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Abstract Line-shaped contrails formed behind aircraft can evolve into broadly spread and long-living
cirrus clouds under favorable conditions. These contrail-cirrus contribute significantly to the aviation-induced
radiative forcing. While past modeling studies have examined contrail-cirrus across various atmospheric and
aircraft-type dependent parameters, they have focused on conventional kerosene combustion. In this study, we
investigate how the switch to an alternative propulsion system, such as hydrogen combustion, may alter
contrail-cirrus properties using the large-eddy simulation (LES) model EULAG coupled with the Lagrangian
Cloud Module (LCM), a particle-based microphysics module. Building on prior work that modeled hydrogen
contrails during the vortex phase, we use those results to initialize the subsequent contrail-cirrus evolution. We
explore a wide range of background meteorological conditions, including variations of ambient temperature,
relative humidity with respect to ice, vertical wind shear, and updraft velocity, and assess two aircraft types. Key
contrail properties, such as total ice crystal number and mass, are found to be most sensitive to the initial number
of ice crystals and ambient temperature. We show that reducing the number of initially formed ice crystals
substantially decreases contrail radiative impact. This is primarily due to a shorter contrail-cirrus lifetime,
driven by the earlier onset and more efficient sedimentation of the fewer but larger ice crystals. Moreover, the
relationship between radiative impact and initial ice crystal number is nonlinear, consistent with previous
studies.

Plain Language Summary When aircraft fly through cold and humid air, they can produce contrails
that may evolve into cirrus clouds, so called contrail-cirrus. These contrail-cirrus can persist and spread,
contributing to the climate impact of aviation. While many studies have modeled their behavior, they have
mainly considered contrail-cirrus formed behind aircraft with conventional kerosene engines. This study
examines how the switch to future aircraft powered by alternative fuels could change the characteristics of
contrail-cirrus. Using earlier simulations of hydrogen contrails during the vortex phase as starting conditions,
we simulate the evolution of contrail-cirrus. A range of atmospheric conditions and two different aircraft types
are considered. Our results show that the initial number of ice crystals and the ambient temperature play a key
role in how contrail-cirrus evolve. Fewer initial ice crystals, which may be expected from hydrogen combustion,
lead to shorter-lived contrail-cirrus with lower radiative impact. This is mainly because fewer but larger ice
crystals fall out of the atmosphere more quickly. We also find that the effect of initial ice crystal number on the
radiative impact is not linear, which agrees with findings from earlier research.

1. Introduction

In addition to the climate impact of CO, and NO, emissions, contrails formed behind aircraft can evolve into
persistent cirrus clouds under ice supersaturated conditions (Schumann, 2005). These clouds constitute a sig-
nificant contributor to aviation-induced radiative forcing, accounting for about 57 % of the total net radiative
forcing from aviation (Lee et al., 2021). The net radiative impact of contrail-cirrus, reflecting the balance between
shortwave cooling and longwave warming, results in a warming of the atmosphere (Burkhardt & Kircher, 2011;
Lee et al., 2021). Climate model studies have demonstrated a substantial reduction in the radiative forcing of
contrail-cirrus when the number of nucleated ice crystals is decreased (Bier & Burkhardt, 2022; Burkhardt
et al., 2018; Rubin-Zuzic et al., 2025).

Over the past years, there has been a major interest in exploring the feasibility of sustainable aviation fuels (SAFs)
and hydrogen (H,) as alternatives to conventional fossil fuels. Recent measurement campaigns investigating
emissions from SAF-powered aircraft have provided valuable insights into the potential to reduce contrail ice
crystal numbers. The ECLIF campaigns investigated emissions and contrail formation from aircraft powered by
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SAF blends (Briuer et al., 2021; Dischl et al., 2024; Markl et al., 2024; Voigt et al., 2021). Because SAF contains
fewer aromatic compounds than conventional Jet A-1, combustion produces fewer soot particles (Moore
et al., 2017). By probing the exhaust of an Airbus A350-941 aircraft powered by 100% SAF, Mirkl et al. (2024)
measured a 35% reduction in emitted soot particle number and a 56% decrease in contrail ice crystal number.
Moreover, only recently in-flight measurements of contrails produced by H, combustion have been conducted
within the Blue Condor project (Airbus, 2023). Ice crystal loss during the vortex phase (Kleine et al., 2018;
Lewellen, 2014; Unterstrasser, 2014) implies that a reduction in nucleated ice crystals results in a smaller decrease
in the number of ice crystals that survive the vortex phase and persist into the dispersion phase (Bier & Bur-
khardt, 2022; Unterstrasser, 2016).

H, combustion and H, fuel cells are considered clean propulsion technologies, as they produce neither CO, nor
soot emissions (Soleymani et al., 2024). H, exhibits a specific energy approximately 2.8 times higher than that of
conventional kerosene and a water vapor emission index larger by a factor of 7.1. Consequently, the energy-
specific emission index of water vapor increases by a factor of around 2.6. As a result, H, exhaust plumes
reach higher supersaturation levels, and contrails can form at ambient temperatures up to about 10K higher than
for kerosene combustion (Bier et al., 2024; Schumann, 1996).

Heat exchange systems in fuel-cell driven aircraft can decrease the exhaust temperature through heat recupera-
tion. Hence, H, fuel-cell propulsion can produce a cooler, more humid exhaust than combustion engines. Under
these conditions, the plume can reach supersaturations of up to 2,000 %, where homogeneous droplet nucleation
becomes possible (Wolk & Strey, 2001), potentially generating large numbers of ice crystals. Because in-flight
data are lacking, the relevance of this process in H, fuel-cell plumes is still uncertain.

In the absence of soot particles as ice-nucleating sites, other particle types become increasingly relevant for
contrail ice crystal formation (Kércher et al., 2015). In SAF- or H,-combustion plumes, ultrafine volatile particles
may form through nucleation of condensable vapors, such as water vapor and nitric acid, on charged molecular
clusters (chemi-ions). These particles are only a few nanometers in size, and they can be emitted in large numbers
(~10I7 kg‘l) (Yu & Turco, 1997). In conventional soot-rich exhaust (soot emission index EI, > 10'“kg™"), the
Kelvin effect suppresses their activation, as ice nucleation preferentially occurs on the larger soot particles. In
contrast, under soot-poor (EIs <108 kg_l) or soot-free conditions, such as those in SAF- or H,-combustion
exhaust, volatile particles can become activated when the plume temperature is well below the Schmidt—
Appleman threshold and plume supersaturation is high (Kércher et al., 2015). In such cases, they may
contribute to ice crystal formation, potentially reaching crystal numbers comparable to those in soot-rich regimes
(Kédrcher & Yu, 2009). Furthermore, lubrication oil particles, as another type of volatile particles, have been
demonstrated to act as condensation nuclei in the contrail formation process (Ponsonby et al., 2024). Under soot-
poor but oil-rich conditions, oil particles may dominate ice crystal nucleation despite their small size and low
hygroscopicity compared to ambient aerosols or soot particles, depending also on engine design (Zink
et al., 2025).

In addition to emitted particles, entrained ambient aerosols can influence SAF- and H,-contrail formation. Bier
et al. (2024) modeled an H,-combustion scenario with ice crystals nucleating exclusively on background aerosols.
They conducted sensitivity studies on ambient aerosol number concentration, dry radius, and hygroscopicity.
Even with the higher supersaturations present in H,-exhaust plumes, the resulting ice crystal number concen-
trations are on the order of 10'° to 10'! m~! for typical ambient aerosol conditions, which corresponds to an 80—
90 % reduction compared with kerosene plumes.

Overall, several modeling studies, for example, Burkhardt et al. (2018), Bier et al. (2024), or Rubin-Zuzic
et al. (2025), as well as the ECLIF measurement campaigns, demonstrate that reducing the number of emitted
particles makes alternative fuel types a promising strategy to mitigate the climate impact of contrail-cirrus.
However, the contribution of volatile particles and the potential for homogeneous droplet nucleation under high
supersaturation in the context of H, propulsion are not yet understood. Hence, we academically explored a wide
range of the initially nucleated ice particle number in a previous study that investigated contrail evolution during
the vortex phase; the phase in which contrail ice crystals interact with the aircraft's wake vortex system, which
lasts a few minutes (Lottermoser & Unterstrasser, 2025). Building upon this prior work, the current study focuses
on the further evolution of these young, few-minute-old contrails into aged contrail-cirrus.
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Section 2 introduces the model that is used to simulate contrail-cirrus evolution and describes the simulation
setup. In Section 3, we examine the impact of various ambient and aircraft-type related parameters on contrail
properties. Section 4 presents a comparison of our results with those from other models. The implications of our
findings are discussed in Section 5, followed by the conclusions in Section 6.

2. Method

We use the large-eddy simulation (LES) code EULAG-LCM to perform simulations of contrail-cirrus that form
behind SAF- or H,-powered aircraft. The EULAG model is a numerical solver designed for computational fluid
dynamics simulations. The Lagrangian Cloud Module (LCM) is coupled to EULAG. LCM includes a Lagrangian
particle-tracking method (Solch & Kércher, 2010; Unterstrasser & Solch, 2014), where ice crystals are repre-
sented by simulation particles (SIPs), each corresponding to a defined number of ice crystals with identical
properties. LCM comprises several microphysical routines, such as the growth of ice crystals due to the deposition
of water vapor, latent heat release, or gravitational sedimentation. In this study, we deactivate aggregation and
radiation, which is further discussed in Section 5. We assume hexagonal columns for the ice crystal habit. The
coupled model version EULAG-LCM has widely been used in previous studies focusing on the contrail evolution
during the vortex phase (e.g., Unterstrasser, 2016) and the transition into contrail-cirrus (e.g., Unterstrasser,
Gierens, Solch, & Lainer, 2017; Unterstrasser, Gierens, Solch, & Wirth, 2017).

Section 2.1 describes the simulation setup. It provides a summary of the vortex phase simulations on which the
present study builds (Section 2.1.1) and introduces the simulation parameters used (Section 2.1.2). Section 2.2
defines the quantities analyzed in this study.

2.1. Simulation Setup

In the present study, we apply EULAG-LCM in two dimensions, with x representing the horizontal and z rep-
resenting the vertical coordinate, that is, 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, 2020; Unterstrasser, Gierens, Solch, & Lainer, 2017; Unterstrasser, Gierens, Solch, &
Wirth, 2017). 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 81.92 km 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 10 m in both
horizontal and vertical direction. The simulated time period is 8 hr, with a time step ranging from 0.6 to 2 s,
depending on the specific setup.

2.1.1. 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 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 Unter-
strasser (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 H,-powered aircraft. We modeled the initial minutes of their life cycle, 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 Table A1 in LU25VP 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 H,-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, N, up and down by factors of 10
and 100, resulting in a range of 10'" to 10'* ice crystals per meter. The Nyy-downscaling scenarios simulate a
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Table 1
Ice Crystal Parameters Used as Input for the Vortex Phase Simulations
Presented in Lottermoser and Unterstrasser (2025)¢

A320/B737 A350/B777

Noo/([10'°,10'",10'2,10%3,10'*]/m™") 0.85 3.38
Ioo/(1073 kg m™1) [3.7,9.5] [15.0, 38.6]

“Noo and Iy represent the initial ice crystal number and initial water vapor
emission, respectively (prior to ice crystal loss during the vortex phase).
The Ngy ~ 10> m~! case is the default. High-N, and low-Ny cases refer to
the Nyy-upscaling (Noo =108 rn_l) and Nyy-downscaling (Noo s 101 m‘l)
scenarios, respectively. In the second row, the numbers in brackets correspond
t0 Too kero and I g, TESPECtively.

potential SAF- or H,-combustion setup, where fewer ice crystals form due to
the reduction or absence of soot particle emissions, respectively (Bier
etal., 2024; Voigt et al., 2021). The lower bound of 10'° ice crystals per meter
is informed by simulation results of Bier et al. (2024) (see Section 1).
Conversely, the Nyy-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 H,-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 10'7 kg~
Moreover, homogeneous droplet nucleation in fuel cell exhausts could

similarly generate a high ice crystal number, justifying the upper limit of Ny
in our simulations.

The increase in water vapor emission, Iy, 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 (see Section 1). Iy,
of the kerosene and hydrogen scenarios are denoted by Iy kero and Igg p,, respectively. The ice crystal properties
used as input for the vortex phase simulations are listed in Table 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 (Dischl
et al., 2024; Teoh et al., 2022). However, our results presented in Section 3 indicate that contrail properties are
only weakly sensitive to /. Therefore, simulations using /oo and the proposed range of Ny, values can be
likewise interpreted as SAF scenarios, whereas simulations with Iy y, exclusively represent H, propulsion
setups. Although I, and N, are not independent variables, as the number of initially formed ice crystals can
depend on the water vapor emission, we prefer to vary Iy, and Ny, independently from each other within the
chosen parameter range. This allows us to disentangle the effects that variations of Iy, and Ny, 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 Ny, and /, 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, refer-
ences 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
and 235 K, with 217 K as the default value based on cruise temperature statistics (e.g., Kdrcher 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 hu-
midity 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.,
Figure 1 in Unterstrasser (2014)). We then define the survival fraction as the final number of ice crystals surviving
the vortex phase N, divided by the initial ice crystal number Ny.

The main findings in LU25VP are the following:

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

2. Simulations with oy = Ipoy, show higher survival fractions compared to the default Jogyero 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 tempera-
tures for all Ny, 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.
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Figure 1. Vertical profile of relative humidity with respect to ice (panel a). The black box frames the initial position of the
contrail. Evolution of relative humidity with respect to ice at z = 2 km for different updraught speeds w,,, (panel b). The
black lines mark the end points of the uplifting process.

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 A1 presents the final total number N and mass /,, of the contrails after the vortex phase
that are used as input for the present contrail-cirrus study.

2.1.2. 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 laillustrates 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 & 23 km 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 Figure 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.

Figure 1a also displays the initially prescribed vertical profile of ambient relative humidity with respect to ice,
RH; ,mp, Which we set to either 110 % or 120 % within the ice supersaturated layer (ISSL). We denote this initial
value as RH}, - The ISSL has an initial thickness digg; o of roughly 1,100 m (RH;, ;, o = 110%) or 1,180 m
(RH b0 = 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;,
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, ,;, 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 Section 2 of Unterstrasser and Gierens (2010b)). We consider
three different updraught scenarios with updraught velocities wy, = 1,2, or 5 cm s™! (referred to as low, medium,
high). Previous contrail-cirrus simulations have demonstrated that this parameter influences the contrail evolution
(Lewellen, 2014; Unterstrasser, 2020; Unterstrasser, Gierens, Solch, & Wirth, 2017). To achieve a final adiabatic
cooling AT, of 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 Figure 1b.
The uplift velocities of 1, 2, and 5 cm s~ yield uplift durations of 20000, 10000, and 4000 s, which are denoted by
the vertical black lines. The cooling by 2 K causes RH} , to reach final values of 143% in the case of
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Table 2 RH 0 = 110% and 156% for RH} ., o = 120%. Hence, the thickness of the
Numerical and Atmospheric Parameters Used in Our Simulations® ISSL increases to digspfina = 1,350 m (RHj, o = 110%) or
Numerical parameters 1,410 m (RH i*,amb,() = 120%).
L,, L,/m 40960 (81920), 2500 For an ambient supersaturation above a critical threshold, natural cirrus can
dx, dz/m 10, 10 form via heterogeneous and/or homogeneous nucleation (Cziczo et al., 2013;
fm/hr 8 Gierens, 2003; Koop et al., 2000). We deliberately deactivate both nucleation
dtls 06.1.1.25.2 pathways and therefore suppress the formation of natural cirrus at later
contrail stages. Hence, we focus on simulating contrails evolving into aircraft-
Atmospheric parameters induced contrail-cirrus in an otherwise cloud-free atmosphere. A discussion
Npy/s~! 0.01 of this assumption is deferred to Section 5.
RH 1o/ % 110, 120 We vary the ambient temperature at flight altitude: Tc, = 217,225,230,233,
Tcal/K 217*, 225, 230, 233, 235 and 235 K. Throughout the text, Tc5 represents the initial temperature at
AT /K 2 cruise altitude. The vertical temperature profiles are characteristic of a stably
disso(110%), disst rna (110%)/m 1100, 1350 stratified atmosphere, with a Brunt-Viisild frequency Ngy of 0.01 s71, a
typical value of the upper troposphere. Background turbulent velocity fields
dissi,0(120%), dissL final (120%)/m 1180, 1410 . . . .
were derived from a-priori simulations with a root mean square value of
waplems”! %25 approximately 0.12 ms~! (Unterstrasser, 2020; Unterstrasser, Gierens, S6lch,
sts”! 0.002*, 0.006 & Lainer, 2017). Furthermore, we prescribe vertical wind shear, s = 3—‘;,

L., 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; f,: total simulated time; dz: time
step; Ngy: Brunt-Viisild frequency; RH}, ., o: initial ice relative humidity in
the supersaturated layer; Tc,: initial ambient temperature at flight level; AT

which is defined as the vertical gradient of the horizontal wind field. For

simulations with Wyp = 1,2, and 5cms™!

of s = 0.002s~!. We additionally consider a higher shear value of 0.006 s~

for simulations with w,, = lcm sl

, we apply a moderate shear value

final adiabatic cooling; dissy, 0, dissL final (X %): thickness of the ice

supersaturated layer at the beginning and end of the simulation (the value in
brackets specifies RH;, 1 o); Wyp: updraught speed; s: vertical wind shear.
Values marked with an asterisk indicate the baseline values.

Table 2 provides a summary of the setup parameters. Based on the 100 vortex
phase simulations, we conducted 1,600 contrail-cirrus simulations, covering
four meteorological scenarios (three w,, 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 w,, and s.
This appears reasonable as the encountered ambient temperature depends, apart from the prevailing meteoro-
logical conditions, even more strongly on the flight altitude. While the total number of simulations amounts to
1,600, 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.

2.2. Quantities of Interest
This section introduces the key quantities used throughout the study.

The total ice crystal number N, (in units m™!) is defined as the 2D spatial integral of the ice crystal concentration
N (in units m™)

Ntot(t)=f/N(X,Z,t)dXdZ, (1)

and, analogously, the total ice mass M, (in units kg m™!) is the 2D spatial integral of the ice water concentration
IWC (in units kg m™~3)

Mo (1) = / f IWC(x,z,1) dx dz, ()

where IWC is the first moment of the lognormal mass distribution prescribed in our model (e.g., Unter-
strasser, 2014). The normalized number of ice crystals fy(¢) is defined as the number of ice crystals Ny, (7) divided
by the initial ice crystal number of the dispersion phase Ny = N (t = 0). Analogously, the normalized number
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of sublimated ice crystals fy s (?) is the number of sublimated ice crystals divided by N,. This quantity can be
further subdivided into fy sup1in sica (), T€presenting losses due to in situ sublimation, and fy .qi(#), representing
sedimentation losses.

The vertical profiles of contrail ice crystal number N, and ice mass M, are
N,(z.1) = fN(x,z, 1) dx 3)
and
M,(z,1) = f IWC(x,z,1) dx. 4)

Vertical profiles of fy and fy s are denoted by fy, and fyy 1> 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 & Kircher, 2010). We calculate the effective crystal diameter d;
according to Yang et al. (2000), where the summed particle volume V,,, and summed particle projected area A,
are used:

§ Viot
2 At

. ©)

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.s is a measure of an ice crystal population and is employed in
radiative transfer calculations or in remote sensing applications (McFarquhar & Heymsfield, 1998; Schumann
et al., 2011).

An important quantity in the context of the contrail's radiative properties is the optical thickness z, which is the
vertically integrated extinction coefficient y:

(x,1) = / x(x,z,1)dz. (6)

The extinction coefficient is calculated as the projected area of all ice crystals in each grid box multiplied by the
extinction efficiency, Q.. In this study, we apply a constant value of Q.,, = 2. This choice is strictly valid only in
the geometric optics limit, that is, when the size parameter is much larger than one (typically > 20 to 30) (Hansen
& Travis, 1974). In this regime, where ice crystal sizes are much larger than the wavelength (e.g., 2 to 4 pm for
visible wavelengths), Q.,, approaches 2. For smaller crystals, such as in our Nyy-upscaling case, where the size
parameter is closer to unity, Mie scattering occurs and Q. 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. value in our evaluation has the advantage that y and d ¢ 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,,(#) is computed as the average of z(x, ), excluding columns where z(x,7) < 0.005.
Also, we define the contrail's optical width 7y, which is written as

frr(aat) = f (xzi)de ™)

Further, the total extinction E reads as

E@) = f f 2.z drdz = f o(x, 1) dx. (8)
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Figure 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 N,: The middle row represents the reference Ny case, while
the upper and lower rows correspond to the factor-of-100 Nyy-downscaling and Ny-upscaling simulations, respectively. The background relative humidity profile is
displayed as a gray curve in each panel. Note that only a fraction of the simulation domain is depicted.

The time-integrated total extinction £ is
R lim
E=f E(r)ds, ©)
0

which represents the cumulative effect of total extinction over the simulation period up to #;,,, capturing the
overall radiative impact of the contrail.

3. Results

This section presents example contrail-cirrus simulations as an introductory part (Section 3.1) before progressing
to the parameter study of contrail-cirrus properties (Section 3.2). With a focus on the N-sensitivity, Section 3.1
illustrates the fundamental physical processes during contrail-cirrus evolution, including cross-sectional area
evolution (Section 3.1.1), ice crystal loss processes (Section 3.1.2), and the temporal evolution of integrated
contrail properties (Section 3.1.3). Section 3.2 analyzes how specific parameter variations influence the contrail-
cirrus evolution (Section 3.2.1), examines a scaling relation between E and Ny (Section 3.2.2), investigates the
response of £ to Ny in terms of #;,, and Tc, (Section 3.2.3), and evaluates the sensitivity of £ to Ny across all
parameter variations (Section 3.2.4).

3.1. 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 38.6 gm™!,
representing H, propulsion (see Table 1). We set the ambient conditions to the baseline values described in
Table 2. Based on Figures 2-5, we explain important processes involved in contrail-cirrus evolution that have
been explored in previous studies (Lewellen, 2014; Lewellen et al., 2014; Unterstrasser & Gierens, 2010a, 2010b;
Unterstrasser, Gierens, Solch, & Lainer, 2017). Expanding upon these findings, our study investigates the impact
of the initial ice crystal number varied over a broad range.
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Figure 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). At¢ = 0 h, 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 Figure 2. The shown results correspond to the baseline simulation setup (see Table 2).

3.1.1. Low- and High-N, Contrails: Implications on the Cross-Sectional Areas

Figure 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
Figure 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 3 shows large ice crystals with diameters up to 100 pm 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).
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Figure 4. Temporal evolution of normalized number of ice crystals (solid black) and sublimated ice crystals (dashed black), where the latter is further subdivided into in
situ sublimation (orange) and sedimentation (blue). The columns represent the five Nyg-scaling cases of the baseline simulation setup (see Table 2). The percentage
values in the orange (blue) boxes indicate the final fraction of ice crystals lost due to in situ sublimation (sedimentation).

The evolution of contrail-cirrus differs significantly across the Ny, scaling simulations. Comparing the first and
third rows in Figure 2, a well-developed fallstreak emerges within 1.5 hrin the Nog ~ 10'®m~! scenario, whereas
the Nyy ~ 10" m™! contrail retains a distinct core with relatively weak crystal settling. The low-Ny, contrail
dissipates after just 3—4 hr. These observations are attributed to the varying crystal sizes between both scenarios,
as further examined in the following section.

3.1.2. Low- and High-N,, Contrails: Sedimentation Versus In Situ Sublimation

Two primary mechanisms are responsible for the loss of ice crystals during contrail-cirrus evolution (Unter-
strasser, Gierens, Solch, & Lainer, 2017): 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 < 700-800 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-Ny
contrails (10-20 pm) and smaller in high-Ny, contrails (3—4 pm, see dotted lines in Figure 3, first panel in the

Mot / kgm™1
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[ e | = |
N |
Niot / m™1
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Figure 5. Temporal evolution of the total ice mass (a), total ice crystal number (b), mean optical thickness (c), and total
extinction (d) of the baseline simulation setup. The vertical black lines indicate the time point where the updraught motion
stops. Colors indicate the Ny, scaling.
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second row), influencing their sedimentation behavior. The fallstreaks become increasingly populated over time
across all Ny, scenarios, redistributing ice mass toward lower altitudes (Figure 3, second row). However, in
low-N cases, the sedimentation flux of ice crystal number and mass becomes substantial within the first 1-2 hr,
leading to a fast dehydration of the contrail core. Considering the normalized number of sublimated ice crystals,
Jvsupl> 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 sedi-
mentation losses in the fallstreaks. Apparently, the order of the colors representing the N, parameter is reversed
in the two peaks: In low-N contrails, the ice crystals predominantly get lost by sedimentation processes, whereas
the major part of ice crystals sublimate at higher altitudes in high-N,, contrails.

To further support this finding, Figure 4 depicts the normalized number of ice crystals (solid black) and the
normalized number of sublimated ice crystals (dashed black) for the different Nyy-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-Ny, cases, where ice crystals are on average smaller (Figure 8),
is primarily driven by in situ sublimation (276%), which is in turn absent or minimal in the low-N, cases ($3%).
Notably, when going from Nyy ~ 10'2m™! to Nyy ~ 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 Figure 8 (T, = 217 K), showing that the size spectrum shifts toward larger crystal
sizes over time across all N 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 Ny, 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 Figure 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-N, counterparts. The initial onset of sedimentation is 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 Tc, = 235K, which was also found by
Lewellen et al. (2014).

These findings have strong implications on the temporal evolution of optical width ., shown in the fourth row in
Figure 3. Evident in all scaling simulations, 7y, of the fallstreaks increases over time due to the increasing number
and mass of ice crystals there, whereas in the core region 7y, 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-Ny 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 1-3 hr. 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 7y,
observed in the high-Ny scenarios are expected. In these scenarios, the peak optical width continues to increase as
long as the updraught motion persists.

3.1.3. Low- and High-N,, 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 Figure 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 5.5 hr), 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 Ny, >10'>m™!, a noticeable
flattening of ice mass and total extinction occurs earlier in the Nyy ~ 101 m~! and Ny ~ 10'°m~! scenarios
already after 2 and 1 hr, respectively, due to the rapid sedimentation of ice crystals in these cases. The sensitivity
of Ny to Ny is asymmetrical, as also found by Lewellen et al. (2014): For Nyy > 10'> m~!, the initial difference of
a factor of 11 diminishes to a factor of 3 over time, whereas for Ny, < 10> m~!, the difference in N, increases.
Note that the initial factor of 10* difference (Vo) diminishes to 10% (N,), highlighting the importance of ac-
counting for vortex phase losses as outlined in LU25VP. Within the first 30 min, 7, drops due to contrail
broadening (the relative change of contrail width is largest for the initially narrow contrails). After this initial
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drop, the ice crystal growth can overcompensate the ongoing shear-induced spreading, leading to an increase of
7, as observed for cases with Nog > 10'2m~!. The peaks of M,,, and E roughly coincide in time. In contrast, z,,
stays constant or monotonically decreases for low-N, 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 N 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 contributions of in
situ sublimation and sedimentation loss across the Nyy-scaling scenarios. For example, the rapid and intense
sedimentation loss in the extreme low-Ny case (e.g., leftmost panel in Figure 4 or dark blue curves in Figure 5)
leads to contrail dissipation within 3—4 hr. This already suggests a great potential of reducing the initial ice crystal
number for the purpose of reducing the contrail-cirrus radiative impact.

3.2. Parameter Study of Contrail-Cirrus Properties

This section aims to answer the question of how the relative differences between the N, scenarios qualitatively
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.

3.2.1. Impact of Parameter Variations on Contrail-Cirrus Properties

Figures 6 and 7 show sample cross-sections, with each column representing a specific parameter variation around
a baseline state as described in Section 2.1. The contrail-cirrus properties shown in Figure 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 w,, 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.

First, we examine variations in aircraft- and fuel-related parameters. A variation in the initial water vapor mass,
shown in Figure 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 Section 3.4 of LU25VP.
Thus, the slight differences in the evolution of “Iy y,”- and “Iyg ker, - cOntrails stem from differences in N, rather
than /. 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 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 pro-
nounced in the A320 case compared to the A350 case (LU25VP), the A320 aircraft has a smaller Ny, value
(roughly one fourth, see Table 1), which leads to a smaller N, value, and, therefore, to smaller peak values of ice
mass, crystal number, and extinction.

Second, we analyze variations of ambient conditions, as shown in Figure 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 & Gierens, 2010b; Unterstrasser,
Gierens, Solch, & Wirth, 2017). Consistent with this, we observe a <10 min earlier onset of sedimentation-
induced ice crystal loss in the high-updraught cases across all parameter variations. Although initially unex-
pected, ice crystal loss due to in situ sublimation ultimately dominates in high-updraught scenarios. This is
explained by the short uplift period of around 1 hr: 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 hr, yet at a lower rate. This leads to a larger fraction of ice crystals 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—
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Figure 6. Temporal evolution of total ice mass, total ice crystal number, total extinction, and mean optical thickness
depending on the Ny scaling, denoted by the colors. Baseline state: A350 aircraft with water vapor emissions characteristic
of H, propulsion at RH}, ., 0 = 120 % and Tcy = 225 K, with a meteorological scenario of w,, = 1cm sTlands = 0.002s7!.

Column a: Iy, = 38.6 gm™" (solid) and 15.0 gm~" (dashed); Column b: A350 aircraft (solid) and A320 aircraft (dashed). In the
column heading, “AC” stands for “aircraft.”

exceeding 100% in the Ny-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 RH,, , value across all Ny 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 Ny, (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.
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Figure 7. Temporal evolution of total ice mass, total ice crystal number, total extinction, and mean optical thickness depending on the Ny scaling, denoted by the colors.
Baseline state: A350 aircraft with water vapor emissions characteristic of H, propulsion, under baseline ambient conditions listed in Table 2. Column a: w,, = 1cm 57!
(solid), 2 cms™! (dashed), and 5 cms™! (dotted); Column b: s = 0.002s~! (solid) and 0.006 s~! (dashed); Column c: RH 0 = 110 % (dashed) and 120 % (solid);

Column d: Tc, = 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.

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 Figure 8, each row corresponds
to a different ambient temperature, revealing a clear trend of increasing crystal size with increasing temperature.
Also, simulations at higher T-, 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" toNyy ~ 109 m~') higher in the 235 K case compared to the 217 K scenario. The more pronounced
differences in low-Ny contrails are further examined in Section 3.2.2. 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 Figure 9. While the increase in d.;; remains moderate at lower temperatures, it becomes
more pronounced at higher temperatures, reaching values >100 pm in low-Ny, contrails.

In assessing the influence of the parameters Ny, Iy, aircraft type, RH}, . 0> Tca, Wup» and s on peak mass,
extinction, and contrail-cirrus lifetime, we find that, besides Ny, 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.

3.2.2. 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
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Figure 8. Temporal evolution of size spectra of ice crystal number for three ambient temperatures (rows). All other ambient conditions correspond to the baseline values
(see Table 2). Time points are chosen as in Figure 3. The vertical lines indicate the mean values of the size distributions.

E®) _( No )
Eref(l) B <N0,ref ’ (10)

where N, was varied across two orders of magnitude. For the first 3 hours of contrail evolution, they found a 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 ¢ and f are the exponents of empirical power law functions for area-size and mass-
size relations, namely A ~ D’ and m ~ D? (Heymsfield et al., 2002; Mitchell, 1996). They depend on the ice
crystal habit and size; in the simplest case, c = 2 and # = 3 for spherical ice crystals. For crystals with non-unity

217 K 225K 230 K 233K 235K
100
AN
E 75 = L
= 50 -
[
ke
£5
0
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Figure 9. Evolution of effective diameter at five different values of ambient temperature. All other ambient conditions correspond to the baseline values (see Table 2).
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aspect ratios, both ¢ and f are smaller (see Solch & Kircher, 2010, and references therein). Assuming a delta-
function size distribution where all crystals have the same mass and size, the relation @ = 1 — 6/f holds (see
Appendix B). For spherical ice crystals, this yields @ = 0.33, while for hexagonal columns smaller than 100 pm,
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 a around 0.3 by evaluating Equation 10, which yields initial exponents a(t = t;)
consistently lying between 0.1 and 0.4, regardless of whether Ny, or N, is used (not shown).

a(t) decreases across all Ny scaling cases during the first hour of evolution. This indicates that E(¢) 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 > 230 K), a(?) even becomes negative in the factor-of-100 Ny-
upscaling cases during the first 1-2 hr, due to an initially lower number of vortex phase-surviving ice crystals.
Eventually, for all cases, a(r) diverges at later times as either E(¢) or E,¢(r) approaches zero. Comparing the use of
Ny and N, in the above formula, both definitions yield qualitatively similar behavior. However, the spread in
initial @ values around 0.3 is reduced when N, is used, since the range spanned by the scaling factors (i.e., 0.01,
0.1, 10, and 100) is somewhat compressed relative to those of Nyy. As an example, the scaling factors change to
0.015,0.14,3.55, and 7.5 in the case of an A350 aircraftat Tcp = 217K, RH}, .o = 120 %,and [y = 15¢g m!

3.2.3. Response of i to Nyy: Contrail-Lifetime Considerations

To assess contrail significance in our study, we use the time-integrated total extinction £, which is given in
Equation 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 dynami-
cally driven contrail dissipation (Bier et al., 2017; Hofer & Gierens, 2025). To approximate scenarios where
synoptic-scale processes lead to faster contrail dissipation, we integrate contrail properties up to specified time
limits #;;,,, which are smaller than the total simulated time of 8 hr.

As we are interested in a relative change of contrail extinction with Ny, Figure 10a displays ENm =k (Noo)/ E(N 00.ref)
as a function of Ny, where color-coded E(fy,,) values connect vertical lines. As expected from Figures 5-7, we find an
increase (decrease) in ENm with increasing (decreasing) N¢,. 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-Ny, 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 Section 3.2), 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 Figures 6 and 7). Additionally, the growth in ice mass is less steep due to smaller mean crystal
sizes compared to the Ny -reference case (Figure 8), resulting in a similar increase in early extinction E(z < 2 h) 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 ENm
value is reduced to only ~ 10 % of the reference value. Overall, we observe a greater impact of RH} o on ENm in the
upscaling than in the downscaling cases, particularly for long integration times.

Investigating the influence of ambient temperature on each Ny-scaling scenario separately, panel (b) reveals that
ambient temperature plays the most significant role for short-living contrail-cirrus. Under warm conditions, that
is, Tca > 225 K, the ice mass gain is most pronounced in the first few hours of the contrail-cirrus lifecycle. Due to
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Figure 10. Normalized time-integrated total extinction ENnn (panel a) and ETC . (panel b), that is, E normalized either by
E(Ngy = Noo ref) OF E(Tcs =217 K). The data points represent averages over the updraught scenarios. The displayed
simulations are for an A350 aircraft with /oy = Iy, and s = 0.002 sl

enhanced ice crystal loss because of stronger and earlier-occurring sedimentation at higher temperatures (Sec-
tion 3.1), ETCA gradually converges toward the 217 K reference, ETCA = 1, at longer integration times. In the
110 % scenarios, when T, exceeds 217 K, ETC . drops below one after 6-8 hr. Although having considerably
larger peak extinction values compared to the 217 K reference (e.g., at 235 K and Nyy ~ 10" m™~! the peak is
roughly a factor of seven higher), high-7, contrail-cirrus dissipate quickly, leading to a relatively lower lifetime-
integrated total extinction. Examining the temporal evolutions of total extinction, peak total extinctions increase
more strongly with higher T, 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 Ny, simulations (circles deviate stronger than triangles from the reference). Addi-

1

tionally, the spread in high-temperature cases is particularly large in the Noy ~ 10" m~! scenario but becomes

smaller in the Ny ~ 10'°m™! case, where the very low number of ice crystals cannot be compensated by

LOTTERMOSER AND UNTERSTRASSER 17 of 28

a ‘T '9202 '966869TC

wouy

10D pue S | 8y} 835 *[9202/T0/6T] U0 A1 8UIjUO AB|IM * UBLBS ZJOYWPH "Q Ul MUed Wy "N-1nT "5 WNIWZ Ydsiq - BSOoueNo ™ aLewsuu Y Ag 09rr0arse0z/620T OT/10p/uwod’ M| im

fojm A

35UB017 SLOLILOD 91D 3|gea ! [dde a3 Ag pauenob ale saoie O ‘8sn Jo sani 1oy Ariqi] auljuQ 8|1 uo



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20251D044604

(b) (c)

100

E} éref

loo
=== loo,H,

1071

IOO,kero

100

E/éref

107!

102 107! 10° 10' 102 1072 107! 10° 10 10?2 1072 107! 10° 10! 107
Noo / Noo,ref Noo / Noo,ref Noo / Noo,ref

Figure 11. Normalized time-integrated total extinction as a function of the normalized initial number of ice crystals. Gray
lines depict one-to-one lines. (a) Average values over aircraft type, Iog, Tcas RH; 05 Wup> and s for time integration limits of
2,4, and 8 hr. For t;;,, = 8h, the dashed line connecting smaller symbols indicates that No/ N ¢ 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 /.

(d) Sensitivity to Tc,. (e) Sensitivity to RH, ., o- (f) Sensitivity to wy, and s (the dashed lines of w,, = lcm s~ and

up
s = 0.002s! are idential). Note that only #;,, = 2hand #;, = 8h curves are displayed in panels (b) to () 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.

temperature-induced crystal growth. This finding is independent of relative humidity. Overall, the trend of the
ETCA(tnm = 8h) values (blue) remains approximately constant (at 120%) or even decreases (at 110%) with
increasing temperature T, > 230K, except the factor-of-100 Nyy-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 Ny-scaling setup.

In summary, raising N barely changes contrail-cirrus extinction during the first 2 hr because the majority of the
ice crystals sublimate in that period (see Figure 4). By contrast, reducing N, leads to a significant effect already
within that phase, as the low-Ny contrails dissipate before the 4 hr mark under conditions of low humidity and
high temperature. At high temperatures (7¢c, > 225 K), contrail-cirrus initially gain ice mass rapidly, leading to
large peak extinction values early (i.e., within 2 hr). However, strong sedimentation causes them to dissipate
quickly, so their integrated extinction approaches or even falls below the 217 K reference after 6-8 hr. We provide
implications of these findings in Section 5.

3.2.4. 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 Figure 11a.
The fitting curves exhibit nonlinear behavior: While upscaling N, by a factor of 100 leads only to a factor of 1.2
in £/ E. for i, = 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-N,, regime, where the contrail-cirrus
dissipates within a few hours (see Section 3.2). As a result, the reduction in E relative to the reference be-
comes more pronounced for longer-living contrail-cirrus, increasing from a factor of 5 to a factor of 20. At the
high-Ny, end, however, the increase in £ compared to the reference is much smaller than in the low-Ny, regime,
with £/ E,; increasing only from a factor of 1.2 to a factor of 2.1. Further, we show E/ E. as a function of
No/ Ny e (accounting for ice crystal number reduction during vortex phase), displayed as dashed line. This curve
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Figure 12. Extinction scaling based on Equation 5 in Lewellen (2014).
Colors as in Figures 3 and 5-9. Symbols indicate ambient temperature,
whereas symbol size represents the aircraft type (small symbols for A320
aircraft). No differentiation is made between different values of 7,

RH 11,0 Wup» @nd 5. The gray 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 hr, respectively (these data points are not shown in the plot). a’ is
defined analogously to its definition in L2014, o’ = 18n % with p as air

viscosity, g as gravitational constant, and p; as ice density.

is closer to the one-to-one line as relatively more ice crystals are present in the
Nyy-downscaling cases compared to the upscaling cases.

Panels (b) to (f) display the average curves for integration times of 2 and 8 hr
(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, N/ Nog rr < 1, contrail extinction
decreases relative to . 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, that is,
higher E/ E,; values, is observed for the Nyy-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 Section 3.2. 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 N, 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.

4. Model Intercomparison

In the following, we compare our EULAG-LCM results with those of a LES
study (Section 4.1) and with results of the Contrail Cirrus Prediction model (CoCiP) and the Global Circulation
Model (GCM) ECHAMS5-CCMod (Section 4.2).

4.1. Comparison to LES Study

One of the most comprehensive study 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 L2014, 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 data set 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 ~ ' Ny Lpay (Equation 5 in L2014). Replacing S with E, Figure 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 N, sensitivity, represented by color. Slight deviations from this linear rela-
tionship occur only in high-N, and low-temperature simulations. Section 5 provides a detailed discussion of this
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Figure 13. Scaling relations as given in Equation 11a-11d. According to L2014, g, = (367:/ piz)m. Colors, symbols, and
symbol sizes as in Figure 12.

finding. Fitting curves to the data are displayed by the orange lines, where the data points only of the #;,, = 8h
scenario are shown.

Furthermore, 1.2014 provides scaling relations for maximum ice mass M,,,,, maximum surface area (in our case
maximum total extinction E,, ), time-integrated surface area (in our case time-integrated total extinction E), and
maximum contrail width x,,,:

Miax ~ €4 Pc Xmax Linax (1 la)
2 1/3

Emax ~ Cbﬂb (NOMmax) (11b)

E ~ Ce Enax tiife (1 1C)

Xmax ~ €d S Linax tiife (11d)

We apply these to our results for cross-validation, as shown in Figure 13. As noted by L2014, the maximum ice
mass is related to the available water vapor in the atmosphere p,, calculated by p g, (RH 0 — 1) initially and

at cruise altitude, multiplied by the contrail-cirrus cross-sectional area X,, L. (panel a). The maximum ice

. . . . 2 (1/3)
crystal surface area or extinction can be estimated using (NO Mmax)

(panel b). The integrated total extinction is
simply the product of the maximum total extinction and the contrail lifetime #;;, (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,¢, = 0.29,¢, = 0.52, and ¢4 = 0.15, which we
compare to the values reported in L2014: ¢, 12014 = 0.08,¢p 10014 = 0.7,¢¢ 12014 = 0.56, and cq1014 = 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-Ny,
scenarios. Differences in ¢, and ¢y 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 x,,,;x 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.
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Figure 14. Mean normalized net radiative forcing, computed using ECHAMS5-CCMod (Bier and Burkhardt (2022) (black),
Mirkl et al. (2024) (gray)), 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 ECHAMS5-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).

4.2. Comparison to CoCiP and GCM Studies

Section 4.1 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 ECHAMS5-CCMod (Bock & Burkhardt, 2016;
Burkhardt & Kircher, 2011). Both models have been used in the past to examine the sensitivity of contrail-cirrus
properties to a variation of ice crystal number (Bier & Burkhardt, 2022; Burkhardt et al., 2018; Rubin-Zuzic
et al., 2025; Teoh et al., 2022). While it is tempting to compare the outcomes of the three modeling ap-
proaches, 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 Table Al). Bier and
Burkhardt (2022) (hereafter, BB2022), Mérkl 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 £ and instantaneous RF for
fixed irradiances, that is, contrail properties change while the radiative scenario is unchanged, such that the
radiative fluxes impinging the contrail layer remain the same (not shown).

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%, as represented by the black circles in Figure 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 ECHAMS-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 ECHAMS-CCMod studies and is shown in gray in Figure 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 Figure 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 Eof95%
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
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Table 3
Comparison of Modeling Approaches Regarding Contrail Properties® and Effect of Soot or Ny, Reduction on Contrail-Cirrus Radiative Properties”*
Ca Cp Ce cq Norm. £ or RF net 90% red. in soot/Nog Norm. E or RF net 99% red. in soot/Nog
EULAG-LCM 0.14 0.29 0.52 0.15 0.41 0.05
Comparison studies 0.08* 0.7* 0.56* 0.25% 0.41°, 0.40° 0.12¢

Lewellen (2014): Fitting coefficients for scaling relations of contrail properties, given in Equations 11a—11d. *Bier and Burkhardt (2022): global average of RF net over
5 years. “Rubin-Zuzic et al. (2025): average of RF net across the European region for the year 2019.

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 parameterization
of Unterstrasser (2016). Consequently, Figure 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.

Opverall, 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 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 £ 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 £ by only a factor of 20.

5. 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 excep-
tionally significant after few hours when the low-N, 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 temperature 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 (Figure 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
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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, Gierens, Solch,
and Wirth (2017) 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 Nyy-downscaling
simulations. Additionally, in order to maintain clarity and isolate the effects of H, 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 (Lewellen et al., 2014;
Unterstrasser & Gierens, 2010b). 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 & 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
3 hr, where most of the sublimation in the Nyy-upscaling scenarios happen (Figure 4). In contrast, the low-Ny
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-Ny 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 Figure 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 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-N¢ 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 Figure 3). However, as aggregation effects scale with
the square of ice crystal number concentration (Gierens, 2012; Unterstrasser, Hoffmann, & Lerch, 2017), 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-Ny, contrails. Additionally, the narrow size distribution
of ice crystals in the fallstreaks (Figure 11 in Unterstrasser, Gierens, Solch, and Lainer (2017)) 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 1,100 or 1,180 m depending on the prescribed humidity value at flight altitude. The flight level, set at
z=2,000 m in the simulation domain, is located at the top of the ISSL (Figure 1a). Altering the setup by lowering
the flight altitude to z = 1,500 m or by reducing the ISSL's thickness to 500-600 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 (Figure 3). A thinner ISSL reduces the vertical extent of fallstreaks, which in turn lowers extinction
values and accelerates contrail dissipation. While high-N, 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-N, 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 Figure 12, which shows the relationship between £ and Ny L,,,,. While L2014 reports an excellent
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linear relationship, our data exhibit a deviation from linearity in the high- £ 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 Figure 12. For a small time limit of 1 hr,
the slope of F(a’ Ny Ly,y) is much smaller than one. We repeated a set of 32 simulations, where we extended the
simulation period from 8 to 20 hr. 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 (Figure 5). Hence, extending the integration limit does increase £, 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
12 hr and producing ice supersaturations as high as 1,800 %, 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 Figure 11, we expect that further increasing Ny, would not significantly increase the normalized time-
integrated total extinction, even for long integration times. This is due to three reasons. First, higher Ny
values result in lower ice crystal survival fractions during the vortex phase, yielding N, 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 hr in our simulations, and this point in time is
independent of Ny, if Ngg>10">m~! (Figure 5d). As a result, further increases in Ny, would likely yield
similar total extinction evolutions. At the low-N, end, further reducing N, 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 Figure 11 would remain largely unchanged, even with more extreme variations in N.

6. 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 10'4 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, Gierens, Solch, & Lainer, 2017; Unterstrasser, Gierens, S6lch, & Wirth, 2017),
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-Ny, contrails, whereas low-N, contrail-cirrus exhibit
stronger sedimentation fluxes, leading to faster dissipation. In general, we find a nonlinear dependency of time-
integrated total extinction E to Nyy. 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 £ for the smaller of the two studied aircraft types. Averaging across all ambient conditions, we find
that a 100-fold reduction in Ny leads to a 20-fold reduction in E. In percentage terms, this is equivalent to a 95%
reduction in E for a 99% reduction in Nyy. Similarly, a 10-fold reduction in Ny, results in a 2-fold decrease in £,
corresponding to a 59% reduction in E for a 90% reduction in Nyy. 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.

LOTTERMOSER AND UNTERSTRASSER 24 of 28

a ‘T '9202 '966869TC

wouy

10D pue S | 8y} 835 *[9202/T0/6T] U0 A1 8UIjUO AB|IM * UBLBS ZJOYWPH "Q Ul MUed Wy "N-1nT "5 WNIWZ Ydsiq - BSOoueNo ™ aLewsuu Y Ag 09rr0arse0z/620T OT/10p/uwod’ M| im

fojm A

35UB017 SLOLILOD 91D 3|gea ! [dde a3 Ag pauenob ale saoie O ‘8sn Jo sani 1oy Ariqi] auljuQ 8|1 uo



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2025JD044604

Appendix A: Initial Contrail-Cirrus Properties

Table Al provides an overview of the vortex phase simulations presented in Lottermoser and Unter-

strasser (2025), which serve as initial conditions for the contrail-cirrus simulations of the present study.

Table A1
Properties of the Initialized Contrails”
Aircraft type  Tca/K  RHjamp/%  Ioo/(gm™") No/(10"? m=") Io/(gm™")
A350/B777 217 110 15.0 0.02, 0.15, 0.95, 3.34, 6.93 4.7,7.1,75,7.0, 6.2
38.6 0.03, 0.27, 2.13, 9.25, 22.08 7.8, 12.0, 13.7, 14.0, 13.2
120 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
225 110 15.0 0.02, 0.08, 0.43, 1.19, 2.19 9.7, 11.5, 11.3, 10.2, 9.1
38.6 0.02, 0.16, 0.98, 3.25, 6.8 14.8,21.3, 23.7, 21.6, 19.5
120 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
230 110 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
233 110 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
235 110 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
A320/B737 225 110 3.7 0.01, 0.25, 1.13 5.0,9.5, 6.9
9.5 0.01, 0.44,2.97 59,125, 11.5
120 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
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 23.2,445,42.2
233 110 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, 3.46 434, 81.0,76.7

“Total ice crystal number N,, and mass I, 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 Table 1. For the

A350/B777-like aircraft, five values are provided for Ny and I, which denote the N-scaling simulations with scaling factors
0.01, 0.1, 1, 10, and 100. For the smaller A320/B737-like aircraft, N, and /, values are available for scalings of 0.01, 1,

and 100.

Appendix B: Derivation of @ in Extinction Scaling

We consider two ice crystal populations: one with N, ; identical ice crystals of mass ) and size D, and the other
with N, identical ice crystals of mass m, and size D,. Assuming a fixed total ice mass, that is, Mio,; = Miq2, it

follows that N, ; m; = N,,, m,. From this, we obtain
—Moa _m (B1)
Ny my
Given the area-size and mass-size relationships in Section 3.2.2, it holds
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