
indicated by its heading, each panel highlights specific sensitivity analyses. The dependencies of the survival
fraction on the input parameters have been thoroughly explained in the preceding subsections. The following
will discuss the new insights gained from the updated parameterization. It can be observed that simulations
performed at temperatures above 225 K are well represented by the parameterization. This holds for both
the Np-upscaling and Ny-downscaling scenarios. While a critical temperature exists above which contrail
formation is not possible, this temperature threshold has no direct relevance for the microphysical processes
during the vortex phase. Hence, it is not surprising that the validity of the parameterization extends beyond
225K.

The parameterization does not account for variations in rsp, meaning that data points from simulations
with different rgp values but the same z, value are treated identically. Notably, for Np-upscaling cases,
simulations with rsp = 1.0 tend to show survival fractions that are somewhat overestimated. For the time
being, this is an irreducible uncertainty partly due to idealizations in our initialization.

Regarding aircraft type, the parameterization effectively represents both A350 (bluish) and A320 (reddish)
cases across upscaling and downscaling scenarios, as shown in panels (f) and (g). Additionally, the
parameterization is consistent with other simulation results from studies such as Lewellen et al. (2014) and
Picot et al. (2015), as highlighted in panel (h). Our updated H, parameterization not only aligns well with
these results but also particularly captures the ice crystal emission index variation study from Lewellen
(2014), further demonstrating the validity of the new parameterization.

3.2.2.4 Impact of vortex phase processes on contrail-cirrus evolution

This subsection presents results of contrail-cirrus simulations and demonstrates the relevance of the ice
crystal number in young contrails for the subsequent transition into contrail cirrus.

We employ the EULAG-LCM model in a setup largely based on that used in Unterstrasser et al. (2017a)
and Unterstrasser et al. (2017b). The simulation domain consists of two dimensions, x (horizontal) and g
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Figure 3.9: Simulated survival fractions as functions of the parameter za (= za 2025), focusing
exclusively on new H; simulations. The symbol legend in panel (a) applies to the panels (a)
to (g), with symbols indicating Ny-scaling information. In panels (a) to (c), blue symbols
denote H, water vapor emissions, while orange symbols represent kerosene cases. Each panel
highlights a different meteorological or aircraft scenario, as the headings indicate. Panel (h)
displays survival fractions from other studies for comparison and validation; there, symbols
with a red outline correspond to a study investigating the effects of varying the ice crystal
emission index (Lewellen et al., 2014).

(vertical), which are perpendicular to the flight direction. We embed the data of the vortex phase simulation
(averaged along the flight direction) in a significantly larger simulation domain spanning 40 km in the x
direction and 2.5km in the z direction, with grid resolutions of dx = dz = 10m. The simulated time
period is 8 h. The sedimentation velocities are determined using the Reynolds number and the maximum
particle dimensions, as described in the Appendix of Solch and Kércher (2010). We prescribe a stepwise
vertical profile of relative humidity, assuming an ambient ice supersaturated layer of 120 % between 1 and
2 km (see further details in, e.g., Unterstrasser et al. (2017a)). Additionally, a synoptic-scale updraft with a
velocity of w = 1 cms~! is imposed over a period of approximately 6 h, leading to a final adiabatic cooling
of 2 K. In these exemplary simulations, we model an A350 aircraft with Tcy = 225K, Ngy = 1.0 % 1072571,
Ip = IpH,, and rsp = 3.0. In the first simulation series, the contrail-cirrus initialization is directly based
on the results from the according vortex phase simulation (with Ngy = 1.15 x 1072s~!). The initialized
contrail consists of fy s X Ny ice crystals. In the second simulation series, we deliberately disregard vortex
phase loss processes and initialize a contrail with Ny ice crystals. This is accomplished using the contrail
data from the first simulation series and uniformly scaling up the ice crystal number concentrations by a
factor of (fy,s)~".

An important quantity for analyzing contrail evolution is the total extinction, which serves as a metric for
the radiative effect of an individual contrail (Unterstrasser, 2020). It is defined as the horizontal integral of
the extinction, 1 — exp (—t), where T represents the optical thickness along the vertical direction. Then, the
total extinction is expressed as follows:

E(t) :/(1 —exp(—r(x,t)))dxz/r(x,t)dx

= “//X(X, z,t) dz dx,

where y (x, 2, t) is the extinction coefficient. It is proportional to the projected area of the ice crystals per unit
volume. We assume an extinction efficiency Qex; = 2, as described in Schumann et al. (2011). Figure 3.10

(3.23)
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Figure 3.10: (a) Time evolution of the total number of ice crystals and (b) of the total extinction
for the Ny-upscaling and Ny-downscaling cases. In the first simulation series, the contrails are
initialized using the final state from the respective vortex phase simulations; in the second
simulation series, the ice crystal numbers are upscaled by the respective survival fractions.

illustrates the temporal evolution of the total ice crystal number (panel (a)) and the total extinction (panel
(b)). In both panels, the color represents the Ny scaling, with red indicating upscaling scenarios and blue
denoting downscaling scenarios. The line style differentiates between the two setups.

Based on this work, three key observations emerge. Firstly, E is significantly higher in the Ny-upscaling
scenarios. This outcome is expected, as total extinction is proportional to the effective surface area of the
ice crystals; a larger number of ice crystals, as shown in panel (a), leads to a greater extinction. Secondly,
the contrail (cirrus) dissipates more quickly when Ny is smaller. In the scenario where N is reduced by a
factor of 100 (dark blue), the contrail disappears after only a few hours, indicating a significantly shorter
lifetime. Thirdly, we observe an increase in E in the scenarios where the vortex phase losses are disregarded.
In these cases, the contrail is initialized with more ice crystals compared to the first simulation series (see

panel (a)).

A qualitative comparison of the two setups can be made by examining the lifetime-integrated total extinction
values, £ = f E(t) dt, that are displayed in Fig. 3.11a. Ignoring vortex phase losses leads, at maximum,
to a difference in lifetime-integrated total extinction of 46 %. This indicates that the radiative impact of an
individual contrail can be significantly overestimated if vortex phase processes, such as contrail expansion
and ice crystal sublimation in the primary wake, are not considered. The nonlinear increase in the E
difference between both setups in the Np-upscaling simulations may be attributed to saturation effects. As
the number of ice crystals increases, competition for available water vapor in the spreading contrail cirrus
becomes more important. Consequently, the peak ice mass does not continue to grow indefinitely with
increasing Ny values but is expected to reach a limit eventually. This explains why the simulation with a
100-fold increase in Ny shows a smaller increase in lifetime-integrated total extinction when disregarding
the vortex phase losses compared to the simulation with a 10-fold increase in Ny. We repeated this kind
of simulation series, i.e., disregarding the crystal losses from the vortex phase, for the Ipiero Scenario.
Interestingly, we observe only a small impact on the lifetime-integrated total extinction, with differences
of < 5%, when the vortex phase losses are ignored (see Fig. 3.11b). This suggests that the initial water
vapor emission, compared to the ice crystal number, has only a minor impact on the radiative effect of an
individual contrail-cirrus cloud.

This is just one example of a contrail-cirrus simulation set. A comprehensive analysis, examining various
meteorological parameters, will follow.
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Figure 3.11: Lifetime-integrated total extinction (E) for all five Ny-scaling scenarios. Panel
(a) highlights the increase in this quantity in the second simulation series (shown by the orange
points). Panel (b) displays E for both I options. The orange points are the same in both panels.

3.2.3 Discussion

This study highlights the importance of ice crystal loss during the vortex phase depending on the propulsion
system. While previous research has examined the effect of initial ice crystal numbers on crystal loss,
such as Lewellen (2014), who varied the ice crystal emission index across six orders of magnitude, and
Unterstrasser (2014), who explored a variation over two orders of magnitude, this work takes a systematic
approach tailored explicitly to Hy contrails. It uniquely combines variations in the initial number of ice
crystals with adjustments to the emitted water vapor mass. The Np-upscaling scenarios may not only
represent a potential H,-fuel cell setup but also account for the formation of contrail ice crystals on ultrafine
volatile particles (UFPs). UFPs, typically nanometer-sized particles, can contribute to ice crystal formation
if the plume supersaturation is high enough to overcome the Kelvin barrier for activation (Kircher et al.,
2015). This requires the reduction in the soot particle number of at least 10-fold, preventing them from
acting as the primary condensation nuclei for water vapor, and an ambient temperature significantly below
the formation threshold (Kircher, 2018).

In addition to nitrogen species emissions from H, engines, oil vapor emissions due to engine lubrication
systems are possible (Ungeheuer et al., 2022; Bier et al., 2024). This can lead to the nucleation into ultrafine
oil droplets, as observed in measurements (Ungeheuer et al., 2021). Experiments by Ponsonby et al. (2024)
explored the potential of lubrication oil droplets to act as contrail ice-forming particles, revealing that
these droplets are less effective as condensation nuclei than soot particles within the temperature range of
225-245 K. Nevertheless, the study showed that lubrication oil droplets can competitively deplete plume
supersaturation under soot-poor conditions, as their critical supersaturation is readily achievable. In Hp
plumes, these ultrafine oil droplets might contribute to ice crystal formation alongside background aerosols.
Further research on the properties of oil droplets, such as their size distribution and emission indices, is
necessary to fully understand their potential role in contrail ice crystal formation processes. Yu et al. (2024)
highlight that UFPs might significantly contribute to the total number of contrail ice particles if the sizes
of the soot particles are reduced. Hence, understanding the role of UFPs in the contrail formation process
requires the consideration of both soot emissions and particle sizes. The UFP number could potentially
exceed that of emitted soot particles per flight distance, leading to a larger number of nucleated ice crystals in
H; plumes compared to conventional kerosene plumes (Kircher et al., 2015; Bier et al., 2024). This justifies
our approach of increasing the initial number of ice crystals to capture possible scenarios of additional
ice-forming particle sources.

Furthermore, this study addresses a previously unexplored area by analyzing contrail evolution during the
vortex phase at temperatures > 225 K. At higher ambient temperatures, the number of nucleated ice crystals
decreases, increasing the number of ice crystals that survive the vortex phase (Bier and Burkhardt, 2022).
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As our study design is independent of the specific formation processes, it hypothetically determines the
survival fractions for a given fixed Ny.

We revised the original formulation of the vortex loss parameterization by incorporating the conservation of
mass mixing ratios, adding a layer of complexity to the equations but ensuring that the physical assumptions
are accurately represented. With appropriately chosen parameters, the arc tangent curve fits the data points
well, both from U2016 and the present study. Additionally, the new formulation of the fitting function is
designed to account for scenarios in which Ny is significantly upscaled. Although the parameterization is
based on the Ny-scaling study spanning four orders of magnitude, it remains applicable even for more extreme
values of Ny. The parameterization also yields plausible results in terms of high ambient temperatures. The
updated parameterization does not fully capture specific data points, particularly in cases with decreased
stratification and downscaled Ny values. As the length scale zg4e. is the quantity that accounts for the variation
in atmospheric stability, an adjustment to the formulation of zgesc, as initially proposed by Unterstrasser
(2014), may be necessary to improve accuracy.

Next, we motivate our new choice for the adaptation factor ¥ in the updated ice crystal loss parameterization.
The original version in U2016 was based on simulations that all had the same Ely,o value, and the emission
index Eljceno Was a good estimator of the representative ice crystal size in the contrail. A straightforward
generalization would be to replace Eliceno by the ratio Ely,0/Eliceno in the definition of ¥. However, this
quantity is only a proxy for the ice crystal mean mass (:= Ip/No = Eln,0/Eliceno) When all emitted water
vapor deposits on the ice crystals, yet it neglects the contribution from the environment. Keeping in mind
that the buffering effect of the two water vapor sources (from emission and from the environment) is already
captured by z,, we now define ¥ as a proxy for the typical ice crystal number concentration in the primary
wake. The exact definition can be found in subsection A2.

One main goal of our study is to understand and systematically analyze the impact of the initial ice crystal
number and of an assumed water vapor emission on the early contrail properties. We neglect any possible
changes in aircraft geometry, mass, overall propulsion efficiency, etc., between current kerosene-driven
aircraft and future H, aircraft. Clearly, such adaptations would affect the strength of the wake vortices and
the fuel consumption (in addition to the factor 2.79~! mentioned above). Moreover, H, fuel cells produce
electric power that drives propellers. Design concepts with different numbers and positions of propellers
and exhaust outlets exist in the literature (e.g., Marciello et al., 2023; Tiwari et al., 2024). Understanding the
formation and the early evolution of contrails behind a propeller-driven aircraft deserves separate modeling
studies. For the time being, we prefer to limit our study to variations in Ny and I without any other aircraft
adaptation in order to avoid complicating and overloading the interpretation of our results.

Once H; aircraft designs are less hypothetical, one could incorporate such adaptations (like a systematically
higher aircraft mass due to larger tank systems or particular aspects of H, fuel cell aircraft) in subsequent
modeling studies.

The updated parameterization is now prepared for integration into large-scale global models, where the
U2016 parameterization is already implemented (Bier and Burkhardt, 2022). Bier and Burkhardt (2022)
underscore the significance of the initial number of ice crystals, highlighting the critical role of our study,
which focuses on the vortex phase and ice crystal loss, in assessing the climate impact of H, contrails.

3.2.4 Conclusions

In this study, we simulated the evolution of contrails up to an age of approximately 6 min using the
EULAG-LCM model, a fluid dynamics solver coupled with a particle-based microphysical model. The
focus is on contrails produced by H,-powered aircraft, including both H; direct combustion and H; fuel cell
systems. The simulations assume that ice crystal formation and vortex roll-up are complete at initialization.
We varied the initial number of ice crystals over a wide range spanning 4 orders of magnitude, from
3.38%10"m 1(0.85% 10" m™1) t0 3.38x 10" m~1(0.85x 10'* m~") for an A350/B777-like (A320/B737-
like) aircraft. Additionally, we scaled the emitted water vapor by a factor of 2.57 compared to the reference
kerosene case. A parameter study was conducted, varying meteorological, microphysical, and aircraft
parameters, focusing on the survival fraction / final number of ice crystals, a critical factor influencing
subsequent contrail evolution.
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Our simulations indicate that ice crystals tend to be larger in contrails from H,-powered aircraft, leading
to a higher likelihood of surviving the vortex phase. This effect is also observed in contrails initialized
with a very small number of ice crystals, where the limited competition for available water vapor during
depositional growth promotes the formation of larger ice crystals. As anticipated in previous studies, we
find initial differences in the ice crystal number getting reduced after the vortex phase. The higher the
initial ice crystal number, the stronger this reduction. This finding is independent of any meteorological
condition. Sublimation driven by adiabatic heating in the descending vortex pair becomes more significant
under drier atmospheric conditions, a trend consistent across all Ny variations. Furthermore, a higher
ambient temperature enhances ice crystal sublimation, although the surviving crystals tend to be larger.
We find that the temperature sensitivity is particularly pronounced in the Ny-upscaling scenarios. Reduced
thermal stratification leads to a more significant loss of ice crystals, with this effect being more pronounced
at higher initial ice crystal numbers and under drier atmospheric conditions. A shift towards a narrower
initial size distribution generally produces larger ice crystal sizes, thereby reducing the extent to which
initial differences are balanced, as we have consistently observed in the H; simulations. The weaker vortex
descent associated with smaller aircraft results in a reduced sublimation of ice crystals in the primary wake,
leading to higher survival fractions in the case of A320 aircraft. This trend is consistent across all Ny values
and ambient temperature scenarios.

We have refined the existing parameterization of ice crystal loss, presented by Unterstrasser (2016), by
incorporating a new set of Hy-contrail simulations. Given that the new simulations tend to cluster at the
extremes of the parameterization function, we adjusted the fitting procedure to better capture these behaviors.
The updated set of fitting coefficients is provided. A comparison with simulation results from other studies
demonstrates a good agreement with our updated parameterization.

It is not yet possible to make a definitive assessment of whether flying with H, is advantageous from a
contrail perspective. Further research is needed to assess contrail formation processes for H, propulsion,
with measurement results (Airbus, 2023) providing essential insights. As shown in Figs. 3.10 and 3.11, the
initial number of ice crystals has a significant impact on the subsequent characteristics of the contrail. This
study aimed to conduct a broad analysis of Ny during the first 6 min of contrail evolution. More robustly
determining the number of ice crystals formed in the H;, case remains an active area of research.
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Dispersion Phase

The study presented in this chapter addresses Research question 3 (see Sec. 1.4), focusing on how a switch
to alternative fuels or propulsion systems affects the contrail-cirrus lifecycle during the dispersion phase.
The following text is an excerpt of the manuscript draft titled Lottermoser A. and Unterstrasser S. Modeling
the impact of alternative fuels and hydrogen propulsion on contrail-cirrus: a parameter study that has
been submitted to Journal of Geophysical Research: Atmospheres. At the time of writing this thesis, the
manuscript was in the revision process.

After introducing the method and simulation setup in Sec. 4.1, Sec. 4.2 analyzes how various ambient
and aircraft-related parameters influence contrail-cirrus properties. Section 4.3.2 compares the results with
other modeling approaches. The implications of the findings are discussed in Sec. 4.4, followed by the
conclusions in Sec. 4.5.

4.1 Method

Section 4.1.1 describes the simulation setup. It provides a summary of the vortex phase simulations on
which the present study builds (Sec. 4.1.1.1) and introduces the simulation parameters used (Sec. 4.1.1.2).
Section 4.1.2 defines the quantities analyzed in this study.

4.1.1 Simulation setup

In the present study, we apply EULAG-LCM in two dimensions, with x representing the horizontal and z
representing the vertical coordinate, i.e., the simulation domain is perpendicular to the flight direction. The
general setup of the simulations is very similar to previous contrail-cirrus modeling studies with EULAG-
LCM (e.g., Unterstrasser et al., 2017a,b; Unterstrasser, 2020). We only provide a brief summary of the basic
settings, but describe in detail those aspects that have been adapted and are crucial to the present study.
The domain spans 40.96 or 81.92km in the x-direction, depending on the strength of vertical wind shear
(for higher wind shear values, the contrail spreads faster, and a larger domain is needed), and 2.5 km in the
z-direction, representing a portion of the upper troposphere. Using a Cartesian grid, the mesh resolution is
10m in both horizontal and vertical direction. The simulated time period is 8 h, with a time step ranging
from 0.6 to 2 s, depending on the specific setup.

4.1.1.1 Hydrogen parameter study

Our contrail-cirrus simulations start several minutes after the contrail forms. By this point, the wake
vortices have dissipated, and the contrail has a vertical extent of a few hundred meters. The final vertical
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extent depends on the aircraft type, the initial microphysical properties such as the size of the formed ice
crystals, and background conditions, including ambient relative humidity. The simulation results presented
in Lottermoser and Unterstrasser (2025), from now abbreviated as LU25VP, serve as a starting point for
the contrail-cirrus simulations investigated in this study. In the interest of completeness, we summarize the
main findings from LU25VP.

In LU25VP, we presented and analyzed 3D simulations of young contrails, specifically focusing on contrails
that form behind Hj-powered aircraft. We modeled the initial minutes of their lifecycle, known as the
vortex phase, where the interplay of ice microphysics and wake vortex descent and decay is the dominating
phenomenon. We performed a total of 150 such simulations (see Tab. A1l for details), of which 100 are
selected for the present study. Each defines an initial state of a contrail-cirrus simulation.

We investigated the sensitivity of Hy-contrail properties to ambient and aircraft-dependent parameters with
particular emphasis on the number of ice crystals surviving adiabatic heating during the vortex descent.
By varying the initial number of ice crystals and the emitted water vapor mass, we modeled a potential
H,-propulsion scenario. Specifically, we systematically scaled the initial ice crystal number, Nyg, up and
down by factors of 10 and 100, resulting in a range of 10'° to 10'* ice crystals per meter. The Noo-
downscaling scenarios simulate a potential SAF- or Hy-combustion setup, where fewer ice crystals form
due to the reduction or absence of soot particle emissions, respectively (Voigt et al., 2021; Bier et al.,
2024). The lower bound of 10! ice crystals per meter is informed by simulation results of Bier et al.
(2024). Conversely, the Ngg-upscaling simulations account for alternative ice crystal formation processes
in soot-poor or soot-free scenarios, including the potentially significant contribution of volatile particles to
the ice nucleation process. In a box model study investigating the role of lubrication oil particles in the
soot-poor and Hy-combustion scenario, Zink et al. (2025) showed that, at low ambient temperatures, final
ice crystal number concentrations may reach up to 10'* m~! when the oil emission index is on the order of
10" kg~!. Moreover, homogeneous droplet nucleation in fuel cell exhausts could similarly generate a high
ice crystal number, justifying the upper limit of Nyg in our simulations.

The increase in water vapor emission, Iog, when switching to H; results from the differing fuel properties of
H; and kerosene and is incorporated by multiplying the default kerosene value by a factor of 2.57. Iy of the
kerosene and hydrogen scenarios are denoted by Ipo kero and Ioo H,, respectively. The ice crystal properties
used as input for the vortex phase simulations are listed in Tab. 4.1. The water vapor emission index in
the SAF case can be up to 10 % higher than in the kerosene case due to the increased hydrogen content of
SAF (Teoh et al., 2022; Dischl et al., 2024). However, our results presented in Sec. 4.2 indicate that contrail
properties are only weakly sensitive to Ing. Therefore, simulations using oo kero and the proposed range of Nog
values can be likewise interpreted as SAF scenarios, whereas simulations with I 5, exclusively represent
H; propulsion setups. Although Ing and Ny are not independent variables, as the number of initially formed
ice crystals can depend on the water vapor emission, we prefer to vary Ipp and Noo independently from each
other within the chosen parameter range. This allows us to disentangle the effects that variations of Ipg and
Noo have on the subsequent contrail phases.

In LU25VP, we examined two aircraft types: an A350/B777-like aircraft with a wingspan of 60.3 m,
representing a typical widebody aircraft and used as the default case, and a smaller A320/B737-like aircraft
with a wingspan of 34.4 m as an example of a narrowbody aircraft. As noted in LU25VP, default values for
Noo and Iy for these two aircraft were taken from Unterstrasser and Gorsch (2014). We emphasize that some
parameters, such as fuel consumption or wingspan, may not exactly reflect current aircraft specifications.
Throughout this study, references to "A350" or "A320" should be understood as shorthand for "A350/B777-
like aircraft" or "A320/B737-like aircraft", respectively. The inclusion of the smaller aircraft into our study
accounts for the potential earlier adoption of H, propulsion in regional aviation. We varied the ambient
temperature at cruise altitude between 217 K and 235 K, with 217K as the default value based on cruise
temperature statistics (e.g., Kircher et al., 2009). The upper temperature limit reflects the possibility that
contrails from H,-powered aircraft can form in warmer conditions where those from conventional kerosene
combustion typically do not. The chosen temperature range corresponds to cruise-altitude pressure values
between 233 and 235 hPa. Additionally, the ambient relative humidity with respect to ice was set to either
110 % or 120 %, informed by measurements (Iwabuchi et al., 2012; Petzold et al., 2020). The extent of ice
crystal loss may substantially differ between these two cases (see, e.g., Fig. 1 in Unterstrasser (2014)). We
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A320/B737 A350/B777
Noo / ([10'°,10', 102,103, 10'] / m~1) 0.85 3.38
Ino / (1073 kgm™") [3.7,9.5]  [15.0,38.6]

Table 4.1: Ice crystal parameters used as input for the vortex phase simulations presented in
Lottermoser and Unterstrasser (2025). Ngg and Iyo represent the initial ice crystal number and
initial water vapor emission, respectively (prior to ice crystal loss during the vortex phase).
The Noo ~ 1012 m~! case is the default. High-Nyo and low-N cases refer to the Ngg-upscaling
(Noo = 108 m™!) and Noo-downscaling (Ngp < 10" m~1) scenarios, respectively. In the
second row, the numbers in brackets correspond to Ipg kero and Ino m,, respectively.

then define the survival fraction as the final number of ice crystals surviving the vortex phase Ny divided by
the initial ice crystal number Nyg.
The main findings in LU25VP are the following:

1. We observe survival fractions of up to 90 to 100 % if Ngg is downscaled. This is due to the larger
crystal sizes compared to the Nyg-reference or -upscaling cases.

2. Simulations with Iog = Ipou, show higher survival fractions compared to the default In kero cases, as
the additional water vapor increases the initial average crystal sizes. This finding holds for all Ny
variations.

3. The impact of adiabatic heating in the downward moving vortex system on the ice crystals increases
with increasing ambient temperature. Therefore, survival fractions decrease with higher cruise-
altitude temperatures for all Nyg scenarios, with the strongest losses for temperatures higher than
230 K.

4. Compared to the default ambient relative humidity of 120 %, simulations with a lower value of
110 % consistently show stronger sublimation and reduced vertical extents of contrails across all Ny
scenarios.

In summary, we find the initial differences in ice crystal number, encompassing four orders of magnitude,
are reduced to three or even two orders of magnitude, depending on the initial ice crystal properties and the
prescribed ambient conditions. Table A3 presents the final total number Ny and mass Iy of the contrails
after the vortex phase that are used as input for the present contrail-cirrus study.

4.1.1.2 Contrail initialization and simulation parameters

To initialize the contrail and the background fields, the Eulerian 3D data, such as perturbations in water
vapor concentration and potential temperature, are averaged along the flight direction and interpolated onto
the coarser grid. The SIPs representing the ice crystals are merged to reduce their overall number. The
initialized contrails are described by approximately 10° SIPs, which have been shown to provide robust
estimates of the contrail quantities analyzed in the present study.

Figure 4.1a illustrates an example initialization setup, with the black box encompassing the region where
the contrail from the 3D vortex phase simulation is embedded. In this example, the contrail is located at
x ~ 23km and has a vertical extent of around 500 m. The flight altitude in the simulation domain is at
z = 2000 m. This value should not be interpreted as a real flight altitude; it is only a vertical coordinate
within the model domain. The prescribed temperature and pressure correspond to upper-tropospheric
cruise conditions. For each contrail-cirrus simulation, we conduct four different realizations of the same
setup by horizontally shifting the contrail position relative to the background, as indicated by the black
box in Fig. 4.1a. With this, we ensure that we account for a potentially different contrail evolution due to
small turbulence-induced perturbations in the background fields. Unless stated, we average over the four
simulations and compute mean contrail quantities.
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Figure 4.1: (a) Vertical profile of relative humidity with respect to ice. The black box frames
the initial position of the contrail. (b) Evolution of relative humidity with respect to ice at z = 2
km for different updraught speeds wy,. The black lines mark the endpoints of the uplifting
process.

Figure 4.1a also displays the initially prescribed vertical profile of ambient relative humidity with respect to
ice, RH; amb, Which we set to either 110 % or 120 % within the ice supersaturated layer (ISSL). We denote
this initial value as RH;famb,O' The ISSL has an initial thickness dyssy. o of roughly 1100 m (RH;:amb’():l 10 %)
or 1180 m (RH. 1* amb’0=120 %), transitioning linearly to subsaturated layers with 20 % relative humidity at the
top and bottom parts of the simulation domain. In the ISSL, the local humidity values fluctuate around the
prescribed RH;’jamb value. Furthermore, RH; inside the contrail is lower than the background humidity as
the contrail ice crystals have already depleted water vapor in this area (LU25VP).

The background relative humidity is not static in our simulation. RH;amp changes during the simulation
as we prescribe a spatially homogeneous updraught of the whole domain over a certain time period.
This updraught motion induces adiabatic cooling, which is represented by an external forcing term in the
temperature equation in EULAG (a more technical description is given in Sec. 2 of Unterstrasser and
Gierens (2010b)). We consider three different updraught scenarios with updraught velocities wyp=1, 2, or
5cms™! (referred to as low, medium, high). Previous contrail-cirrus simulations have demonstrated that this
parameter influences the contrail evolution (Unterstrasser et al., 2017b; Unterstrasser, 2020; Lewellen, 2014).
To achieve a final adiabatic cooling AT 0f 2 K (corresponding to a vertical displacement of ~ 200 m), we
terminate the uplift motion by prescribing fixed uplift durations. Faster updraughts correspond to shorter
uplift times, as illustrated in Fig. 4.1b. The uplift velocities of 1, 2, and 5cms~! yield uplift durations of
20000, 10000, and 4000 s, which are denoted by the vertical black lines. The cooling by 2 K causes RH. i”:amb
to reach final values of 143 % in the case of RHi”j amb,0=1 10 % and 156 % for RHi”j amb’0=120 %. Hence, the
thickness of the ISSL increases to dissL fina=1350m (RH;,  ,=110%) or 1410 m (RH;", . ;=120 %).

For an ambient supersaturation above a critical threshold, natural cirrus can form via héterf)geneous and/or
homogeneous nucleation (Koop et al., 2000; Gierens, 2003; Cziczo et al., 2013). We deliberately deactivate
both nucleation pathways and therefore suppress the formation of natural cirrus at later contrail stages.
Hence, we focus on simulating contrails evolving into aircraft-induced contrail cirrus in an otherwise
cloud-free atmosphere. A discussion of this assumption is deferred to Sec. 4.4.

We vary the ambient temperature at flight altitude: Tcay = 217,225, 230, 233, and 235 K. Throughout the text,
Tca represents the initial temperature at cruise altitude. The vertical temperature profiles are characteristic
of a stably stratified atmosphere, with a Brunt-Viisili frequency Ngy of 0.01 s~!, a typical value of the upper
troposphere. Background turbulent velocity fields were derived from a-priori simulations with a root mean
square value of approximately 0.12ms~! (Unterstrasser et al., 2017a; Unterstrasser, 2020). Furthermore,
we prescribe vertical wind shear, s = Z_Z’ which is defined as the vertical gradient of the horizontal wind
field. For simulations with wy, = 1,2, and 5 cm s~!, we apply a moderate shear value of s = 0.002s~!. We
additionally consider a higher shear value of 0.006s~! for simulations with wyp = lcm s71.

Table 4.2 provides a summary of the setup parameters. Based on the 100 vortex phase simulations, we
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Numerical parameters

Ly,L; /m 40960 (81920), 2500

dx, dz/m 10, 10

tsim /h 8

dt/s 0.6,1,1.25,2
Atmospheric parameters

Ngy /s~! 0.01

RHiamb,O !/ % 110, 1207

Tea /K 217*, 225, 230, 233, 235

ATcoo1 / K 2

dissr,0(110 %), dissL fina1 (110 %) / m 1100, 1350

dISSL,Q(IZO 070), dISSL,ﬁnal(lzo 070) /m 1 180, 1410

wyp / cms™! 1*,2,5

s/s7! 0.002%, 0.006

Table 4.2: Numerical and atmospheric parameters used in our simulations. Ly, L,: domain
dimension in horizontal and vertical direction (the domain size in horizontal direction is
doubled in the high-shear cases); dx, dz: mesh size in horizontal and vertical direction; tgjp:

total simulated time; dt: time step; Ngy: Brunt-Viisild frequency; RH : initial ice relative

i,amb,0"
humidity in the supersaturated layer; Tca: initial ambient temperature at flight level; AT: final
adiabatic cooling; dissr0, dissL final (X %): thickness of the ice supersaturated layer at the
beginning and end of the simulation (the value in brackets specifies RH;', . ); Wup: updraught

speed; s: vertical wind shear. Values marked with an asterisk indicate the baseline values.

conducted 1600 contrail-cirrus simulations, covering four meteorological scenarios (three wy, values and
one additional high wind shear scenario) and four initial contrail positions. Even though temperature is
also a meteorological variable, our meteorological scenarios are, by definition, solely characterized by
wyp and s. This appears reasonable as the encountered ambient temperature depends, apart from the
prevailing meteorological conditions, even more strongly on the flight altitude. While the total number of
simulations amounts to 1600, the variation in initial contrail position does not alter the underlying parameter
configuration. Therefore, these cases are considered repetitions under identical parameter settings. As such,
we effectively conducted 400 distinct parameter simulations.

4.1.2 Quantities of interest

This section introduces the key quantities used throughout the study.
The total ice crystal number Ny (in units m~') is defined as the 2D spatial integral of the ice crystal
concentration N (in units m™>)

Niot(t) = [/ N(x, z,t) dx dz, “4.1)

and, analogously, the total ice mass My (in units kgm™') is the 2D spatial integral of the ice water
concentration IWC (in units kg m~)

My (t) = // IWC(x, z,t) dx dz, 4.2)

where IWC is the first moment of the lognormal mass distribution prescribed in our model (e.g., Unterstrasser,
2014). The normalized number of ice crystals fy(t) is defined as the number of ice crystals Ny (t) divided
by the initial ice crystal number of the dispersion phase Ny = Nio(t = 0). Analogously, the normalized
number of sublimated ice crystals fy subi(t) is the number of sublimated ice crystals divided by Ny. This
quantity can be further subdivided into fy sublinsi(t), representing losses due to in-situ sublimation, and
fn sedi(t), representing sedimentation losses.
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The vertical profiles of contrail ice crystal number N, and ice mass M, are

M@Q:/Nu%ow 4.3)

and
M,(z,t) = / IWC(x, 2, t) dx. “4.4)

Vertical profiles of fy and fy cub1 are denoted by fy v and fy v subl, respectively.
We further define the size D of an ice crystal, where its mass and area are derived via mass-size and area-size
relationships for hexagonal columns (Solch and Kércher, 2010). We calculate the effective crystal diameter
deg according to Yang et al. (2000), where the summed particle volume Vi, and summed particle projected
area Ao are used:

_ 3 Viot

=~ 4.5)
2 Aot

deff
While the size D represents the maximum dimension of a single ice crystal, and ice particle size distributions
are derived in terms of D, the effective diameter d ¢ is a measure of an ice crystal population and is employed
in radiative transfer calculations or in remote sensing applications (McFarquhar and Heymsfield, 1998;
Schumann et al., 2011).
An important quantity in the context of the contrail’s radiative properties is the optical thickness t, which
is the vertically integrated extinction coefficient y:

T(x,t) = / x(x,z,t)dz. (4.6)

The extinction coefficient is calculated as the projected area of all ice crystals in each grid box multiplied
by the extinction efficiency, Qex:. In this study, we apply a constant value of Q.x = 2. This choice is strictly
valid only in the geometric optics limit, i.e., when the size parameter is much larger than one (typically
> 20 to 30) (Hansen and Travis, 1974). In this regime, where ice crystal sizes are much larger than the
wavelength (e.g., 2 to 4 um for visible wavelengths), Q.x; approaches 2. For smaller crystals, such as in our
Noo-upscaling case, where the size parameter is closer to unity, Mie scattering occurs and Qe oscillates
around 2 (van de Hulst, 1981). We therefore acknowledge that applying a constant value represents a
simplified assumption. On the other hand, using a constant Q.y; value in our evaluation has the advantage
that y and d.g depend only on the ice crystal habit and size distribution as modeled with EULAG-LCM and
not on further processes like Mie scattering. Hence, those quantities are easier to interpret.

The mean optical thickness 7, (t) is computed as the average of T(x, t), excluding columns where T(x, t) <
0.005. Also, we define the contrail’s optical width Ty, which is written as

tho(5,0) = [ x(x,5.0)d. @7
Further, the total extinction E (see Eq. 3.23) reads as
E(t) = //)d)(, z,t)dxdz = / T(x,t) dx. 4.8)
The time-integrated total extinction E is
n tlim
E = / E(t) dt, 4.9)
0

which represents the cumulative effect of total extinction over the simulation period up to tyiy,, capturing the
overall radiative impact of the contrail.
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Figure 4.2: Ice crystal number concentration in the (x, z)-plane at five different time steps
(columns). For better visibility, the initial contrail (first column) is magnified, enlarging the
region from 22.9 to 23.2 km. The rows show results for a different initial ice crystal number
Noo: The middle row represents the reference Noo case, while the upper and lower rows
correspond to the factor-of-100 Nyp-downscaling and Nyg-upscaling simulations, respectively.
The background relative humidity profile is displayed as a grey curve in each panel. Note that
only a fraction of the simulation domain is depicted.

4.2 Results

This section presents example contrail-cirrus simulations as an introductory part (Sec. 4.2.1) before pro-
gressing to the parameter study of contrail-cirrus properties (Sec. 4.2.2). With a focus on the Nyg-sensitivity,
Sec. 4.2.1 illustrates the fundamental physical processes during contrail-cirrus evolution, including cross-
sectional area evolution (Sec. 4.2.1.1), ice crystal loss processes (Sec. 4.2.1.2), and the temporal evolution of
integrated contrail properties (Sec. 4.2.1.3). Section 4.2.2 analyzes how specific parameter variations influ-
ence the contrail-cirrus evolution (Sec. 4.2.2.1), examines a scaling relation between E and Ny (Sec. 4.2.2.2),
investigates the response of E to Nop in terms of tjim and Tca (Sec. 4.2.2.3), and evaluates the sensitivity of
E to Nog across all parameter variations (Sec. 4.2.2.4).

4.2.1 Impact of initial ice crystal number scaling on contrail-cirrus evolution: example
simulations

The example simulations feature an A350/B777-like aircraft with an initial water vapor emission of
38.6gm™!, representing H, propulsion (see Tab. 4.1). We set the ambient conditions to the baseline
values described in Tab. 4.2. Based on Figs. 4.2 to 4.5, we explain important processes involved in
contrail-cirrus evolution that have been explored in previous studies (Unterstrasser and Gierens, 2010a,b;
Unterstrasser et al., 2017a; Lewellen et al., 2014; Lewellen, 2014). Expanding upon these findings, our
study investigates the impact of the initial ice crystal number varied over a broad range.



76 CHAPTER 4. DISPERSION PHASE

4.2.1.1 Low- and high-Ny contrails: implications on the cross-sectional areas

Figure 4.2 illustrates the temporal evolution of ice crystal number concentration. During the first hour,
contrail tilting due to vertical wind shear is apparent, while entrainment of supersaturated air promotes
the growth of the ice crystals. The development of fallstreaks through sedimentation (most clearly seen
in the middle row of Fig. 4.2) creates two distinct regions: a compact core with high ice crystal number
concentrations and an expanding area dominated by sparsely populated fallstreaks. The distribution of ice
crystal sizes differs between the core and the fallstreaks: Figure 4.3 shows large ice crystals with diameters
up to 100 um in the fallstreaks, consistent with observations by Lawson et al. (1998). In contrast, small
crystals with sizes 10-20 pm are present in the core, as reported by Voigt et al. (2017) and Wang et al.
(2023).

The evolution of contrail cirrus differs significantly across the Ny scaling simulations. Comparing the first
and third rows in Fig. 4.2, a well-developed fallstreak emerges within 1.5h in the Ngo ~ 10'm~! scenario,
whereas the Nog ~ 10'* m~! contrail retains a distinct core with relatively weak crystal settling. The low-Nog
contrail dissipates after just 3 to 4 h. These observations are attributed to the varying crystal sizes between
both scenarios, as further examined in the following section.

4.2.1.2 Low- and high-Ny contrails: sedimentation versus in-situ sublimation

Two primary mechanisms are responsible for the loss of ice crystals during contrail-cirrus evolution (Unter-
strasser et al., 2017a): in-situ sublimation, which occurs when local humidity fluctuations induce transiently
subsaturated air masses, leading to the preferential sublimation of smaller ice crystals due to the Kelvin
effect (Lewellen, 2012); and sedimentation loss, where ice crystals fall into subsaturated air beneath (in our
scenarios, this is the region z < 700 to 800 m), and sublimate. Although those ice crystals are ultimately
lost due to sublimation, we refer to this as sedimentation loss.

The impact of sedimentation varies across the different Ny cases. Initially, ice crystals are larger in low-Npg
contrails (10 to 20 pm) and smaller in high-Ngg contrails (3 to 4 um, see dotted lines in Fig. 4.3, first panel in
the second row), influencing their sedimentation behavior. The fallstreaks become increasingly populated
over time across all Ny scenarios, redistributing ice mass toward lower altitudes (Fig. 4.3, second row).
However, in low-Ng cases, the sedimentation flux of ice crystal number and mass becomes substantial
within the first 1 to 2h, leading to a fast dehydration of the contrail core. Considering the normalized
number of sublimated ice crystals, fy b1, in the third row, two distinct vertical sublimation peaks arise:
one peak covering the contrail core and representing the in-situ losses, and one peak at lower altitudes in
the subsaturated layer representing the sedimentation losses in the fallstreaks. Apparently, the order of the
colors representing the Nog parameter is reversed in the two peaks: In low-Nyo contrails, the ice crystals
predominantly get lost by sedimentation processes, whereas the major part of ice crystals sublimate at higher
altitudes in high-Ny contrails.

To further support this finding, Fig. 4.4 depicts the normalized number of ice crystals (solid black) and the
normalized number of sublimated ice crystals (dashed black) for the different Nyo-scaling scenarios. In the
downscaling cases, sedimentation loss approaches or reaches 100 %, whereas in the upscaling cases, it is
nearly negligible (< 4 %). Instead, crystal loss in the high-Nyy cases, where ice crystals are on average
smaller (Fig. 4.8), is primarily driven by in-situ sublimation (> 76 %), which is in turn absent or minimal
in the low-Ngo cases (< 3 %). Notably, when going from Ny ~ 102 m™! to Ngg ~ 10'*m™~!, the in-situ
loss rate strongly increases from 41 % to 87 %, as the smallest ice crystals sublimate almost immediately.
This is confirmed by the evolving size spectra, displayed in the first row of Fig. 4.8 (Tca = 217 K), showing
that the size spectrum shifts toward larger crystal sizes over time across all Nyg scalings: Small crystals
sublimate in-situ, and large crystals grow at the expense of smaller ones — a process known as Ostwald
ripening (Lewellen, 2012). A "fallstreak shoulder" appears earlier in the Nog downscaling scenarios (blue
curves), while a more pronounced "sublimation tail" is observed in the upscaling cases (red curves) over the
entire period.

Notably, the colored pattern of Fig. 4.4 remains largely unchanged when varying temperature or updraught
speed (not shown). Thus, sedimentation emerges as the dominant factor governing the shorter lifetime
of low-Ny contrail cirrus compared to their high-Ngg counterparts. The initial onset of sedimentation is
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Figure 4.3: First row: temporal evolution of effective ice crystal diameter in the (x, z)-plane.
Note that the d.g values of the Nyy-reference simulation are shown here. Second row: vertical
profiles of ice mass (dashed) and normalized ice crystal number (solid) for the scaled initial
ice crystal number (color). Att = Oh, we also display the initial effective diameter (dotted).
Third row: vertical profiles of normalized number of sublimated ice crystals. Fourth row:
vertical profiles of optical width. The time steps are the same as for Fig. 4.2. The shown results
correspond to the baseline simulation setup (see Tab. 4.2).
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Figure 4.4: Temporal evolution of normalized number of ice crystals (solid black) and subli-
mated ice crystals (dashed black), where the latter is further subdivided into in-situ sublimation
(orange) and sedimentation (blue). The columns represent the five Ngg-scaling cases of the
baseline simulation setup (see Tab. 4.2). The percentage values in the orange (blue) boxes
indicate the final fraction of ice crystals lost due to in-situ sublimation (sedimentation).

similar across the Ny cases (after ~ 70 min). It depends more strongly on ambient temperature and relative
humidity. We find an earlier onset of fallstreak growth in warm cases, after ~ 25 min for Tcp = 235K,
which was also found by Lewellen et al. (2014).

These findings have strong implications on the temporal evolution of optical width tpor, shown in the
fourth row in Fig. 4.3. Evident in all scaling simulations, Tho Of the fallstreaks increases over time due
to the increasing number and mass of ice crystals there, whereas in the core region Ty, first increases
but then decreases again. Due to the steady supply of ambient water vapor in updraught scenarios and
contrail spreading, ice crystals keep growing, and sedimentation losses become more substantial, eventually
outweighing the deposition-induced mass increase in the core region. These processes happen earlier in
the low-Ngo contrails, which are characterized by relatively greater sedimentation fluxes. In these cases,
the extinction in the fallstreaks reaches levels comparable to those in the contrail core after just 1 to 3 h.
On the other hand, a high number of initial ice crystals corresponds to a large projected area density and,
hence, a greater extinction of radiation. Therefore, the overall larger values of Ty, observed in the high-Nyg
scenarios are expected. In these scenarios, the peak optical width continues to increase as long as the
updraught motion persists.

4.2.1.3 Low- and high-Ny, contrails: temporal evolution of contrail properties

Lastly, we examine the temporal evolution of important contrail-cirrus properties, including total ice crystal
number, total ice mass, mean optical thickness, and total extinction, see Fig. 4.5. My, and E increase
with the entrainment of moist air, sustaining crystal growth as long as the updraught persists. However,
once the updraught ceases (in this example case, at 5.5h), the crystal growth halts and can no longer
compensate for sedimentation and in-situ losses. While the rate of change remains comparable for cases with
Noo > 102 m~!, a noticeable flattening of ice mass and total extinction occurs earlier in the Nog ~ 10" m™!
and Nog ~ 10'm~! scenarios already after 2 and 1h, respectively, due to the rapid sedimentation of ice
crystals in these cases. The sensitivity of Ny to Nog is asymmetrical, as also found by Lewellen et al. (2014):
For Nop > 10> m~!, the initial difference of a factor of 11 diminishes to a factor of 3 over time, whereas
for Ngo < 10'2m~!, the difference in Ny increases. Note that the initial factor of 10* difference (Nyo)
diminishes to 10% (Nj), highlighting the importance of accounting for vortex phase losses as outlined in
LU25VP. Within the first 30 min, T, drops due to contrail broadening (the relative change of contrail width
is largest for the initially narrow contrails). After this initial drop, the ice crystal growth can overcompensate
the ongoing shear-induced spreading, leading to an increase of T, as observed for cases with Nog > 10> m~!.
The peaks of My and E roughly coincide in time. In contrast, T, stays constant or monotonically decreases
for low-Ny contrail cirrus as the crystal growth cannot compensate for the continuous loss of sedimenting
ice crystals and the shear-induced spreading.

This section has demonstrated that the Ny value is a key parameter with a lasting impact on the overall
properties and lifetime of contrail cirrus. The example simulations presented so far showcase the relative
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Figure 4.5: (a) Temporal evolution of the total ice mass, (b) total ice crystal number, (c) mean
optical thickness, and (d) total extinction of the baseline simulation setup. The vertical black
lines indicate the time point where the updraught motion stops. Colors indicate the Ny scaling.

contributions of in-situ sublimation and sedimentation loss across the Nyg-scaling scenarios. For example,
the rapid and intense sedimentation loss in the extreme low-Nyg case (e.g., leftmost panel in Fig. 4.4 or dark
blue curves in Fig. 4.5) leads to contrail dissipation within 3 to 4 h. This already suggests a great potential
of reducing the initial ice crystal number for the purpose of reducing the contrail-cirrus radiative impact.

4.2.2 Parameter study of contrail-cirrus properties

This section aims to answer the question of how the relative differences between the Nyg scenarios qualita-
tively change for variations in aircraft type and water vapor emission, as well as for variations in ambient
conditions, such as ambient temperature, relative humidity, updraught speed, and vertical wind shear.

4.2.2.1 Impact of parameter variations on contrail-cirrus properties

Figures 4.6 and 4.7 show sample cross-sections, with each column representing a specific parameter variation
around a baseline state as described in Sec. 4.1.1. The contrail-cirrus properties shown in Fig. 4.5, total ice
mass, total ice crystal number, total extinction, and mean optical thickness, are displayed row-wise.

In general, variations in relative humidity or temperature affect the number of ice crystals surviving the
vortex phase and the contrail vertical extent, which in turn influence the initialization of the dispersion
phase. Updraught speed wyp, and vertical wind shear s are only varied in the contrail-cirrus simulations.
Hence, all simulations that vary only wy, or s are initialized with identical contrails.

Firstly, we examine variations in aircraft- and fuel-related parameters. A variation in the initial water vapor
mass, shown in Fig. 4.6a, has only a minor impact on contrail-cirrus evolution: In the case of a higher
water vapor emission (solid lines), the slightly larger values of total ice mass, total extinction, and optical
thickness result from the higher survival fraction of ice crystals during the vortex phase, which was shown
in Sec. 3.2.2.4. Thus, the slight differences in the evolution of "Inon,"- and "Ingkero "-contrails stem from
differences in Ny rather than Ipg. Switching from an A350 aircraft to a smaller A320 aircraft results in
notable differences in the evolution of total contrail properties (b). The lower peak ice mass, peak total
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Figure 4.6: Temporal evolution of total ice mass, total ice crystal number, total extinction, and
mean optical thickness depending on the Ngg scaling, denoted by the colors. Baseline state:
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A320 aircraft (dashed). In the column heading, "AC" stands for "aircraft".
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Figure 4.7: Temporal evolution of total ice mass, total ice crystal number, total extinction,
and mean optical thickness depending on the Nyg scaling, denoted by the colors. Baseline
state: A350 aircraft with water vapor emissions characteristic of H, propulsion, under baseline
ambient conditions listed in Tab. 4.2. Column (a): wy, = 1cm s~! (solid), 2cms™! (dashed),
and Scms™! (dotted); Column (b): s = 0.002s~! (solid) and 0.006s~! (dashed); Column
(c): RH;j amb0 = 110 % (dashed) and 120 % (solid); Column (d): Tca = 217 K (solid), 225 K
(dashed), 230 K (dotted), 233 K (dash-dotted), and 235 K (densily-dashed). In columns (a) and
(d), only the extreme scaling scenarios are displayed (factor 100 scaling) for better visibility.
Note that the y-axis scales vary between columns.

extinction, and peak optical thickness in the A320 case compared to the A350 case can be attributed to
two main factors. On the one hand, the A320 contrail is shallower after the vortex phase, leading to less
spreading and reduced water vapor uptake during the contrail-cirrus evolution. On the other hand, although
ice crystal number reduction during the vortex phase is less pronounced in the A320 case compared to the
A350 case (LU25VP), the A320 aircraft has a smaller Nyy value (roughly one fourth, see Tab. 4.1), which
leads to a smaller Ny value, and, therefore, to smaller peak values of ice mass, crystal number, and extinction.

Secondly, we analyze variations of ambient conditions, as shown in Fig. 4.7. A variation of updraught speed
is displayed in (a). Previous studies have shown that strong but short-lasting updraughts shorten contrail
lifetimes, as ice crystals grow rapidly early on but then quickly sediment (Unterstrasser and Gierens, 2010b;
Unterstrasser et al., 2017b). Consistent with this, we observe a < 10min earlier onset of sedimentation-
induced ice crystal loss in the high-updraught cases across all parameter variations. Although initially
unexpected, ice crystal loss due to in-situ sublimation ultimately dominates in high-updraught scenarios.
This is explained by the short uplift period of around 1h: Once the updraught ceases, no additional water
vapor is available, leading to in-situ sublimation. In the low-updraught scenarios, by contrast, additional
moisture becomes available for roughly 5.5 h, yet at a lower rate. This leads to a larger fraction of ice crystals
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Figure 4.8: Temporal evolution of size spectra of ice crystal number for three ambient temper-
atures (rows). All other ambient conditions correspond to the baseline values (see Tab. 4.2).
Time points are chosen as in Fig. 4.3. The vertical lines indicate the mean values of the size
distributions.

that get lost by sedimentation.

The strength of vertical wind shear plays a crucial role in contrail-cirrus evolution (b). High wind shear leads
to rapid contrail broadening and enhances ice crystal growth by continuously transporting them horizontally
into regions with undepleted, supersaturated air. This results in a substantial increase in ice mass and
extinction—exceeding 100 % in the Ngg-upscaling scenarios and around 50 % in the downscaling cases.
However, the stronger sedimentation flux under high-shear conditions also reduces contrail-cirrus lifetime.
When varying the background relative humidity with respect to ice (c), we observe larger values of total
ice mass, ice crystal number, extinction, and mean optical thickness for the higher RHf:amb,o value across
all Ngp scenarios. This can be attributed to three key factors: First, in the 110 % case, fewer ice crystals
survive the vortex phase. Second, the updraught-induced water vapor supply during the simulation is
generally lower compared to the 120 % case. Third, the initial contrail is shallower, making it less prone to
horizontal spreading and subsequent ice crystal growth. In the simulation with a 100-fold reduction of Nyg
(dark blue curve), the contrail-cirrus lifetime is by around 10 min shorter in the 120 % scenario, an initially
counterintuitive result. In this specific case, all ice crystals survive the adiabatic heating during the vortex
phase, independent of background relative humidity. The depth of the five-minute-old contrail is hence the
crucial factor determining the contrail-cirrus’ lifetime: In the 120 % case, larger ice crystals are initially
present in the lower part of the contrail compared to the 110 % case, leading to a stronger sedimentation flux
that ultimately reduces the lifetime. This finding, however, is specific to the low-temperature case (217 K)
but applies across all meteorological scenarios considered here.

The impact of ambient temperature on contrail-cirrus evolution is substantial, shown in (d). Higher ambient
temperatures correspond to higher absolute humidity levels due to the exponential increase in saturation
pressure, allowing more moisture to deposit onto ice crystals and promote their growth. In Fig. 4.8,
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Figure 4.9: Evolution of effective diameter at five different values of ambient temperature.
All other ambient conditions correspond to the baseline values (see Tab. 4.2).

each row corresponds to a different ambient temperature, revealing a clear trend of increasing crystal size
with increasing temperature. Also, simulations at higher Tca already start with fewer but larger crystals,
resulting from the vortex phase processes (LU25VP). Consequently, peak ice mass and total extinction are
approximately between 130 and 340 % (Ngo ~ 10'* to Nog ~ 10! m~!) higher in the 235 K case compared
to the 217K scenario. The more pronounced differences in low-Nyy contrails are further examined in
Sec. 4.2.2.2. Rapid crystal growth also leads to a shorter contrail-cirrus lifetime. Ambient temperature
significantly influences the evolution of the effective crystal diameter, as illustrated in Fig. 4.9. While the
increase in deg remains moderate at lower temperatures, it becomes more pronounced at higher temperatures,
reaching values > 100 pm in low-Nyg contrails.

In assessing the influence of the parameters Nog, Igp, aircraft type, RH;j amb,0° Tca, Wyp, and s on peak mass,
extinction, and contrail-cirrus lifetime, we find that, besides Nyp, temperature has the most significant impact
on peak mass and extinction, followed by wind shear. In comparison, initial relative humidity, aircraft type,
updraught speed, and initial water vapor emission are of secondary importance. However, this section
offers only a partial view of the complex interdependencies involved, as the sensitivity studies presented are
around a baseline state. We provide a more detailed exploration of these interdependencies in the following
sections.

4.2.2.2 Scaling relation between total extinction and ice crystal number

The study of Unterstrasser and Gierens (2010b) has related total extinction to the initial ice crystal number
via the power law

E®) —( No )a (4.10)

Eref(t) NO,ref

where Ny was varied across two orders of magnitude. For the first 3 h of contrail evolution, they found « to
be approximately 0.35, capturing the instantaneous sensitivity of extinction to changes in the initial number
of ice crystals. Lewellen (2014) reported a similar value of 1/3.

Extinction is related to the projected surface area A of ice crystals, which scales with m®/#, where m is the
ice crystal mass. The constants o and f are the exponents of empirical power law functions for area-size and
mass-size relations, namely A ~ D° and m ~ D? (Mitchell, 1996; Heymsfield et al., 2002). They depend on
the ice crystal habit and size; in the simplest case, 0 = 2 and 8 = 3 for spherical ice crystals. For crystals
with non-unity aspect ratios, both o and 8 are smaller (see S6lch and Kércher, 2010, and references therein).
Assuming a delta-function size distribution, where all crystals have the same mass and size, the relation
a =1 —0/B holds (see Sec. A4). For spherical ice crystals, this yields a ~ 0.33, while for hexagonal
columns smaller than 100 zm, empirical relations by Mitchell et al. (1996) give a ~ 0.31. Besides the ice
crystal habit, also the shape of the size distribution affects the relation between extinction and ice crystal
number. Both effects can be theoretically captured (Schumann et al., 2011). The evaluation of our model
data comprises both effects. We confirm the theoretical expectations of @ around 0.3 by evaluating Eq. 4.10,
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which yields initial exponents a(t = tp) consistently lying between 0.1 and 0.4, regardless of whether Ny
or Ny is used (not shown).

a(t) decreases across all Ny scaling cases during the first hour of evolution. This indicates that E(t) in
both upscaling and downscaling scenarios grows more slowly than in the reference case. In the upscaling
cases, this can be attributed to the relatively weaker fallstreaks, the regions where most of the ice mass
accumulates, thereby reducing the rate of mass growth. In the downscaling cases, the projected crystal area
grows more slowly than in the reference case since the smaller ice crystal number cannot be compensated
by the larger average crystal sizes. For the extreme high-temperature scenarios (Tca > 230K), a(t) even
becomes negative in the factor-of-100 Nyg-upscaling cases during the first 1 to 2 h, due to an initially lower
number of vortex phase-surviving ice crystals. Eventually, for all cases, a(t) diverges at later times as either
E(t) or E¢(t) approaches zero. Comparing the use of Ny and Ny in the above formula, both definitions
yield qualitatively similar behavior. However, the spread in initial a values around 0.3 is reduced when Ny
is used, since the range spanned by the scaling factors (i.e., 0.01, 0.1, 10, and 100) is somewhat compressed
relative to that of Npg. As an example, the scaling factors change to 0.015, 0.14, 3.55, and 7.5 in the case of
an A350 aircraft at Tcy = 217K, RH? =120%, and Inp = 15gm™".

i,amb,0

4.2.2.3 Response of E to Nyo: contrail-lifetime considerations

To assess contrail significance in our study, we use the time-integrated total extinction E, which is given
in Eq. 4.9. This quantity serves as a proxy for estimating the change in the climate impact of a single
contrail. In our simulations, contrail-cirrus dissipation is purely microphysically driven. However, large-
scale atmospheric processes, such as subsiding air masses, may create subsaturated conditions that lead
to dynamically driven contrail dissipation (Bier et al., 2017; Hofer and Gierens, 2025). To approximate
scenarios where synoptic-scale processes lead to faster contrail dissipation, we integrate contrail properties
up to specified time limits t);,, which are smaller than the total simulated time of 8 h.

As we are interested in a relative change of contrail extinction with Ngo, Fig. 4.10a displays Ey,, =
E(Noo)/E(Noo rer) as a function of Nog, where color-coded E (tyiy,) values connect vertical lines. As expected
from Figs. 4.5-4.7, we find an increase (decrease) in Ey,, with increasing (decreasing) Noo. The temporal
evolutions of total extinction, exemplarily shown in these figures, demonstrate that the peak value in the
extinction evolution is eventually exceeded across all Ny variations at some point in time, and extinction
values decrease again. Hence, the vertical distances between the symbols along a vertical line get smaller for
larger ;. This effect is more pronounced when the peak extinction value is reached earlier, which occurs
in the low-Nyo regime and at high ambient temperatures. When considering contrail-cirrus evolution over a
two-hour period, increasing Ny, especially under high-temperature conditions, has only a minor effect. The
orange symbols corresponding to 110 % and 120 % relative humidity remain close to one, indicating little
deviation from the reference extinction. This limited impact is due to substantial in-situ sublimation in the
upscaling scenarios during the early phase (see Sec. 4.2.2), where a large fraction of ice crystals is lost early.
This is reflected in the strong early drop in ice crystal number (second row in Figs. 4.6 and 4.7). Additionally,
the growth in ice mass is less steep due to smaller mean crystal sizes compared to the Nyo-reference case
(Fig. 4.8), resulting in a similar increase in early extinction E(t < 2h) between the reference and upscaling
simulations. In contrast, differences between the reference and downscaling scenarios become apparent
within that period. As the contrail dissipates most quickly in the scenario with a 100-fold reduction in Ny,
the Ey,, value is reduced to only ~ 10 % of the reference value. Overall, we observe a greater impact of
RHi*:aLmb,0 on Ey,, in the upscaling than in the downscaling cases, particularly for long integration times.
Investigating the influence of ambient temperature on each Nyg-scaling scenario separately, panel (b) reveals
that ambient temperature plays the most significant role for short-living contrail cirrus. Under warm
conditions, i.e., Tca = 225K, the ice mass gain is most pronounced in the first few hours of the contrail-
cirrus lifecycle. Due to enhanced ice crystal loss because of stronger and earlier-occurring sedimentation at
higher temperatures (Sec. 4.2.1), Er., gradually converges toward the 217 K reference, Er., = 1, at longer
integration times. In the 110 % scenarios, when Tca exceeds 217 K, ETcA drops below one after 6 to 8 h.
Although having considerably larger peak extinction values compared to the 217 K reference (e.g., at 235 K
and Ngy ~ 10" m~! the peak is roughly a factor of seven higher), high-Tca contrail cirrus dissipate quickly,



4.2. RESULTS 85

leading to a relatively lower lifetime-integrated total extinction. Examining the temporal evolutions of total
extinction, peak total extinctions increase more strongly with higher Tca values in the 120 % scenarios
compared to the 110 % humidity cases (not shown). This contrast is due to the lower availability of ambient
water vapor in the 110 % scenarios, limiting the growth of the ice crystals. For this reason, the temperature
impact is generally more significant for 120 % than for 110 % relative humidity across all Ngg simulations
(circles deviate stronger than triangles from the reference). Additionally, the spread in high-temperature
cases is particularly large in the Ngg ~ 10" m~! scenario but becomes smaller in the Nog ~ 10! m™!
case, where the very low number of ice crystals cannot be compensated by temperature-induced crystal
growth. This finding is independent of relative humidity. Overall, the trend of the Er., (tim = 8h) values
(blue) remains approximately constant (at 120 %) or even decreases (at 110 %) with increasing temperature
Tca = 230K, except the factor-of-100 Ngg-downscaling, 120 % humidity case. Therefore, we do not expect
a substantial increase in total extinction compared to the 217 K reference when temperature is increased
further within one Nyg-scaling setup.

In summary, raising Nog barely changes contrail-cirrus extinction during the first 2 h because the majority
of the ice crystals sublimate in that period (see Fig. 4.4). By contrast, reducing Nqo leads to a significant
effect already within that phase, as the low-Nyg contrails dissipate before the 4 h mark under conditions of
low humidity and high temperature. At high temperatures (Tca > 225 K), contrail cirrus initially gain ice
mass rapidly, leading to large peak extinction values early (i.e., within 2 h). However, strong sedimentation
causes them to dissipate quickly, so their integrated extinction approaches or even falls below the 217 K
reference after 6-8 h. We provide implications of these findings in Sec. 4.4.

4.2.2.4 Impact of Ny, scaling on mean normalized E across parameter variations

In the following, we show the average of £ across all ambient and meteorological conditions, aircraft type,
and water vapor emission values considered in this study. The resulting normalized values are shown in
Fig. 4.11a. The fitting curves exhibit nonlinear behavior: While upscaling Ngg by a factor of 100 leads only
to a factor of 1.2 in E /E"ref for t;jm = 2h, downscaling by a factor of 100 results in a fivefold difference.
Increasing the integration time generally leads to a steepening of the curves, particularly in the low-Nyg
regime, where the contrail cirrus dissipates within a few hours (see Sec. 4.2.2). As a result, the reduction
in E relative to the reference becomes more pronounced for longer-living contrail cirrus, increasing from
a factor of 5 to a factor of 20. At the high-Nyy end, however, the increase in E compared to the reference
is much smaller than in the low-Nog regime, with E/E.; increasing only from a factor of 1.2 to a factor of
2.1. Further, we show E / E.s as a function of Ny /No ref (accounting for ice crystal number reduction during
vortex phase), displayed as dashed line. This curve is closer to the one-to-one line as relatively more ice
crystals are present in the Ngg-downscaling cases compared to the upscaling cases.

Panels (b) to (f) display the average curves for integration times of 2 and 8 h (i.e., short- and long-living
contrail cirrus), with each panel illustrating the effect of a specific parameter variation around the mean
state. Focusing on a reduction in the initial ice crystal number, Noo/Noorer < 1, contrail extinction decreases
relative to Eyf in scenarios involving a smaller aircraft with increased water vapor emission, higher ambient
temperatures, and under conditions of high supersaturation. This indicates that, when few but large ice
crystals are present after the vortex phase, a humid environment with ample available water vapor promotes
rapid sedimentation. The opposite, i.e., higher E/E values, is observed for the Nyo-uscaling, yet the effect
is less pronounced. Overall, we find the largest deviations from the mean state for variations in aircraft type
and ambient temperature, particularly for short integration times, as anticipated in Sec. 4.2.2. Overall, a
reduction in the initial ice crystal number by factors of 100 and 10 decreases mean total extinction by factors
of approximately 20 and 2, respectively. Conversely, increasing Noo by factors of 10 and 100 leads to an
increase in total extinction by factors of approximately 1 and 2, respectively. The most significant reduction
is observed for an A320 aircraft, where a factor 100 decrease in Ny results in a factor 33 reduction in mean
total extinction.
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Figure 4.10: (a) Normalized time-integrated total extinction Ey,, and (b) Er,, i.e., £ normal-
ized either by E (Noo=Noo,rer) OF E(Tca=217K). The data points represent averages over the
updraught scenarios. The displayed simulations are for an A350 aircraft with Iog = Ipop, and
s =0.002s7".
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Figure 4.11: Normalized time-integrated total extinction as a function of the normalized initial
number of ice crystals. Grey lines depict one-to-one lines. (a) Average values over aircraft
type, Ioo, Tca, RHiTamb,O’ wWyp, and s for time integration limits of 2, 4, and 8 h. For tjj, = 8h,
the dashed line connecting smaller symbols indicates that No/No s is used as x-axis. The
orange and blue solid lines displayed in panel (a) are also shown in panels (b) to (f). (b)
Sensitivity to aircraft type. (c) Sensitivity to Ipp. (d) Sensitivity to Tca. (€) Sensitivity to
RHi’iamb’O. (f) Sensitivity to wy, and s (the dashed lines of wy, = 1cm s"land s = 0.002s7!
are idential). Note that only tjj, = 2h and tj;,, = 8 h curves are displayed in panels (b) to (f)
to better differentiate between curves with different line styles. Data points are shown in panel
(a), while panels (b) to (f) present fitting curves only. In panel (f), the dashed and dotted lines
that can be differentiated from the mean state refer to the s-variation, as the wy,-lines closely

align with the solid lines.
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Figure 4.12: Extinction scaling based on Eq. 5 in Lewellen (2014). Colors as in Fig. 4.3
and Figs. 4.5-4.9. Symbols indicate ambient temperature, whereas symbol size represents the
aircraft type (small symbols for A320 aircraft). No differentiation is made between different
values of Iy, RHzamb,o’ wyp, and s. The grey line represents the one-to-one relationship, and
the orange solid line shows the best-fit curve to the data points. The dotted and dashed orange
lines correspond to fits of data points when integrating only up to 1 and 4 h, respectively (these
data points are not shown in the plot). &’ is defined analogously to its definition in L2014,

a = 187r£ with p1 as air viscosity, g as gravitational constant, and p; as ice density.

4.3 Model intercomparison

In the following, we compare our EULAG-LCM results with those of a LES study (Sec. 4.3.1) and
with results of the Contrail Cirrus Prediction model (CoCiP) and the Global Circulation Model (GCM)
ECHAMS5-CCMod (Sec. 4.3.2).

4.3.1 Comparison to LES study

One of the most comprehensive studies on contrail-cirrus simulations has been performed by Lewellen
(2014), which comprises more than 200 large-eddy simulations using a binned microphysics scheme over a
broad range of parameter variations. Lewellen (2014), hereafter .2014, derived simplified formulations that
relate the contrail’s maximum and lifetime-integrated properties to simulation input parameters and contrail
properties determined from the simulation data. The scaling properties derived from L2014’s simulation
data can serve as a means to compare the simulation results of different contrail-cirrus models. A direct
comparison of simulation results is often hampered by the fact that different modeling studies use different
baseline conditions, and comparisons of results with slightly differing setup parameters remain inconclusive.
Applying the relations proposed in L2014 to our dataset allows us to evaluate whether EULAG-LCM and
the model used in L2014 predict consistent trends for key contrail properties, such as maximum total ice
mass, contrail width, and total extinction. The latter is half the projected ice crystal surface area as used
in L2014. These quantities depend not only on prescribed parameters (e.g., cruise-altitude temperature,
ambient humidity, wind shear) but also on simulation-derived variables, such as maximum contrail depth
and lifetime. Hence, the simplified model cannot be used to predict contrail-cirrus properties simply from
given environmental and initial contrail properties. The strength of the simplified model is to relate various
properties of the simulated contrail using simple relationships.

We first consider the relation between the lifetime-integrated surface area of the ice crystals to the number
of ice crystals surviving the vortex phase and the maximum contrail depth during contrail-cirrus evolution:
S ~ a’ NogLmax (Eq. 5 in L2014). Replacing S with E, Fig. 4.12 illustrates whether our simulation data
support this scaling relation. Our results exhibit the same linear trend predicted by the model, with a
strong clustering of data points regarding Nog sensitivity, represented by color. Slight deviations from this
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linear relationship occur only in high-Nyy and low-temperature simulations. Section 4.4 provides a detailed
discussion of this finding. Fitting curves to the data are displayed by the orange lines, where the data points
only of the tjj, = 8 h scenario are shown.

Furthermore, L2014 provides scaling relations for maximum ice mass Mp,x, maximum surface area (in
our case maximum total extinction En,y), time-integrated surface area (in our case time-integrated total
extinction E), and maximum contrail width xmay:

Mmax ~ Ca Pe Xmax Lmax (4.11a)

Emax ~ ¢ By (No Mipy)'"? (4.11b)

E ~ ¢ Emax tife (4.11c)

Xmax ~ €d S Lmax tiife (4.11d)

We apply these to our results for cross-validation, as shown in Fig. 4.13. As noted by L2014, the maximum
ice mass is related to the available water vapor in the atmosphere p., calculated by p qsat(RHi’jamb,o -1),

initially and at cruise altitude, multiplied by the contrail-cirrus cross-sectional area xmax Lmax (panel (a)).
The maximum ice crystal surface area or extinction can be estimated using (Ny Mrznax)(l/ 3) (panel (b)).
The integrated total extinction is simply the product of the maximum total extinction and the contrail
lifetime tyg (panel (c)). Additionally, the maximum contrail width is related to shear, multiplied by the
maximum contrail depth and lifetime (panel (d)). By fitting lines to our data points, we obtain slopes
of ¢, = 0.14,¢c, = 0.29,¢c. = 0.52, and ¢4 = 0.15, which we compare to the values reported in L2014:
Ca, 12014 = 0.08, Ch,1.2014 = 0.7, Cc,12014 = 0.56, and Cd4,L2014 = 0.25. The difference in ¢, can be attributed to
our use of total extinction, which is approximately half of the total surface area used in L2014. Consistent
with the findings in L2014, we observe a steeper slope in panel (b) for low-Nyg scenarios. Differences
in ¢, and cq between L2014 and our study may arise from differing definitions of contrail width. As the
contrail-cirrus evolves, no distinct spatial boundaries can be defined. Hence, thresholds based on individual
judgment must be applied, which may explain variations in the derived xpnax values. In our approach, we
determine the contrail width by including all columns containing a nonzero number of ice crystals. These
are first stored in binary format and then smoothed. By applying a threshold to the smoothed data of 0.05,
we identify which columns are included in the width calculation. This allows us to account for diffused
regions of the contrail cirrus that are loosely connected to the bulk, while excluding isolated patches that
are completely detached.

4.3.2 Comparison to CoCiP and GCM studies

Section 4.3.1 dealt with the comparison of high-resolution contrail-cirrus simulations from two different
LES codes. In a next step, we compare our results with two further contrail models that operate on different
spatial and temporal scales, namely CoCiP (Schumann, 2012) and the GCM ECHAMS-CCMod (Burkhardt
and Kircher, 2011; Bock and Burkhardt, 2016b). Both models have been used in the past to examine the
sensitivity of contrail-cirrus properties to a variation of ice crystal number (Burkhardt et al., 2018; Bier
and Burkhardt, 2022; Teoh et al., 2022; Rubin-Zuzic et al., 2025). While it is tempting to compare the
outcomes of the three modeling approaches, such comparisons must be made with caution due to significant
differences in spatial scales and mesh resolutions, which in turn influence the relevance, selection, and
implementation of physical processes. These include, for example, saturation effects in contrail clusters,
cloud overlap, interactions with natural clouds, and the representation of early contrail formation processes
during initialization. Furthermore, the studies differ in their choice of reference ice crystal numbers and
base years. In the case of EULAG-LCM, no specific base year is defined as we provide an unweighted
mean over all considered simulation setups (see Tab. A3). Bier and Burkhardt (2022) (hereafter, BB2022),
Mirkl et al. (2024) (hereafter, M2024), Teoh et al. (2022) (hereafter, T2022), and Rubin-Zuzic et al. (2025)
(hereafter, RZ2025) evaluate the impact of contrail ice crystal number on the net radiative forcing (RF),
whereas the present study evaluates the time-integrated total extinction. Radiative transfer calculations as in
Forster et al. (2012) suggest a linear relationship between E and instantaneous RF for fixed irradiances, i.e.,
contrail properties change while the radiative scenario is unchanged, such that the radiative fluxes impinging
the contrail layer remain the same (not shown).
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Figure 4.13: Scaling relations as given in Egs. 4.11a-d. According to L2014, By =
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Figure 4.14: Mean normalized net radiative forcing, computed using ECHAMS5-CCMod (Bier
and Burkhardt (2022) (black), Mirkl et al. (2024) (grey)), and CoCiP (Rubin-Zuzic et al. (2025)
(blue), Teoh et al. (2022) (light blue)), presented alongside the mean normalized time-integrated
total extinction values from our study (red). Data points from ECHAMS-CCMod and CoCiP
are plotted against the normalized soot emission (circles), while data points from Bier and
Burkhardt (2022) and our study are additionally plotted against the normalized number of ice
crystals surviving the vortex phase (triangles).
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norm. E or RFnet norm. E or RF net

Ca Ch Ce cd for 90 %o red. for 99 %o red.
in soot or Nyg in soot or Ny
EULAG-LCM 014 029 052 0.5 0.41 0.05
Comparison studies  0.08(")  0.7(0 0.56(0) 0250 0413, 0.403 0.1263)

Table 4.3: Comparison of modeling approaches regarding contrail properties!) and effect of
soot or Nog reduction on contrail-cirrus radiative properties'>3). (DLewellen (2014): Fitting
coefficients for scaling relations of contrail properties, given in Eqgs. 4.11a-d. ®Bier and
Burkhardt (2022): global average of RF net over five years. ()Rubin-Zuzic et al. (2025):
average of RF net across the European region for the year 2019.

Using the ECHAMS-CCMod model over five simulated years, BB2022 estimate the change in global mean
net RF due to contrail cirrus resulting from a reduction in soot number emissions. Their study reduces the
reference soot number emissions by 90 %, 80 %, 67 %, 50 %, and 33 Y%, as represented by the black circles in
Fig. 4.14. For the 90 % reduction case, this leads to a 59 % decrease in mean RF compared to the reference
scenario. The study of M2024 applies ECHAMS5-CCMod to estimate the reduction of contrail-cirrus RF
for a 60 % reduction in soot number concentration. They found a reduction of 26 % in RF for a global fleet
using 100 % SAF in the year 2018. The corresponding data point agrees with previous ECHAMS5-CCMod
studies and is shown in grey in Fig. 4.14.

Similarly, using CoCiP for the European region in the year 2019, RZ2025 reports a 60 % and 88 % reduction
in mean normalized net RF when soot emissions are decreased by 90 % and 99 %, respectively. These
data points are shown in blue in Fig. 4.14. For the 90 % reduction case, our work aligns with both studies,
BB2022 and RZ2025, as we find a 59 % reduction in mean E. For the 99 % reduction case, we find the larger
reduction in mean E of 95 % compared to the value of 88 % suggested by CoCiP. Also using CoCiP, T2022
investigated the use of SAF blends on the contrail climate impact in the North Atlantic for 2019. Data points
corresponding to 10 %, 50 %, and 100 % SAF blending ratios are shown in light blue. Generally, their mean
net RF appears lower than with the GCM, indicating a stronger impact of reducing the initial particle number
on the contrail-cirrus radiative effect. The deviation from GCM results, as well as potential discrepancies
with the CoCiP study by RZ2025 when extrapolating to lower initial particle numbers, indicates that the RF
sensitivity to ice crystal number in CoCiP (or possibly also in other models) depends also on the specific
model application.

BB2022 accounts for ice crystal loss during the vortex phase by implementing the vortex phase parameteri-
zation of Unterstrasser (2016). Consequently, Fig. 4.14 also presents results as a function of the normalized
number of ice crystals surviving the vortex phase, represented by triangles for both ECHAMS-CCMod and
our study. In both cases, a 84 % reduction in ice crystal number is observed when the nucleated number of
ice crystals is reduced by 90 %. This agreement is expected, as both models account for vortex phase losses
similarly, ECHAMS5-CCMod through the parametrization and our study via the prescribed initial conditions.

Overall, the three models find fairly similar reduction rates for the 90 % and 99 % cases. Given that
contrail cirrus are simulated on different spatial scales, true reduction rates can differ and may, in reality,
depend on the considered spatial scales. Hence, the partly excellent agreement should not obscure the fact
that we cannot expect the true outcomes for the considered scenarios with the various models to match.
Nevertheless, the consistency in the trends strengthens confidence in the robustness and plausibility of the
simulation results. Table 4.3 provides a summary of our comparison study.

In our results sections, we describe changes relative to the reference in terms of multiplicative factors, whereas
the above comparison uses additive (percentage) changes. Both approaches have their justifications, but the
additive one can obscure the strong non-linearity between ice crystal number and E or RF. For instance,
reducing the ice crystal number by 99 % lowers E by 95 %. At first glance, this might suggest changes of
similar magnitude. However, a 100-fold decrease in ice crystal number reduces E by only a factor of 20.
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4.4 Discussion

This study aims to provide an overview of the potential implications of alternative aircraft propulsion on
the contrail radiative effect. A hypothetical SAF- or H,-propulsion setup is represented by systematically
increasing and decreasing the number of initially nucleated contrail ice crystals in the model. Also, the
initially emitted water vapor by the aircraft engines is adapted, although we find its influence on the later
contrail-cirrus properties to be minor.

We want to emphasize the importance of differentiating between synoptically controlled versus sedimentation-
dominated regimes: The influence of alternative fuels is weaker on short-living contrail cirrus in a synopti-
cally controlled regime than on long-living contrail cirrus in sedimentation-dominated regimes, as already
found in a global modeling study (Bier et al., 2017). The effect of SAF or H; as a combustion fuel becomes
exceptionally significant after few hours when the low-Ngy contrail cirrus has dissipated compared to a
long-living kerosene contrail. While H; contrails form more frequently than kerosene contrails (Hofer et al.,
2024), their comparatively short lifetimes tend to counteract this effect. Also, the impact of ambient tem-
perature on contrail-cirrus evolution is more pronounced in synoptically controlled regimes characterized
by subsidence, where rapid ice mass growth leads to considerably higher extinction values (Fig. 4.10b).
Under warm conditions, contrail cirrus typically consists of fewer but larger ice crystals, whereas colder
conditions favor smaller crystals. In regimes characterized by subsidence, both contrail types dissipate more
quickly compared to sedimentation-dominated scenarios. However, due to faster ice crystal growth and
higher extinction values, contrails formed in a warm atmosphere can contribute more strongly to radiative
forcing before dissipating. In contrast, in sedimentation-driven regimes, the radiative impact differs. While
warm-case contrail cirrus experience rapid growth, they also exhibit shorter lifetimes due to the efficient
sedimentation of large ice crystals. Conversely, cold-case contrail cirrus develop more slowly but persist
significantly longer, as smaller ice crystals sediment more slowly. As a result, despite lower peak extinction,
contrails in cold conditions can exert a larger radiative impact over time. This finding is particularly relevant
for H, combustion, which is expected to produce contrail cirrus with fewer but larger ice crystals.

In our simulations, we neglect several physical processes, such as the formation of natural cirrus by
homogeneous or heterogeneous nucleation, the radiative heating of the contrail, and ice crystal aggregation.
The evolution of an individual contrail can be perturbed by surrounding natural cirrus, as the study by
Unterstrasser et al. (2017b) has shown. The presence of natural cirrus below the contrail hampers the
development of fallstreaks, potentially prolonging contrail lifetimes, which could be especially relevant in
the Ngg-downscaling simulations. Additionally, in order to maintain clarity and isolate the effects of Hj
propulsion on contrail properties, we chose to simulate individual contrails rather than contrail clusters,
thereby avoiding added complexity in interpreting our results.

Furthermore, radiation alters the contrail-cirrus evolution as shown by past studies (Unterstrasser and
Gierens, 2010b; Lewellen et al., 2014). Solar and thermal radiation entering the contrail layer interact with
the ice crystals, changing the internal contrail dynamics. During a cloudless summer day, this leads to
an updraft motion, and the temperature within the contrail decreases adiabatically, thereby increasing the
relative humidity in the contrail (Unterstrasser and Gierens, 2010b). The increasing ice mass then leads
to a higher total extinction. We suspect that in case of a high-Ny contrail, radiation and an imposed
updraft motion could prevent some of the small ice crystals from sublimating in-situ as the radiation impact
becomes considerable already within the first 3h, where most of the sublimation in the Ngp-upscaling
scenarios happen (Fig. 4.4). In contrast, the low-Ng contrails might experience even stronger sedimentation
in radiation-driven updraft situations. The already large ice crystals would grow even larger and fall out
more rapidly, lowering the contrail-cirrus lifetime. This implies that the differences between high- and
low-Nyg contrails could be amplified once radiative effects are considered, with higher extinction values
and longer-living contrails in the former and shorter-living contrails in the latter case. Then, the curves in
Fig. 4.11 potentially exhibit larger slopes. Despite these expectations, we have chosen to model contrail
cirrus in a setup without radiation to avoid introducing additional complexity that would make it difficult to
disentangle the underlying processes.

The study of Gierens (2012) showed that aggregation plays a role in contrail cirrus embedded in naturally
formed cirrus clouds. In such cases, sedimenting ice crystals from the natural cirrus layer may interact
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with the contrail below, depleting contrail ice mass through aggregation. However, as our setup does
not include natural cirrus formation or interactions, this process is not considered here. Nevertheless,
since sedimentation velocities in low-Nyg contrails can be comparable to those in natural cirrus, neglecting
aggregation between contrail ice crystals might introduce a bias in these cases. This is particularly important
for the fallstreak regions, where sedimentation is strongest and large crystals dominate (see Fig. 4.3).
However, as aggregation effects scale with the square of ice crystal number concentration (Gierens, 2012;
Unterstrasser et al., 2017c¢), the low number concentrations in the fallstreaks are expected to compensate
for the high sedimentation velocities there, potentially limiting the significance of aggregation in low-Nyg
contrails. Additionally, the narrow size distribution of ice crystals in the fallstreaks (Fig. 11 in Unterstrasser
et al. (2017a)) suggests only minor differences in sedimentation velocities, further reducing the expected
influence of aggregation.

Lastly, we discuss the implications of our chosen vertical relative humidity profile. Initially, the thickness of
the ISSL is either 1100 or 1180 m depending on the prescribed humidity value at flight altitude. The flight
level, set at z = 2000 m in the simulation domain, is located at the top of the ISSL (Fig. 4.1a). Altering
the setup by lowering the flight altitude to z = 1500 m or by reducing the ISSL’s thickness to 500 to 600 m
would likely lead to a different evolution of contrail total extinction. The relative contribution of fallstreak
ice crystals to total extinction increases over time (Fig. 4.3). A thinner ISSL reduces the vertical extent
of fallstreaks, which in turn lowers extinction values and accelerates contrail dissipation. While high-Ngo
contrails would be largely unaffected, since core ice crystals dominate their extinction, this sensitivity is
particularly relevant for low-Ny contrails, where nearly all ice mass resides in the fallstreaks. Hence, the
extinction and lifetime estimates for low-Nyo contrails in our current configuration may represent upper
bounds, assuming the ISSL is on average thinner.

The comparison with the study by L2014 shows good agreement, with our results confirming the proposed
scaling relations based on the slopes obtained from linear fits. One notable discrepancy between L2014 and
our study appears in Fig. 4.12, which shows the relationship between £ and No Lyax. While L2014 reports an
excellent linear relationship, our data exhibit a deviation from linearity in the high-E regime. One may argue
that extending the simulation period would improve the alignment of our data points with the one-to-one line
in that regime. This interpretation is supported by our observation that the fitted curves converge toward the
one-to-one line as the time-integration limit increases, as illustrated by the orange fitting lines in Fig. 4.12.
For a small time limit of 1h, the slope of E(a’ No Limax) is much smaller than one. We repeated a set of
32 simulations, where we extended the simulation period from 8 h to 20h. As expected, the resulting data
points move closer to the one-to-one line, but a noticeable gap remains (not shown). This occurs because the
total extinction often starts to decline once the updraught ceases (Fig. 4.5). Hence, extending the integration
limit does increase E, but the data points are still far from the one-to-one line. We consider this deviation
reasonable, as in real-world conditions, the lifetime of ice supersaturated regions in the atmosphere typically
does not exceed a few hours (Irvine et al., 2014), and large-scale subsidence often leads to subsaturation
and contrail dissipation. Therefore, updraughts lasting up to 12h and producing ice supersaturations as
high as 1800 %, as in the simulations of L2014 (where natural cirrus formation in the contrail vicinity was
not accounted for), should be considered highly idealized. Hence, we deem a less-than-linear relationship
between the time-integrated total extinction and the initial ice crystal number more reasonable.

In Fig. 4.11, we expect that further increasing Noo would not significantly increase the normalized time-
integrated total extinction, even for long integration times. This is due to three reasons. First, higher Nyg
values result in lower ice crystal survival fractions during the vortex phase, yielding Ny values comparable
or even smaller to those already considered. Second, the resulting smaller core ice crystals would be even
more prone to in-situ sublimation than in the cases studied so far. Third, peak extinction, which is roughly
timed with the termination of updraught motion, occurs within 8 h in our simulations, and this point in time
is independent of Ny if Nog > 10> m~! (Fig. 4.5d). As a result, further increases in Noy would likely yield
similar total extinction evolutions. At the low-Ngg end, further reducing Nog is unlikely to affect vortex phase
survival fractions, at least in high-humidity cases, since the number of surviving ice crystals there is already
one or close to one. However, these very few but large ice crystals would sediment more rapidly during the
dispersion phase, leading to a shorter contrail-cirrus lifetime. Overall, we expect that the general nonlinear
shape of the curves in Fig. 4.11 would remain largely unchanged, even with more extreme variations in Nyg.
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4.5 Conclusion

Using the LES code EULAG coupled to the particle-based cloud module LCM, we simulated contrail cirrus
behind SAF- or H,-powered aircraft. Building on a previous study that examined H; contrails in the first few
minutes after formation, we use those simulations as initial conditions. These contrails are characterized by a
broad range of nucleated ice crystal numbers Ny, spanning from 10'° up to 10'# ice crystals per flight meter,
and larger ice crystal sizes due to the increased water vapor emission. We conducted 400 contrail-cirrus
simulations, accounting for variations in ambient relative humidity with respect to ice, ambient temperature,
updraught-induced adiabatic cooling, and vertical wind shear. Simulations for an A350/B777-like aircraft
and a smaller A320/B737-like aircraft have been performed. While we have chosen the larger aircraft for
compatibility with previous studies (Unterstrasser et al., 2017a,b), the smaller aircraft better mimics the
design concepts of future hydrogen aircraft. Our results indicate that in-situ sublimation is the main driver for
ice crystal loss in high-Ngg contrails, whereas low-Nyg contrail cirrus exhibit stronger sedimentation fluxes,
leading to faster dissipation. In general, we find a nonlinear dependency of time-integrated total extinction £
to Ngo. The impact of ambient temperature, especially in cases where ambient temperature exceeds 230 K,
is most pronounced for short-lived contrail cirrus. We find a stronger overall reduction in E for the smaller
of the two studied aircraft types. Averaging across all ambient conditions, we find that a 100-fold reduction
in Nog leads to a 20-fold reduction in £. In percentage terms, this is equivalent to a 95 % reduction in E for a
99 % reduction in Nog. Similarly, a 10-fold reduction in N results in a 2-fold decrease in E, corresponding
to a 59 % reduction in E for a 90 % reduction in Ngg. Our study is consistent with previously established
scaling relations for contrail ice mass, width, and total extinction. Furthermore, comparisons with results
from ECHAMS5-CCMod and CoCiP show good agreement, demonstrating a similar contrail response to a
soot/ice crystal number variation despite analyzing the effect on different spatial scales and considered time
periods. The interaction of H; contrail cirrus with natural cirrus and the roles of radiation and aggregation
in the H, contrail-cirrus evolution are the foci of future work.
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Summary and Concluding Remarks

This thesis has presented studies on all main stages of the contrail lifecycle, i.e., formation, vortex, and
dispersion phase, focusing on alternative fuels and propulsion systems. This section revisits the research
questions introduced in Sec. 1.4 and answers them by summarizing the findings of Chapters 2—4. Potential
avenues for future research beyond the scope of this work are also outlined.

How can the altered aircraft and engine characteristics associated with alternative fuel use be
evaluated in terms of their impact on the dynamical and thermodynamic evolution of the
exhaust plume?

* To address this, I developed a new dynamical plume model, RadMod, designed to evaluate how
variations in aircraft and engine characteristics affect plume dilution and thermodynamic evolution.

* RadMod successfully reproduces scaling relations derived from both experiments and theory, demon-
strating its ability to capture different jet-spreading behaviors under varying exhaust temperatures
and coflowing conditions. Its flexibility with respect to input parameters, such as jet diameter, jet
velocity, aircraft velocity, jet/ambient temperature, tracer concentration, and ambient pressure, makes
it applicable to a wide range of propulsion setups. These include turbofan engines, small engines
of regional aircraft (on which hydrogen propulsion is likely to be implemented first), demonstrator
aircraft used in measurement campaigns, and the cold, low-velocity jets typical of fuel cells.

* RadMod validated a scaling relation for centerline plume dilution, which helps to provide a unified
framework for describing plume dilution across a range of jet and engine configurations. The scaling
was tested against CFD data as well as measurement data from the Nephele 2 campaign, showing
good agreement.

* With this development, we have taken a step toward an intermediate-complexity contrail formation
model, bridging the gap between a fully coupled three-dimensional LES with ice microphysics (com-
putationally expensive) and a trajectory-based approach with offline microphysics (computationally
cheap). The coupled RadMod-LCM framework will enable a systematic exploration of contrail
formation across a broad parameter space in the context of alternative propulsion systems.

The comparison with CFD-based turbofan profiles of axial velocity drew attention to the treatment of
turbulent diffusivity within RadMod. The relation used for the turbulent diffusion coefficient is valid for
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a fully developed turbulent jet, but it might not necessarily give an accurate representation of turbulence
in the jet’s near field. Hence, the diffusion coefficient in the near field was adjusted, and an agreement
of RadMod with the CFD data was achieved. Using a more sophisticated, though computationally more
expensive, approach, such as the k — e turbulence model, could probably improve accuracy across the entire
axial distance. However, given that RadMod’s strength lies in its computational efficiency, an alternative
path forward is to use additional LES-generated or measurement data to validate and fine-tune the diffusion
coeflicient in the near field empirically.

Coupling the dynamical model part RadMod with the microphysical model part LCM requires the simulation
of the particles’ turbulent transport in the thermodynamic fields generated by RadMod. This can be
accomplished by either diffusing the particle concentration or tracking individual particles using their mean
velocity plus a turbulent velocity component. Ongoing research will show the feasibility and computational
efficiency of both approaches.

How does the use of alternative fuels affect contrail evolution during the vortex phase, in
particular the number of surviving ice crystals? Is the existing ice crystal loss parameterization,
developed for kerosene scenarios, still be applicable to alternative fuel cases?

* Ice crystal loss during the vortex phase is highly sensitive to the initial number of ice crystals, which
can vary considerably when switching to alternative fuels and propulsion systems.

* The initial difference of four orders of magnitude in ice crystal number reduces to a difference of
two orders of magnitude after the vortex phase. This trend is consistent for the range of ambient
temperatures (217 K-235K) and relative humidity values (110 % and 120 %), considered in this
study.

» Compared to conventional kerosene combustion, the on average larger initial ice crystal size, resulting
from the higher water vapor emission when using hydrogen as fuel (whether through combustion or
in a fuel cell), generally leads to a higher fraction of surviving ice crystals.

* The crystal loss parameterization for conventional aircraft developed in Unterstrasser (2016) is ex-
panded in the recent study to include hydrogen-powered aircraft. The updated parameterization has
been implemented in the GCM ECHAM-CCMod and is also part of the open-source library pycon-
trails, a contrail and contrail climate impact modeling tool used in, e.g., Frias et al. (2024) and Teoh
et al. (2024).

How do contrail properties respond to the use of alternative fuels during the dispersion phase,
and how does this depend on the prevailing meteorological conditions?

* The crucial factor determining the contrail-cirrus radiative effect is the initial number of ice crystals,
rather than the initial ice mass.

* In contrail cirrus formed behind H;- or SAF-powered aircraft, ice crystal loss is dominated by
sedimentation when the initial crystal number is low, and by in-situ sublimation when it is high.

* A high ambient temperature, which can be encountered in H,-propulsion scenarios, reduces the
contrail-cirrus lifetime due to strong sedimentation.

* Meteorological scenarios with strong but short-lasting updraughts of the simulation domain increase
ice mass and total extinction more rapidly than long-lasting updraughts. On the other hand, strong
updraughts accelerate contrail-cirrus dissipation. Increased wind shear broadens the contrail, resulting
in a substantial increase in ice mass and total extinction. These findings, previously observed for
conventional kerosene cases, similarly apply to the alternative-fuel scenarios considered here.
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* We find the general trend of short-lived, optically thin contrail cirrus when the initial ice crystal
number is significantly reduced. A factor of 100 reduction in the initial ice crystal number results in a
factor of 20 reduction in total extinction, a quantity that is used here as a measure of the climate impact.
This suggests great contrail mitigation potential of low-emission engines. Because the relationship
between total extinction and initial ice crystal number is nonlinear, we expect only a weak increase in
climate impact when the number of nucleated ice crystals increases, but a further, potentially strong,
decrease when it drops below the factor-100 reduction considered here.

The significant sensitivity of total extinction on the ice crystal number necessitates a further refinement of
determining the latter quantity. Upcoming data from recent flight campaigns probing plumes of hydrogen
combustion aircraft (DLR, 2025) and from laboratory studies of hydrogen propulsion emissions will provide
information on ice crystal properties, such as total number and size distribution. The role of volatile particles
formed from the emission of lubrication oil vapor or nitric acid remains uncertain, and future measurements
will be required to better constrain their contribution to the ice crystal formation process. Furthermore,
assuming that ambient aerosol particles are the major or only source of ice nuclei in future hydrogen
propulsion systems, in-situ measurements of ambient aerosols in the upper troposphere will be important.
Such data help define the upper and lower bounds of aerosol concentrations, which strongly influence the
number of ice crystals formed (Bier et al., 2024). The measurement data can be used as input for future
EULAG-LCM studies investigating the lifecycle of hydrogen contrails.

In the studies presented in this thesis, individual contrails are modeled, and potential interactions with
other contrails or natural cirrus clouds are neglected. Such interactions could especially be relevant in
regions of high supersaturation and strong uplift, where natural cirrus forms rapidly. For example, cirrus
clouds scavenging moisture from a contrail could slow crystal growth when the contrail initially contains
few ice crystals. The resulting weaker sedimentation could prolong the contrail’s lifetime, leading to a less
pronounced impact of hydrogen combustion. Exploring these processes will be an interesting focus for
future studies.
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Appendix

A1 Appendix of publication “Towards intermediate complexity
modelling of contrail formation: the new dynamical framework

RadMod”

The following text is published as the appendix of Lottermoser A. and Unterstrasser S. (2024). Towards
intermediate complexity modelling of contrail formation: the new dynamical framework RadMod. Aeronaut.
J., 129(1332):351-379. DOI: 10.1017/aer.2024.130. Only small formatting changes were made to ensure
consistency with the thesis.

Numerical Descriptions
Implicit finite-difference discretization and solution of linear system

We numerically solve the coordinate-transformed ADE of a general quantity ¢ by applying a finite difference
scheme. We specify our numerical grid in ¥ and ¢, where the 1p-values are calculated as described in
Eq. 2.37, whereas the ¢-values are determined via Eq. 2.32 using the diffusion coefficient (Eq. 2.12).
We define ¢;; := c(¢i, ;), where the subscripts refer to the i’th and j’th element of the ¢ and -grid,
respectively. The initial conditions are given for ¢ = 0, and the boundary conditions are prescribed at p = 0
and 1 = Pmax. The spatial grid has Ny, grid cells, and the time integration is carried out up to a suitable end
point Ny X Acp.

All three ADEs are solved similarly. Even though ¢ (and x in the original formulation) should not be
confused with physical time, the evolution progresses along the ¢-axis. Therefore, we refer to the time
index as i and the time step as A¢, following the convention in conventional finite difference approaches.
Applying a forward scheme for the inner and a backward scheme for the outer derivative results in

ac d [ 5 5. 0c
— = U =\ + , Al
% a¢(P aw) £(®.%) (AD)
Ci+l,j — Cijj 1 2 9 Ci+1,j+1 — Cit+l,j 2 2 Ci+l,j — Ci+1,j-1
= et — e Cpes YU ————— 2 | f A2
Ad AP (pl,J i,j Yij AY; pij-1" Tij-1" Uij-1 Ay fij (A2)

f (¢, ) represents the viscous heating term in the temperature ADE. In case ¢ = U or ¢ = myyv, f(¢, ) =0.
Note that the momentum ADE is nonlinear in U, and a backward Euler would lead to a nonlinear set of
equations. To overcome this, we use a mixed approach in Eq. A1, where U in the "prefactor" U is evaluated
at the current time step i and c in the derivative term is evaluated at the next step i + 1. The index j in
the grid increment Ay; signifies the usage of a non-equidistant numerical grid in the radial direction. The
axial increment A¢; varies with the time step, and the turbulent diffusion coefficient is recalculated using
Eq. 2.12.

Grouping the terms for i and i + 1 leads to a tridiagonal linear system of equations of the form A ¢;4; = ;.
The quadratic matrix A has dimensions (Ny, Ny).

To calculate r; j in Eq. Al, the grid points in (¢, 1)-space can be translated into positions in real radius
space via Eq. 2.38:

rif’ =2 / " : dy’ (A3)
7 0 p(d): ll)') U(d)) l:b,)
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=2 dy’ |. A4
JZ;)/ . PG UG (A9
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The integral is numerically solved by a second-order quadrature scheme.

Based on our discretization, the main diagonal and the first off-diagonals in A are occupied. However,
twice-forward or twice-backward schemes must be applied to the boundaries.

For the inner boundary j = 0, twice forward, and for the outer boundary j = Ny — 1, twice backward must
be applied:

Ci+1,0 — Ci,0 1 2 2 Ci+1,2 — Ci+l,1 2 2 Cit1,1 — Ci+1,0

= pi1l Tl Uiyl ————— = pio ripo Uyp ——————

A¢ Ay Ay Ao
Ci+1,Ny—1 ~ Ci,Ny—1 1 ( ) ) Cit1,Ny—1 = Ci+1,Ny—2

= PiNg—1" TiNg—1" Uing-1 - (A5)

A¢ Ay, -2 v v 4 Ay, -2
Ci+1,Ny—2 — Ci+1,Ny-3
2 2 +1LNy Vi
.Di,Nw—z ri,Nl,,—z Ui,N¢—2 Al/) )
N¢—3

We start the grid indices with 0 and end with Ny, — 1 in order to transfer it to Python code more easily.
Grouping all c;;-terms on one side and all ¢;-terms on the other side of the equation results in a tridiagonal
matrix system, where the diagonal and the off-diagonals are occupied.

The inner boundary condition is derived as follows. Since we calculate all quantities at the grid cell centers
(and not at the boundaries), we have to define an inner fictitious point ¢y = c_g 5. Thus, the system has
temporarily Ny, + 1 dimensions:

dc 9 ac 3%
——(pzrzU) —+p2r2U—

@ - P 1) alpl
Ci+1,0 — Ci,0 1
i Ad) LV A]l)oz (pi,12 T'i,l2 Ui,l - Pi,02 T‘i,()2 Ui,()) (Ci+1’1 — Ci+1,0) + (A6)
1 8 4
mpi,o2 ri,02 Uio (§ Civ1,-0.5 — 4 Civ10 + 3 Gitl1 ] -

The coefficients of the discretization of the second partial derivative were derived by developing the
derivative around j = 0, where the distance to the inner grid edge (r = 0) AY_q.s is equal to Ag/2.

As an inner boundary condition, we set ¢; g5 equal to ¢; o to avoid a discontinuity at the center. As an outer
boundary condition, it holds ¢; y, -1 = 0. That means, the last row and column in the matrix system vanish,
and the system dimension reduces from Ny, + 1 down to Ny — 1. Thus, the final matrix system is

Co Do 0 0 0 0 O 0 0 Cis1,0 cio
By €t Dy 0 0 O 0 Ci+1,1 Ci,1
0 Bz C2 D2 00 0 0 Ci+1,2 Ci2
: = X (A7)
0 0 0 0 0 O Bny-3 Cny-3 Dny-3 Ci+1,Ny—3 Ci,Ny—3
0 0 0 0 00 0 BNw—Z CN¢—2 Ci+l,N¢,—2 Ci,Nlp—Z

where the matrix coefficients Cy and Dy deserve special attention as they are calculated using Eq. A6,
whereas the other coefficients are computed via Eq. A1. The matrix coefficients are dependent on x.

We maintain two different code versions. One code is written in Python, from which all plots in this study
have been generated. On the other hand, the Fortran code will eventually be coupled to our microphysical
code. In Python, the linear system is solved by a standard algorithm from the numpy library. In the Fortran
version, we apply a simple preconditioner and use the LSQR algorithm, which is well-suited for large, sparse
matrices (Paige and Saunders, 1982a,b; Williams, 2008).

Time-adaptivity of radial grid

The radial coordinate r(1p;) appears in Eq. Al and needs to be computed in each time step according
to Eq. 2.38. It is inversely proportional to the axial velocity. As the centerline velocity decays with x,
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Figure Al: (a) Radial profiles of excess axial velocity at different downstream distances x as
given in the legend. (b) Location of different grid boxes with fixed ¥ values in (x, r)-space.
The selected y-values correspond to specific radii at x = 0, as listed in the legend.

(¥ = Peonst) Increases in the jet’s core region. On the other hand, the axial velocity increases at the outer
parts of the jet, i.e., 7 (}) = pconst) decreases for large eonst Values. Consequently, the radial grid 1p; features
an "inward movement" in terms of the real radius r. Fig. A1b shows the location of different grid boxes in
(x,r)-space. The selected (time-constant) i-values corresponding to real radii r at x = 0 range from 2 m to
40 m. The grid box initialized at ryp = 40 m (dark purple curve), e.g., moves inward and is located atr ~ 2 m
at Ax = 5m. Hence, the equidistant grid in 1) covers only a limited fraction of the real radius space shortly
after initialization. This shortcoming becomes apparent in Fig. Ala, where the profiles break off at certain
radial locations. To counteract this undesired numerical behavior, we introduce a re-mapping of the radial
grid: At each time step, the deformed radial coordinate grid is reset to the original radial grid, and the radial
profiles (i.e., axial velocity, temperature, and water vapor mixing ratio) are interpolated back onto the initial
grid. By doing so, we keep (1)) constant with respect to x.

Grid resolution analysis

Throughout the study, we use a logarithmic radial grid (in r-space) due to its computational efficiency, which
provides accuracy comparable to that of a linear radial grid. We define fixed inner and outer boundaries,
min and rmay, respectively, and specify the grid resolution using 1/n; gec.

Fig. A2 shows radial profiles of axial velocity and water relative humidity for different values of n; gec.
The analytical axial velocity profiles are included as a benchmark. For the smallest value n, goc = 10, the
analytical and numerical profiles for Uy disagree. Moreover, the relative humidity profile is not sufficiently
smooth. Whereas the RHy;-profiles appear to be smooth enough for n, gec = 50, the Ugc-profiles still
show slight discrepancies. We observe a perfect agreement for n;, gec = 200. Therefore, all our simulations
presented in the main body of the paper have been conducted with a default value of n; gec > 200.

Examination of flow rates

As part of our model validation, we evaluate the axial dependency of the various flow rates of a cold and
hot jet as described in Sec. 2.2.1.1. This analysis encompasses free and coflowing jets with varying coflow
velocities. We demonstrate that our model conserves, as desired, the flow rates of both momentum and
tracer excess concentration along the axial direction.

As an example, the flow rates of a coflowing jet with Uy, = 250 ms~! are shown in Fig. A3. In Fig. A3a,
the conservation of both quantities is confirmed for both a cold and a hot jet.

Fig. A3b shows the thermal, kinetic, and total energy flow rates of a hot jet with variable density (hot jet
with Tg = 549 K). At the jet’s origin, the energy partitioning is 90 %/10 % (thermal/kinetic) as prescribed.
With increasing axial distance, kinetic energy is continuously converted into thermal energy via viscous
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Figure A2: Radial profiles of axial velocity (panels (a) to (c)) and plume relative humidity
with respect to water (panels (d) to (f)) at different axial distances to the jet nozzle (see legend
in panel (b)). Results with three different grid resolutions are shown.

heating. The result is a decay of the kinetic energy towards zero at the desired rate (Ej,(x) o< x~!), while
the thermal energy increases. The conservation of the total energy flow rate is correctly represented in our
model despite the complex coordinate transformation and time-adaptivity of the numerical grid.

The continuous entrainment of ambient air into the plume causes the mass flow rate to grow with increasing
distance from the jet origin (Pope, 2000; Ball et al., 2012). The data of Ricou and Spalding (1961)
is linearly fitted by rm/mgy = 0.32’(_(1’(0 with an entrainment rate of 0.32. This value was confirmed by
Panchapakesan and Lumley (1993a). Measurements by Sforza and Mons (1978) yielded a value of 0.28,
whereas Khorsandi et al. (2013) reported a value slightly higher (0.36). We simulated a hot, free jet with
density ratios as described in Sec. 2.2.2.2.2. By applying the density scaling p«/py0, as also done in the
previously mentioned studies, our data lie on a single line as shown in Fig. A4. When considering the region
10 < x/d < 100, we find an entrainment rate of 0.38 and a normalized virtual origin of —19.74. When
forcing the virtual origin to zero, we obtain an entrainment rate of 0.44. Our model confirms the linear
increase with x and yields a plausible value for the entrainment rate.

A2 Appendix of publication “High-resolution modeling of early
contrail evolution from hydrogen-powered aircraft”

The following text is published as the appendix of Lottermoser A. and Unterstrasser S. (2025). High-
resolution modeling of early contrail evolution from hydrogen-powered aircraft. Atmos. Chem. Phys.,
25:7903-7924. DOI: 10.5194/acp-25-7903-2025. Only minor formatting adjustments were made.

Definition of the ice crystal concentration n in the new parameterization

As described in Sec. 3.2.2.3, the adaptation factor ¥ accounting for the mean ice crystal size (in the original
formulation given by 1/EI ) is now defined differently. In the new formulation, ¥ is expressed as

¥ = 1/ng, where ng represents an (intermediate) ice crystal number concentration:

ng = No/Ap, (A8)
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Figure A3: (a) Momentum and tracer excess concentration flow rates, which are constant over
the entire axial range within 0.6 % (momentum flow rate) and 1.0 % (tracer concentration flow
rate). This holds for both a constant and a variable density jet. (b) Thermal, kinetic, and total
energy flow rates.
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Figure A4: Mass flow rate of hot jets with different density ratios A normalized by the initial
mass flow rate as a function of density-scaled downstream distance. The red fitted line has a
slope of 0.38 with a normalized virtual origin of —19.74.
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where Ny is the initial ice crystal number (per meter of flight path), and A, is the intermediate plume
cross-sectional area. Hence, np represents an average concentration in the primary wake. We recall
Ny = mc X Eljceno (see Eq. 3.9) and the empirical relationships for conventional aircraft designs of different
sizes as studied in Unterstrasser and Gorsch (2014) and derived in Unterstrasser (2016, hereafter U2016):
mc ~ bspmﬂ2 (Eq. A9 in U2016) and A, ~ bspan2 (Egs. A6 and A7 in U2016), where by, is the wingspan
of the aircraft. Hence, ng is roughly independent of aircraft type, but it depends linearly on Eljceno. Note
that the empirical relation for A, is derived from the simulation results and is not supposed to be adapted.
The actual fuel consumption mc may, however, deviate from the empirical relationship representing typical
kerosene fuels and should serve as input to the parameterization.

The parameterization was trained such that the kerosene A350 simulations serve as reference cases for
determining ng rr and n(“; = no/norer (With Norer = 3.38 X 102 m™! and bspanret = 60.3m). Note that,
in particular, the mc values of our A350 setups deviate from the empirical relationship (see Fig. Alc in
U2016); hence, switching to a smaller A320 aircraft gives a smaller ng value (1.29 x 10° m™3 (A350) versus
8.93 x 108 m~3 (A320)), leading to ny = 0.69.

Differences between the original and new parameterization implementation

This section summarizes the differences between the original parameterization provided in Unterstrasser
(2016) and the new one presented in Sec. 3.2.2.3. The overall design of the parameterization has not
changed, and the cookbook of individual computations, as listed in Sec. A6 of U2016, received only minor
changes, which are as follows:

e In step 2, the formula for computing the plume area is now A, = 2 X 7trp2; this replaces Eq. A7 of
U2016, which was given by A, = 4 X 7r°.

e In step 3, zam and zemir are redefined using the adiabatic index « (as given in Egs. 3.15 and 3.16).
Moreover, the bisection method for solving the nonlinear equation can be replaced by analytically
defined fit functions provided in the subsequent subsection.

* Insteps 3 and 4, new values for the fitting coefficients are used as given in Eqs. 3.22a-3.22g. Moreover,
the adaptation factor ¥ uses a new definition, as given in the previous subsection.

The supplement contains Fortran and Python implementations of the new and the original parameterization.

Analytical fit functions of z,¢y, and zemit

To compute the length scales za, and zemit (Eqs. 3.15 and 3.16), we have, thus far, employed the numerical
bisection method. Here, we present an alternative approach that directly calculates these length scales based
on input data for temperature, ambient supersaturation, and water vapor concentration. The corresponding
formulae are as follows:

) 0597 Tea 2.225
Zam = 607.46m X s;-°7" X (m) (A9)
and
i Pemit 0.678+0.0116 Tgs
Zomit = 1106.6 m X (m) (A10)

X exp ((—(0.0807 + 0.000428 Tzos) T205))

with Thps = Tca /K — 205.

The resulting length scales show only slight deviations from those derived using the bisection method, with
a maximum deviation of 3 m for 2,4, and 7m for z.nir. Applying the analytical relations to calculate the
parameterized survival fraction, we observe no change in 44 % of the data (when rounded to two digits,
as done in Tab. Al) and a maximum deviation of 2%. A detailed comparison is provided in Tab. A2.
Section A3 contains further plots that demonstrate the suitability of the fit functions.
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Figure AS: (a) Temporal evolution of relative humidity with respect to ice and (b) temperature
difference in the (x, z)-plane (averaged along flight direction). In (b), the vertical background
temperature profile is subtracted to highlight the temperature evolution, particularly within
the primary wake. Note that the first column corresponds to 0.1 min, whereas the zeroth
time step is shown in the main body of the manuscript. This distinction is made because
the thermodynamic fields exhibit almost no visible features at the initial time step. The
depicted exemplary simulation is performed for an A350/B777-like aircraft at Tca = 217K,
RH; amp = 120 %, Ny = 1.15x1072s7!, Ny =3.38x10"?m™!,Ip = 15.0gm™!, and rsp = 3.0.

A3 Supplement of publication “High-resolution modeling of early
contrail evolution from hydrogen-powered aircraft”

The following text is published as the supplement of Lottermoser A. and Unterstrasser S. (2025). High-
resolution modeling of early contrail evolution from hydrogen-powered aircraft. Atmos. Chem. Phys.,
25:7903-7924. DOI: 10.5194/acp-25-7903-2025. Only small modifications regarding the formatting were
made.

Temporal and spatial evolution of temperature and humidity during the vortex phase

Figure A5 illustrates the evolution of ice relative humidity (a) and temperature difference (b), where the
background temperature profile has been subtracted. Within the wake vortices, the ice relative humidity
remains close to saturation until the vortices dissipate. This phenomenon results from the sublimation of
ice crystals trapped in the primary wake. The sublimation increases the local water vapor concentration,
balancing the decrease in RH; caused by adiabatic heating. Note that humidity values below 100 % may
occur as the sublimation does not instantaneously relax the humidity field to saturation. In the secondary
wake, RH; also remains near saturation as detrained ice crystals deplete ambient moisture, reducing the
environmental supersaturation toward saturation. The presented humidity fields are quite smooth, as they
are averages along the flight direction.

Initially, the temperature perturbation is nearly everywhere close to zero. The centers of the wake vortices
feature a pressure drop to compensate for centrifugal forces and can lead to a very localized temperature
drop. Due to the prescribed stable stratification, air masses at the original flight altitude have a higher
potential temperature than air masses beneath. Hence, the descending primary wake is identified by positive
AT values. A similar consideration explains the negative AT values after 6 min around z = 0 m. Air masses
from the primary wake rise back to the initial altitude and push or contain also air masses from lower
altitudes (with lower potential temperature) to z = O m leading to AT < 0K.
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Figure A6: (a) Scatter plot comparing the 2016 z, values with the z, values from the present
study, and (b) a similar comparison for the parameterized survival fractions.

Further information on ice crystal loss parameterization
Evaluation of z,¢n and zemit

In the ice crystal loss parameterization, the two length scales zay, and zepic are implicitly defined. In
the original version in U2016, the nonlinear equations were solved using a numerical method (classical
bisection method). To speed up evaluations and to provide explicit formulations, fit formulae for the
two length scales z,m and zemir were derived as outlined in Sec. A3 of this study. In order to compare
both versions simulation-wise, the length scale values determined with the bisection method and the fit
formulae are compared. Moreover, the corresponding survival fractions based on either evaluation method
are calculated. The outcomes are provided in Tab. A2. As noted in the main text, applying the analytical
relations to compute the parameterized survival fraction yields no change for 44 % of the data points
(rounded to two decimal places, as in Tab. A1), and the maximum deviation observed is 2 %.

Comparison of the original and new ice crystal loss parameterization

The original ice crystal loss parameterization proposed in U2016 has been implemented in several larger-
scale contrail models to refine the contrail initialization in those models (Gruber et al., 2018; Bier and
Burkhardt, 2022), and applications were restricted to conventional kerosene contrails.

This section presents comparison plots between the original and updated versions of the ice crystal loss
parameterization. Figure A6 shows scatter plots of z, (panel (a)) and the parameterized survival fraction
fAN’S (panel (b)), with the x-axis representing the original (2016) values and the y-axis showing the updated
(2025) data. The values of z, are similar across both formulations, although z, 2025 is generally slightly
lower. However, differences in z, should not be over-interpreted as this quantity serves as argument in an
arctan-type function (see Eq. 3.21) to retrieve the survival fraction. The arctan-type function formulation
includes three fit coeflicients that change from one version to the other version. Hence, panel (b) shows the
eventual differences in the parameterized survival fraction from the two versions. Likewise, fN,s exhibits
only minor scatter between the two versions.

Furthermore, we reproduce plots that were shown in U2016 (Figs. 5, 9, and 10 in that publication). In the
new versions of those plots (Figs. A7-A9 in this document), we juxtapose the outcome of the original and
the new parameterization. This should demonstrate that the switch to the new formulation has only marginal
implications on applications focusing on conventional kerosene contrails.
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Figure A7: Reproduced version of Fig. 5 in U2016. The first two columns show the original
plot from U2016. The third and fourth columns use the parameterized survival fractions as
obtained from the new parameterization version described in the present study.
Adapted figure caption of U2016:
Columns 1 and 3: Relationship between simulated survival fraction fy s and zx. The grey
curve shows the fit function a(zp) as defined in Eq. 3.21 in the present study.

Columns 2 and 4: Relationship between simulated survival fraction fy s and approximated
survival fraction fys. The black line shows the one-to-one line. Each row shows a subset of

simulations taken from various simulation blocks defined in Table A2 of U2016. For example,
the first row shows simulations of block 1, where RH; and Tcy are varied. The legend in the
plot provides a list of the symbols and colors, which uniquely define the simulation parameters
of each plotted data point. The root mean square of the absolute error fN’ s — fn,s is denoted as
Eaps and given for each subset.
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Figure A8: Reproduced version of Fig. 9 in U2016. The first two rows show the original plot
from U2016. The other rows use the parameterized survival fractions as obtained from the
new parameterization version described in the present study, evaluating za¢, and 2zem;i: either
via bisection (rows 3 and 4) or by employing the fit functions (rows 5 and 6).

Adapted figure caption of U2016:

Sensitivity of ice crystal loss to Elic.n, for various values of RH;, T, Npy, and b (from left to
right). b is the aircraft’s wingspan (denoted by bgp,, in Sec. 3.2). See legend for the color
coding. Rows 1, 3, and 5: Ice crystal number per meter of flight path before and after the
vortex phase (dashed and solid curves). Note that the initial ice crystal number depends only
on b and Eljceno (following Eq. A10 in U2016, which assumes a water vapor emission index
of 1.25kgkg™"). Hence, only one dashed curve is shown in the columns for RH;, T, and Ngy,
respectively. Rows 2, 4, and 6: survival fraction.
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Figure A9: Reproduced version of Fig. 10 in U2016. The first column shows the original plot
from U2016. The two other columns use the new parameterization version (for both types of
Zatm and Zemit).

Adapted figure caption of U2016:

Ice crystal number per meter of flight path (top) and contrail depth (bottom) after the vortex
phase as a function of RH;, T, Ny, or b. Eljcenp is 10 or 10 kg_’. The contrail depth
parameterization does not depend on El;..,,. Note that the parameterization of the contrail
depth H was not updated in the present study. The slightly different results come from the
fact that the parameterization of H uses the parameterized fy s value as input. Note that the
original plot in U2016 showed an additional panel with ice crystal number concentrations,
which is left out here.

Sensitivity analyses: Numerical and physical aspects

In the following, three sensitivity studies are presented. We compare the results of a reference simulation,
performed for an A350/B777-like aircraft at Tca = 217K, RHjampb = 120%, Ny = 1.15 X 1072571,
No =3.38%x102m™!, Iy = 15.0gm_1, and rsp = 3.0 (solid black lines in Fig. A10). These are compared
to simulations in which the grid resolution, domain size, and ambient pressure are varied individually.

Impact of grid resolution

In the reference setup, we employ a horizontal and vertical grid spacing of 1 m. To assess the sensitivity of
contrail evolution to mesh resolution, we conduct an additional simulation using a finer resolution of 0.5 m.
As shown by the magenta curves in Fig. A10, the higher-resolution simulation results in a relative increase of
7.7 % in total ice mass and a reduction in ice crystal survival fraction from 64.7 % to 62.1 %. Vertical profiles
of ice crystal number and mass (not shown) indicate that, in the high-resolution setup, fewer ice crystals are
detrained from the vortex system. Instead, a larger fraction remains trapped within the primary wake, where
they are more prone to sublimation due to adiabatic heating. The reduced detrainment can be attributed to the
way secondary vorticity, generated by baroclinic torque arising from density and pressure gradients between
the wake and the ambient air (Holzépfel et al., 2001), develops in the simulation. Although the underlying
physical conditions, such as pressure and density gradients, remain unchanged, the finer grid spacing enables
a more accurate resolution of these instabilities, potentially altering the dynamics of vortex destabilization.
We hypothesize that the improved representation of secondary vorticity results in less disruption of the
vortex cores, thereby reducing ice crystal detrainment and increasing sublimation within the primary wake.
Alongside this physical explanation of the observed results, we note that background turbulence could
likewise influence the detrainment process and contribute to the observed behavior. While the resulting
discrepancies in ice crystal number and mass are moderate compared to those induced by variations in
the initial ice crystal number, they underscore the relevance of mesh resolution and its potential impact on
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Figure A10: (a) Evolution of total ice crystal number and (b) total ice mass for the reference
case and three sensitivity simulations, differentiated by color and line style. The dashed black
curves represent a simulation conducted at a higher ambient pressure value. The orange curves
correspond to a simulation with doubled domain width. The magenta curves show the results
from a simulation with a higher mesh resolution in transverse and vertical direction.

simulation outcomes. However, in the context of a sensitivity study focused on variations in initial ice crystal
number, where ice crystal survival fractions span the full range from 0 to 100 %, we consider deviations
in ice crystal survival fraction below 3 % to be minor. Given the substantial computational demands of
finer mesh resolutions (roughly eight times higher CPU time) and considering the comparatively minor
differences in simulation outcomes, we consider the baseline resolution appropriate for the objectives of
this study.

Impact of domain size

The default domain size in the transverse direction is 384 grid boxes, corresponding to 384 m in our reference
A350/B777 simulation with a grid spacing of dx = 1 m. In a sensitivity simulation, we increase the domain
width from 384 m to 768 m; the results are shown as orange curves in Fig. A10. This modification yields a
slight reduction in final ice crystal survival fraction from 64.7 % to 64.2 % and a relative increase of 4.6 %
in final ice mass. A plausible explanation is that, in the narrower domain, the descending vortex pairs might
interact across the transverse boundaries, damping their descent and thereby enhancing ice crystal survival.
Horizontal profiles reveal that, from about 2 min onward, the wider-domain simulation exhibits slightly lower
ice crystal number and mass near the outer edges of the vortices, while more ice crystals and ice mass are
found in the vortex centers. This supports the hypothesis that transverse interactions across the boundaries
in the narrow domain might influence vortex dynamics and particle motion. However, it is equally plausible
that the minor deviations in the evolution of ice crystal number and mass reflect variability introduced
by background turbulence, as discussed in the previous section. As the wider domain has a negligible
effect on the contrail properties, most notably the ice crystal survival fraction, yet significantly increases
computational expense, a transverse width of 384 grid boxes is deemed sufficient for our simulations.

Impact of pressure variation

A variation of the ambient pressure value has only minor impact on the evolution of ice crystal mass and
number, see black dashed curves in Fig. A10. The pressure at flight altitude of the reference simulation
is 231 hPa. We increase the pressure to 350 hPa, keeping all other setup parameters (specifically ambient
temperature) unchanged. We observe a slightly reduced final ice mass and a slightly increased number
of surviving ice crystals in the higher-pressure case. These differences can be primarily attributed to
the pressure dependence of water vapor diffusivity, which appears in the governing equation for ice mass
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growth (Solch and Kércher, 2010). Since diffusivity is inversely proportional to pressure, higher ambient
pressure leads to lower diffusivity, thereby reducing the rate of ice crystal growth. Conversely, sublimation
is also reduced under higher pressure for the same reason, leading to a slightly higher survival fraction.
An additional, though secondary, factor is the pressure dependence of sedimentation velocity. Increased
pressure results in a small reduction in sedimentation velocity. However, for a pressure increase of 120 hPa,
the resulting change in sedimentation velocity is on the order of 0.5 %, and is thus considered negligible
in this context. Overall, the sensitivity of contrail evolution to ambient pressure variations is weak. The
final ice crystal survival fraction changes from 64.7 % to 68.7 %, and the total ice mass differs relatively by
4.0%. This limited sensitivity is expected: The amount of available atmospheric water vapor, expressed
in terms of water vapor concentration pwv.avail = (RHiamb — 1) X pwvsatice = (RHiamb — 1) X % i
primarily temperature-dependent and independent of ambient pressure. Moreover, the adiabatic heating in
the descending vortex pair does not depend on ambient pressure.

A4 Appendix of manuscript “Modeling the impact of alternative
fuels and hydrogen propulsion on contrail-cirrus: a parameter study”
The following text is the appendix of the manuscript Lottermoser A. and Unterstrasser S. Modeling the

impact of alternative fuels and hydrogen propulsion on contrail-cirrus: a parameter study, which is under
revision for Journal of Geophysical Research: Atmospheres.

Initial contrail-cirrus properties
Table A3 provides an overview of the vortex phase simulations presented in Lottermoser and Unterstrasser
(2025), which serve as initial conditions for the contrail-cirrus simulations of the present study.

Derivation of « in extinction scaling

We consider two ice crystal populations: one with N, ; identical ice crystals of mass m; and size Dy, and
the other with Np; identical ice crystals of mass m; and size D,. Assuming a fixed total ice mass, i.e.,
Miot,1 = Mior,2, it follows that N, | my = Nj, 2 my. From this, we obtain

N,
ez _ T (All)
Np1 my
Given the area-size and mass-size relationships in Sec. 4.2.2.2, it holds
Az = Np» Dg (A12)
1 1/B\°
= yNp1 y "/ mP (A14)
N. 1-o/pB
=(22) A, (A15)
Np,1

which is equivalent to Eq. 4.10. It follows that a = 1 — %

A5 Impact of wake vortex and plume initialization on contrail evo-
lution

During my PhD, I supervised the Bachelor’s thesis of Benedikt Rabe and the DAAD internship of Adam
Schroeder. Both projects involved vortex phase simulations of young contrails, focusing on the impact of
the wake vortex initialization method and the initial spatial distribution of the plumes. The first subsection
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Figure A11: (a) Initial velocity magnitude as 2D data slice for an analytical Lamb-Oseen
vortex representation and (b) for a RANS-based initialization for an A380 at downstream
position X = 10 m. Figure adapted from Rabe (2024).

provides a brief summary of the key findings from Benedikt’s study, titled "Parametric study of high-
resolution simulations of contrails during the vortex phase with emphasis on initial conditions" (Rabe, 2024).
After receiving the necessary tools and computational resources, Benedikt conducted the simulations, and
the analysis was carried out in collaboration.

The second subsection presents part of Adam’s work, which investigates the influence of a plume number
variation.

RANS-based versus analytical wake vortex initialization

The analyses presented in this subsection are included in Benedikt’s Bachelor’s thesis Rabe (2024), and parts
of this work have been published in Pauen et al. (2024). Up to the time when this project was conducted,
the initialization of the wake vortex flow field behind an aircraft was done by using the analytical model
of two counter-rotating Lamb-Oseen vortices (Saffman, 1993). As part of the DLR-Airbus collaboration,
we received flow fields downstream of an A380 aircraft from a-priori CFD simulations based on the RANS
equations. For an A320 aircraft, flow field data from the model TAU-MGLET, which comprises the RANS
code TAU (Schwamborn et al., 2006) coupled to the LES model MGLET (Manhart, 2004), are available. By
accounting for the actual aircraft geometry, these RANS-based flow fields provide a more sophisticated and
realistic initialization of the wake vortex field. The input fields to EULAG-LCM are 2D slices perpendicular
to the flight direction. In both the A320 and A380 case, two different downstream positions behind the
aircraft’s tail are provided, which are denoted by X, following the notation in Rabe (2024). In addition to the
vortex initialization variation, Benedikt performed simulations with a 100-fold increase in the number of
initial ice crystals and increased water vapor emission, corresponding to the values used in Lottermoser and
Unterstrasser (2025), to study the impact of a potential hydrogen fuel cell system as propulsion technology.
He also examined a variation of the plume position and conducted simulations with an inward-shifted initial
position of the engines. As not otherwise stated, the simulations presented in this section were performed
at Tymp = 217K and Ngy = 1.15x 107257

Figure A11 illustrates the two different initialization methods, in the following simply called "analytical"
and "RANS", referring to the velocity field initialization in EULAG. The RANS-based approach (panel (b))
resolves the full aircraft geometry.

As shown in detail by Rabe (2024), the method used to initialize the flow field has a lasting impact on the
ice crystal evolution. Figure A12 displays the first minute of ice crystal number evolution in the RANS case
for the A320, X = 90 m scenario. In addition to the development of the well-known primary and secondary
wake structures in the analytical case, new features emerge. Ice crystals are entrained into a turbulent
structure related to a secondary vortex pair near the aircraft center, in addition to the wingtip vortices.
This structure transports the ice crystals vertically upward as early as 20 s after emission. In contrast, the
secondary wake in the analytical case becomes apparent only after 1 to 2 min, as shown in the first row of
Fig. 3.2.
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Figure A12: Temporal evolution of ice crystal number concentration in (x, z)-plane averaged
along flight direction for RANS simulation A320, X = 90 m. Figure adapted from Rabe (2024).
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Figure A13: Temporal evolution of vertical profiles of ice mass (first row), normalized ice
crystal number (second row), and normalized number of sublimated ice crystals (third row).
A comparison between the RANS-based and the analytical flow field initialization is shown.
Figure adapted from Rabe (2024).

All RANS simulations, encompassing different aircraft types and downstream positions, consistently show
that a larger fraction of ice crystals remains close to the flight level compared to their analytical counterparts.
In the latter, all ice crystals are entrained in the primary wake and transported downward by the descending
vortex pair, where they are prone to sublimation. This behavior can be seen in Fig. A13, which presents
vertical profiles of ice mass (top row), ice crystal number concentration (middle row), and number of
sublimated ice crystals (bottom row). In the analytical case, a pronounced peak in sublimated ice crystals
appears at lower altitudes, reflecting adiabatic heating within the primary wake. In contrast, the RANS
simulations show more ice crystals retained at higher altitudes, attributed to early-developing turbulent
structures that keep them near the flight level.

These differences in the sublimation behavior between the analytical and RANS simulations result in slightly
higher survival fractions in the RANS cases in most of the RHj ,mp conditions, as shown in Fig. A14.

Consistent with the results presented in Lottermoser and Unterstrasser (2025), Benedikt finds lower survival
fractions in the case of an initial higher number of ice crystals (not shown here). This finding is independent
of whether a RANS or an analytical initialization for the wake vortex field is used. Still, the survival fraction
is larger in the RANS-based approach.

As previously noted, Benedikt conducted a sensitivity study on the engine position by placing the initial
plumes closer to the aircraft fuselage. In the default setup, commonly used in earlier studies (e.g., Un-
terstrasser, 2014; Lottermoser and Unterstrasser, 2025), the plume centers are co-located with the wingtip
vortex centers. The lateral distance between the vortex pair is defined as by = /4 X bgpan, Where bgpay is
the aircraft’s wingspan. Accordingly, the default plume position (i.e., the distance from the plume center
to the aircraft’s centerline) is bg/2, which equals 13.5m for an A320 aircraft with a wingspan of 34.4m,
as defined in Unterstrasser and Gorsch (2014). However, this symmetry does not necessarily reflect real
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Figure A14: Ice crystal survival fraction for the analytical and the RANS simulations as
indicated in the legend. Three different ambient relative humidity values are considered. The
left and the right panel correspond to the A380 and A320 case, respectively. Figure adapted
from Rabe (2024).

aircraft engine placements. To account for this, Benedikt investigated an alternative plume location based on
data from Airbus (2024), placing the plume center 5.75 m from the aircraft’s centerline. Horizontal profiles
of ice crystal number and mass (not shown) reveal that, within the initial minute of downward propagation,
a larger fraction of ice crystals sublimates when the plumes are positioned closer to the aircraft’s centerline.
This is due to the increased overlap of the initial plumes, leading to higher local number concentrations. In
the overlapping region, ice crystal growth is hampered in the early seconds, as more crystals compete for
the available water vapor. Figure A15, left panel, shows the corresponding evolution of total ice mass, with
less increase during the first seconds in the "real" case. Overall, 61 % of ice crystals sublimate compared to
73 % in the default setup, as shown in the right panel.

The simulations presented in this section explore more realistic, less idealized initialization conditions.
Future work will include simulations that combine RANS-based flow field initialization with variations in
the initial plume position to investigate whether the individual effects counteract each other.

Impact of varying plume number on contrail evolution

As part of a DAAD ("Deutscher Akademischer Austauschdienst") internship, Adam joined our group in
2024 for a three-month period. During this time, he conducted vortex phase simulations with a focus on
plume initialization. In particular, we accounted for different engine-wing configurations by investigating
the impact of varying the number of initial plumes/engines on the contrail evolution. Adam performed
simulations for an A320-like aircraft with a wingspan of bspa, = 34.4 m, using an analytical Lamb-Oseen
profile to initialize the wake vortex flow field, at an ambient temperature of Ty, = 230K and an ambient
relative humidity with respect to ice of RH;j amp = 120 %. To study the impact of plume number variation on
the contrail evolution, we extended the default setup, two plumes with a radius of 12 m (Unterstrasser and
Gorsch, 2014), by introducing two alternative configurations: one with six plumes (each 2 m in radius) and
another with ten plumes (1 m in radius). In all cases, we initialized the same total number of ice crystals,
No = 3.38 x 102 m~!. As the total plume area decreases with an increasing number of initial plumes,
the resulting ice crystal number concentration becomes higher. We would have expected higher ice crystal
survival fractions with a higher plume number, as ice crystals closer to the aircraft fuselage would not be
entrained into the vortex system and remain close to the flight altitude. However, similar to the results in the
preceding section, the higher number concentration in the plumes leads to reduced ice mass growth during
the initial seconds of evolution (see left panel of Fig A16), which decreases the average ice crystal size.
Consequently, sublimation in the descending primary wake is more pronounced than in the default setup.
This effect is evident in the right panel of Fig. A16, which shows the temporal evolution of the normalized
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Figure A15: Temporal evolution of total ice mass (left panel) and normalized number of ice
crystals (right panel) for the default initial plume position (black curves) compared to a con-
figuration with plume positions placed closer to the aircraft fuselage (red curves). Simulations
were performed at Ty = 235 K and RHj amp = 120 %. The sketches on the right illustrate the
engine position shift, where the blue stars and yellow crosses denote the centers of the wake
vortices and the initial plume positions, respectively. The plume radius is set to 12 m in both
cases. Figure adapted from Rabe (2024).

ice crystal number. Using six initial plumes reduces the ice crystal survival fraction from the default case
of 79 % down to 71 %, and even further to 67 % when distributing the initial ice crystals to ten plumes.

In summary, both projects demonstrated how variations in the initial setup of vortex phase simulations can
influence contrail evolution. Our default, idealized approach assumes one plume per wing, a Lamb-Oseen
vortex profile, and co-located plume and vortex centers. Modifying any of these assumptions, such as
changing the plume number or position, affects the simulation outcomes, particularly the ice crystal survival
fraction. Although differences in survival fraction of ~ 10 to 20 % seem minor compared to the full range of
0-100 % when varying the initial ice crystal number (Lottermoser and Unterstrasser, 2025), these findings
are important to consider in future studies.

Figure A17 summarizes this section by showing the simulated survival fractions as a function of the
parameterization parameter z (introduced in Sec. 3.2.2.3). The results of the present simulations are shown
as colored symbols, previous simulations as grey circles, together with the parameterization curve.
Simulations of the A320 and A380 with an analytical initialization of the vortex pair are shown as red
circles, while those with a RANS initialization appear as orange and yellow triangles (as in Fig. A14).
To aid differentiation, A320 symbols are outlined in blue. For both aircraft types, Benedikt performed
simulations at ambient relative humidities over ice of 100 %, 120 %, and 140 %. The simulations with the
shifted initial plume positions and increased number of initial plumes are shown as magenta diamonds and
blue crosses/hexagons. With the exception of a few outliers (the 6 and 10 engine variation for one setup
and the RANS values for the A320 case at RHj mp = 100 %) the data points scatter closely around the
parameterization curve.

Further refinement of the initialization procedure could include implementing a more realistic initial ice
crystal size distribution based on LCM box model simulations. Additionally, the current assumption that
all emitted water vapor condenses onto ice crystals could be adapted. For example, scenarios with 80 % of
the water mass on ice crystals and 20 % remaining as vapor in the environment could be explored. These
refinements represent promising directions for future vortex phase research.
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Figure A16: Temporal evolution of total ice mass (left panel) and normalized ice crystal
number (right panel) for three different numbers of plumes indicated by color: two (black,
default), six (blue), and ten (orange). The sketches on top illustrate the plume initialization.
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No. AC Tca RHi amp Ny Ny I sD \Zu \Zv Zatm Zemit Zdesc
K | (%) | (1072s7h) | #sim | (gm™h) m | m | (m
1,2345 A350 | 217 120 I.15 5 15.0 3.0 0.05,0.23,0.65, 0.89, 0.98 0.06, 0.23, 0.6, 0.87,0.97 164 249 339
6,7,8,9,10 A350 | 217 110 1.15 5 15.0 3.0 0.02, 0.1, 0.28, 0.46, 0.71 0.0, 0.06, 0.22, 0.58, 0.86 85 249 339
11,12,13,14,15,16 A350 | 217 120 1.15 6 38.55 3.0 | 0.02,0.09,0.39,0.85,0.98,1.0 | 0.05,0.2,0.57,0.85,0.96, 1.0 | 164 546 339
17,18,19,20,21 A350 | 217 110 1.15 5 38.55 3.0 0.07,0.27, 0.63, 0.81, 0.92 0.08, 0.29, 0.68, 0.9, 0.98 85 546 339
22,2324 A350 | 217 120 1.15 3 15.0 1.0 0.07,0.88, 1.0 0.06, 0.6, 0.97 164 249 339
25,26,27 A350 | 217 120 1.15 3 15.0 4.0 0.05, 0.61, 0.98 0.06, 0.6, 0.97 164 249 339
28,29,30 A350 | 217 110 1.15 3 15.0 1.0 0.05, 0.49, 0.93 0.0, 0.21, 0.86* 85 249 339
31,32,33 A350 | 217 110 1.15 3 15.0 4.0 0.02, 0.26, 0.67 0.0, 0.22, 0.86 85 249 339
34,35,36 A350 | 217 120 1.15 3 38.55 1.0 0.18, 1.0, 1.0 0.2,0.85, 1.0 164 546 339
37,38,39 A350 | 217 120 1.15 3 38.55 4.0 0.09, 0.81, 0.99 0.2,0.85, 1.0 164 546 339
40,41,42 A350 | 217 110 1.15 3 38.55 1.0 0.18,0.92, 1.0 0.08, 0.68, 0.98 85 546 339
43,44,45 A350 | 217 110 1.15 3 38.55 4.0 0.06, 0.58, 0.89 0.08, 0.68, 0.98 85 546 339
46,47,48 A350 | 217 120 0.5 3 15.0 3.0 0.02, 0.28, 0.66 0.0, 0.26, 0.94 164 249 515
49,50,51 A350 | 217 110 0.5 3 15.0 3.0 0.01, 0.1, 0.31 0.0, 0.02, 0.73 85 249 515
52,53,54 A350 | 217 120 0.5 3 38.55 3.0 0.04, 0.46, 0.84 0.02,0.71, 1.0 164 546 515
55,56,57 A350 | 217 110 0.5 3 38.55 3.0 0.02, 0.26, 0.53 0.0, 0.36, 0.96 85 546 515
Simulations at higher ambient temperatures
58,59,60,61,62 A350 T 225 120 I.15 5 15.0 3.0 0.02,0.12,0.45,0.76,0.95 0.03,0.14,0.44,0.79, 0.94 177 110 339
63,64,65,66,67 A350 | 225 110 1.15 5 15.0 3.0 0.01,0.04, 0.13, 0.25, 0.45 0.0, 0.01, 0.09, 0.3, 0.69 92 110 339
68,69,70,71,72 A350 | 225 120 1.15 5 38.55 3.0 0.04, 0.21, 0.63, 0.9, 0.99 0.08, 0.28, 0.67, 0.9, 0.98 177 262 339
73,74,75,76,77 A350 | 225 110 1.15 5 38.55 3.0 0.02, 0.1, 0.29, 0.46, 0.68 0.0, 0.07, 0.27, 0.65, 0.89 92 262 339
78,79,80,81,82 A350 | 230 120 1.15 5 38.55 3.0 0.03,0.15, 0.51, 0.83,0.97 0.05, 0.21, 0.57, 0.86, 0.97 186 163 339
83,84,85,86,87 A350 | 230 110 1.15 5 38.55 3.0 0.01, 0.05, 0.17,0.31, 0.52 0.0, 0.03, 0.15, 0.46, 0.81 97 163 339
88,89,90,91,92 A350 | 233 120 1.15 5 38.55 3.0 0.02,0.12, 0.45,0.78, 0.97 0.05, 0.19, 0.53, 0.84, 0.96 191 123 339
93,94,95,96,97 A350 | 233 110 1.15 5 38.55 3.0 0.01, 0.04, 0.14, 0.26, 0.45 0.0, 0.02, 0.12, 0.38, 0.76 99 123 339
98,99,100 A350 | 233 120 1.15 3 38.55 1.0 0.03,0.63, 1.0 0.04, 0.53, 0.96* 191 123 339
101,102,103 A350 | 233 120 1.15 3 38.55 4.0 0.02,0.43, 0.96 0.05, 0.53,0.96 191 123 339
104,105,106 A350 | 233 110 1.15 3 38.55 1.0 0.01, 0.25, 0.59 0.0,0.12, 0.76 99 123 339
107,108,109 A350 | 233 110 1.15 3 38.55 4.0 0.01,0.12,0.43 0.0,0.12, 0.76 99 123 339
110,111,112,113,114 | A350 | 235 120 1.15 5 38.55 3.0 0.02,0.11, 0.43, 0.75,0.95 0.04, 0.18, 0.52, 0.83, 0.96 195 102 339
115,116,117,118,119 | A350 | 235 110 1.15 5 38.55 3.0 0.01, 0.03, 0.12, 0.23, 0.42 0.0, 0.01, 0.1, 0.34, 0.73 101 102 339
Simulations with A320/B737-like aircraft
120 A320 | 217 120 1.15 1 377 3.0 0.89 0.72 164 176 231
121,122,123 A320 | 225 120 1.15 3 3.7 3.0 0.05,0.78, 1.0 0.13, 0.64, 0.96 177 76 231
124,125,126 A320 | 225 110 1.15 3 3.7 3.0 0.01, 0.29, 0.86 0.03,0.21,0.78 92 76 231
127,128,129 A320 | 225 120 1.15 3 9.51 3.0 0.07,0.85, 1.0 0.2, 0.76, 0.99 177 185 231
130,131,132 A320 | 225 110 1.15 3 9.51 3.0 0.03, 0.52, 0.96 0.07,0.39,0.9 92 185 231
133,134,135 A320 | 230 120 1.15 3 9.51 3.0 0.05,0.8, 1.0 0.17,0.72,0.98 186 114 231
136,137,138 A320 | 230 120 1.15 3 9.51 3.0 0.02,0.35, 0.88 0.04, 0.29, 0.85 186 114 231
139,140,141 A320 | 233 120 1.15 3 9.51 3.0 0.04,0.78, 1.0 0.16,0.71,0.97 191 85 231
142,143,144 A320 | 233 110 1.15 3 9.51 3.0 0.01, 0.3, 0.86 0.04, 0.26, 0.82 99 85 231
145,146,147 A320 | 235 120 1.15 3 9.51 3.0 0.04,0.76, 1.0 0.16,0.7,0.97 195 70 231
148,149,150 A320 | 235 110 1.15 3 9.51 3.0 0.01,0.27, 0.84 0.03, 0.24, 0.81 101 70 231

Table A1: Summary of the simulations performed. Columns 3-5 list the meteorological parameters, while columns 6-8 present the microphysical
initialization settings. Columns 9 and 10 display both the simulated and parameterized survival fractions. Lastly, columns 11-13 specify the length
scales employed in the parameterization. Rows displaying five simulations correspond to sets with Nyp-scaling factors of 100, 10, 1, 0.1, and 0.01.
Rows showing three simulations represent sets with scaling factors of 100, 1, and 0.01. In the third row, a total of six simulations is included, with
simulation 11 using a scaling factor of 1000. *The slight variation of wz_m with rgp is not a direct dependence, but stems from an implicit dependence
of wz,m on rgp via Ny due to the numerical discretization in the ice particles’ initialization process.
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AC | Tca /K | RHiamp / % | Ioo / (gm™1) No/ (102 m™1) Ip/ (gm™1)
110 15.0 0.02,0.15,0.95, 3.34, 6.93 47,7.1,7.5,7.0,6.2
17 38.6 0.03,0.27, 2.13,9.25, 22.08 7.8,12.0,13.7,14.0, 13.2
190 15.0 0.03,0.3,2.18,7.74, 16.36 12.7,19.6, 21.4,21.9, 20.8
38.6 0.03,0.33, 2.85, 13.14, 31.84 15.0,22.3,24.5,24.4,23.7
110 15.0 0.02, 0.08, 0.43, 1.19, 2.19 9.7,11.5,11.3,10.2,9.1
25 38.6 0.02, 0.16, 0.98, 3.25, 6.8 14.8,21.3,23.7,21.6, 19.5
A350 190 15.0 0.03,0.26, 1.51,4.21, 8.2 34.0,50.9, 53.2, 50.3, 45.5
38.6 0.03,0.3,2.12,7.1, 15.03 37.5,55.4,59.1, 59.0, 54.6
530 110 38.6 0.02,0.11,0.59, 1.71, 3.35 24.6,31.0,29.8,26.1,23.2
120 38.6 0.03,0.28,1.73,4.91,9.94 | 74.7,105.2,112.3, 106.8, 98.5
13 110 38.6 0.02, 0.09, 0.46, 1.25,2.37 31.3,37.5,35.8,31.6,28.2
120 38.6 0.03,0.26, 1.52,4.14,8.17 | 107.0, 149.6, 159.9, 151.3, 138.1
)35 110 38.6 0.01, 0.08, 0.4, 1.04, 1.92 37.3,43.8,41.9, 36.9, 32.7
120 38.6 0.03,0.25, 1.45,3.75,7.41 | 136.7, 189.0, 200.5, 189.8, 174.0
110 3.7 0.01,0.25, 1.13 5.0,9.5,6.9
225 9.5 0.01, 0.44, 2.97 59,125,115
190 3.7 0.01, 0.66, 3.86 13.3,25.8,23.2
9.5 0.01,0.72,5.71 14.0, 27.0, 24.9
A300 | 230 110 9.5 0.01,0.3, 1.55 8.6,18.1,15.5
120 9.5 0.01, 0.68, 4.19 23.2,44.5,422
33 110 9.5 0.01,0.25,1.2 12.3,24.3,19.2
120 9.5 0.01, 0.66, 3.78 33.6, 64.6, 60.6
235 110 9.5 0.01,0.23, 1.04 15.6,29.8,22.6
120 9.5 0.01, 0.65, 3.46 43.4,81.0,76.7

Table A3: Properties of the initialized contrails. Total ice crystal number Ny and mass Iy after vortex phase as functions of the respective aircraft,
ambient temperature, ambient relative humidity with respect to ice, and initial amount of emitted water vapor according to Tab. 4.1. For the
A350/B777-like aircraft, five values are provided for Ny and Iy, which denote the Nyg-scaling simulations with scaling factors 0.01, 0.1, 1, 10, and
100. For the smaller A320/B737-like aircraft, Ny and Iy values are available for scalings of 0.01, 1, and 100.
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