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Abstract. To-mitigate-One possibility for reducing the climate impact of aviation ;—eombustion—of-hydrogen—as—afuelis
WMWLWWMWMMM% Hydrogen combustion leads to zero
ing-a-CO> exhaust emissions and represents a potential major step toward elimate
neutralityreduced climate impact, although the non-CO, effects -primary-contratl-cirrus(primarily contrail cirrus) remain un-

certain. In this study, we simulate the climate impact, in terms of energy forcing, of contrail cirrus from hydrogen combustion

aviation, using a modified version of the Contrail Cirrus Prediction model (CoCiP).

Witheut-With no soot in the exhaustfrom-hydrogen—combustion, contrail ice particles instead-mainly form on ambient
aerosols entrained into the plume and on lubrication oil droplets in the exhaust. The formation of ice particles are-is mod-
elled using an emulator developed from a theoretically based microphysical contrail formation model.

Following the Schmidt Applemann criterion, hydrogen combustion enables contrail formation at lower altitudes and higher
temperatures than fossil jet fuel. However, we find a significant reduction in contrail energy forcing. This result holds across a
wide range of assumptions, 1
about 7066% using our base case assumptions on ambient aerosols, lubrication oil properties, droplet size distribution, emission
index and energy efficiency of hydrogen aircraft. We conclude that hydrogen aircraft not only eliminatesCO, emissions in
the exhaust, but may also substantiatty-reduce the climate impact of contrail cirrus, although-the-reduction-and-magnitude
depend-depending on engine design for lubrication oil handling. However, we acknowledge that the modelling approach has
limitations and uncertainties. Before firm conclusions can be drawn about the contrail cirrus effects of hydrogen-combustion
aircraft, further studies are needed. These should include more realistic hydrogen aircraft models, alternative meteorological
and microphysical models, analysis of real-world flight patterns and measurement data.

tes;-with a global average reduction of

1 Introduction

Contrails are artifictal-artificially induced ice clouds that can form behind aircraft (Schumann, 1996). They are initially line-
shaped but ean—under certain conditions, #-when the ambient air is humid enough, they can persist and evolve into more
naturally shaped clouds. Such evelved-contrails are referred to as contrail cirrus. As clouds, contrail cirrus affect the earth’s

radiative balance by reflecting incoming sunlight and trapping outgoing infrared radiation (Yang et al., 2010). Depending on
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a range of factors, such as the time of day, the-prevalence of natural clouds and surface albedo, contrail cirrus can either-aet

act as either net cooling or net warming. Estimates of the effective radiative forcing of global aviation show that the warming
effect dominates (Lee et al., 2021). Although contrail cirrus are short-lived ;-on-the-order-of-(hours, maybe a day), their current
contribution to aviation-the overall effective radiative forcing (ERF) of aviation is estimated to two-thirds-at a little over half
of the total aviation ERF, albeit with a 1arge uncertainty (Lee et al., 2021). Beeause-of-aviations—valuable—contribution—of

%W&M%&@%WW possible routes for contrail mitigationare-important-to-map
% nd Rerouting flights
MW%‘MMAMWW%M%N usage of
low aromatic fuels (Teoh et al., 2022b; Quante et al., 2024) have been suggested as possible options.

The magnitude of eontratt-eirrus-the radiative forcing (RF) rin-addition-to-the-above mentioned-cireumstanees;depend-from
contrail cirrus depends on the properties of the contrail cirrus. A-In addition to the factors mentioned above, a higher density of

ice particles {all-else-equabr-increases the contrail lifetime and optical depth (Lewellen et al., 2014; Kércher, 2016). The-In turn,

the density of ice particles in
number and properties of the particles present when the contrail is formed (Kércher, 2016; Yu et al., 2024). Reducing particle
aumber-the number of particles in the exhaust is suggested as a contrail cirrus mitigation strategy in itself;-but-, However, it also
comes as a co-benefit of a-transition-te-hydrogenfuel-transitioning to hydrogen-fuelled aircraft. Hence, hydrogen combustion,
besides having no exhaust CO, emissions, might also be beneficial because of its decreased number of particles-in-the-exhaust

—A-exhaust particles. One hypothesis is that the lack of soot and other fessﬁje%fuelrfelatedrfossﬂ et-fuel-related particles in

the exhaust of hydrogen aircraft will reduce the abili

rerouting-with-extra-fuel-eostsnumber of formed ice particles and consequently reduce the need for other contrail mitigation
measures such as flight rerouting (which causes extra fuel use).

wwmmmmmmwmmﬁmmmm@gwmwwm@aw
and lubrication oil droplets can act as condensation nuclei. Furthermore, the higher water vapour emissions from hydrogen
combustion, relative to kerosene on per unit energy basis, increase both the likelihood of particle activation as condensation
over a larger area for hydrogen than for kerosene. Together, these effects may increase both the occurrence and energy forcing
of contrail cirrus (Schumann, 1996). No results from-measurementcampaigns-on-of campaigns to measure the contrail cirrus of
hydrogenfueled-hydrogen-fuelled aircraft have been published yet (DLR, 2025). However, several measurement campaigns
testing blends of conventional jet and Sustainablte-AviattonFuels-sustainable aviation fuels (SAFs) to-different-degreefind-at

different ratios have found a reduced number of ice particles (Voigtet-al;2021)-beeause-of-thefollowing a reduction in soot
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particles (due to reduced aromatics in the fuel)

lower-soot-emisstons-than—(Voigt et al., 2021; Moore et al., 2017; Durdina et al., 2021; Zhang et al., 2022). At soot emissions
even lower than those measured in these campaigns (in-the-orderof the order of < 10'3)-there-are-indications-of an-inereasein

iee-partieles(kg fuel) 1), ice particle number concentrations may increase at low temperatures due to the activation of other ul-
trafine particles in the exhaust (Kércher and Yu, 2009; Yu et al., 2024)s

it~ These may
include volatile particles with approximate radii of < 5 nm)-cemposed-, consisting of condensable sulfur and-organies-mainky
fefmmgs ecies and organic species formed primarily on chemi- 10ns(¥u4&nd—13ufee—}997—¥tke%al—}999—l§afehefe&al—2999%

homogeneously formed organic species such as lubrication oil (Yu and Turco, 1997; Yu et al., 1999; Kircher et al., 2000; Voigt et al., 2026

~

Tr-a-A simulation study of contrail formation with-hydrogen-fuel-theloss-of sootisshown-to-for aircraft powered by hydrogen
combustion showed that under most circumstances, signifieantly-reduece-the-amount-ofiee-particles-the absence of soot and
other fossil-jet-fuel-related particles significantly reduces the number of ice particles formed in a three-seconds-old-phime-in
eomparison-to-three-second-old plume compared to aircraft powered by fossil jet fuel (Bier et al., 2024). The eireumstances

conditions under which this does not hold is—when-are when ambient temperatures are high, near the critical threshold of
contrail formation for jetfossil jet fuel, or even higher where only contrails from hydrogen are-possibleaircraft can form. This

simulation lets-the-ice-particlesform-solely-study only covers ice particle formation on ambient aerosols. ¥-However, it has
been recognised ;-however;-that lubrication oil stil-present-in the exhaust of hydrogen aircraft might contribute to ice particle

formation in the absence of soot and other fossil-jet-fuel-related particles (Bier et al., 2024; Yu et al., 2024). Soot does not

readily act as eondensation—nuelei-a condensation nucleus for water droplets;tubrication-oil-droplets-evenless—so-although

they-eanundertheright. Lubrication oil droplets are even less likely to do so, but may, nevertheless, act as condensation nuclei
under suitable conditions (Ponsonby et al., 2024; Lambe et al., 2011). Fhe-When compared to the available water vapour in

fossil jet fuel exhaust, the additional water vapour in the hydrogen exhaust might-be-enough-to-activate lubrication-oil- toform

and-the-petential-will increase the chance of lubrication oil aerosols acting as condensation nuclei. The number of ice particles

formed on ambient aerosols and lubrication oil in hydrogen combustion has been investigated in one previous study (Zink et al., 2025b)

. Under certain conditions, such as a high oil emission index and small oil droplets, hydrogen combustion was found to produce

more ice particles than kerosene combustion, regardless of whether lubrication oil was included in the kerosene case. This
demonstrates the potential importance of lubrication oil and-ambient-aerosolsto-serve-asiee-nuelet-in contrail formationand

heirradiative - hvd aireraft
The role of lubrication oil and ambient aerosols as ice nuclei is unfertunately-associated-with-large-uneertainties—For-the
eharaeterisation—uncertain. All published studies reporting measurements of lubrication oil in aircraft exhausts—all-stadies

published-exhaust have been conducted on conventionalaireraft-ie—kerosene—driven—eraft—large—, fossil-jet-fuel-powered
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aircraft. Major uncertainties stem from the fact that lubrication oil can be-beth-either be vented outside the main exhaust stream

or be emitted or leaked out in the exhaust at high temperatures. This leads to large differences in aerosol oil size distributions,

k)

size distribution

stree-as oil is a volatile substance. In addition to uncertainties in st ss-size distribution,

the degree of readiness of lubrication oil to act as condensation nuclei is uncertain (Lambe et al., 2011). Furtheruneertainties
can-be-found-, there are major uncertainties regarding the amount of lubrication oil emitteddepending-on-, depending on such
things as oil and engine types (Yu et al., 2010; Timko et al., 2014; Decker et al., 2024).

The designatorambientaeroselsterm "ambient aerosols" covers all types of particles suspended in the atmosphere. Fherefore

Consequently, there is a targe-span-—considerable range of particle types, sizes and properties included in-this-category-leading
to—targe-among ambient aerosols, leading to major variability and uncertainties in ambient-aerosol-their characterisation

(Raes et al., 2000; Clarke and Kapustln 2002; Minikin et al., 2003)Ehefmaﬁﬂ—bfeelevmg%—kel4aﬂpp}—Ambfemﬂefe%e¥%

fhe—speerﬁe&&eﬂ&ef—}ubﬂeaaeﬁefkwe—&ﬂmfhfﬁmdy%eﬁmﬁThe aim of this study is to simulate the contrail cirrus
climate impact of hydrogen combustion for a large set of plausible assumptions. In this—way-we-cannarrow-dewn-the-space

of possible-contrail-contributionfrom-hydrogen-aireraftparticular, the focus is on the contribution of lubrication oil emissions
to contrail energy forcing (EF). We estimate ice particle numbers generated with ambient aerosols and lubrication oil as

condensation nuclei. We then use this to simulate contrail cirrus formation and evolution on relevant flight levels on a global
grid under realistic meteorological conditions and estimate their energy forcing. We also estimate contrail formation and EF
from conventional fossil jet fuel aviation so as to enable a comparison between the two. Thus, we may give an indication of
plausible contrail cirrus climate effects for hydrogen aircraft relative to that for prevailing fossil jet fuel aireraft. In additionwe
can-contribute-with-, we may contribute insights to guide the future development of hydrogen engines to avoid designs that ean

lead-to-atargecontrailimpaetmay lead to major contrail cirrus climate impacts.
To investigate contrail fermations—cirrus formation, plus the evolution and energy forcing from hydrogen aircraft, we use
the Contrail Cirrus Prediction model (CoCiP) (Schumann, 2012)—CeCiP-in-tts-original-formulationforms-ice partieles—, as

implemented in pycontrails (Shapiro et al., 2023). CoCiP models ice particle formation solely on soot emissions (or defaults to
10'3(kg fuel) !, as a way of accounting for background ambient aerosols if the soot emissions given are lower). We modify the

functions of the-medel-CoCiP covering ice particle activation to explicitly include ice particles formed on lubrication oil and
ambient aerosols. Given atmospheric conditions, oil emission index and oil propertiesthe-newly-developed-functions-estimate
WWMWMMﬂd formed ice particlesto-initiate
- These emulators are based on
QMMMMMWM and ambient aerosols
activated to 1 form ice particles (Kércher et al., 2015).

This model was originally formulated for soot and ambient aerosols but offers an approach ef-extending-that extends to other
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types of particles, provided their characteristics are given. The number of ice particles obtained from the emulators initiate the
contrail cirrus simulation in CoCiP which is subsequently used to estimate energy forcing.

2 Theory

A-thermodynamic-criterionfor-contrail-formation;—termed-the-The Schmidt-Appleman Criterion (SAC)after-its—founders, a
thermodynamic criterion for contrail formation named after its creators, dates back to the 1940s (Schumann, 1996). It depends
on both ambient conditions and fuel exhaust properties. ntuitivelyAs such, the criterion requires that-the-hot-exhaust-gas

omr-the-aireraftengines-at-some-point-during its-cooling-and-mixing-with-ambient-air-beeomes-the cooling plume to become
supersaturated with respect to water —Fhe-at some point. This supersaturation enables the formation of water dropletswhich

will-, which may subsequently freeze to form the contrail. The so-called mixing line of the-an exhaust plume, tracing its
temperature (7") and partial water vapour pressure (p,,) over time, can be approximated as linear in 7™-p,, space (excluding a

brief non-linear phase rightdirectly after exit) (Schumann, 1996). The slope of this mixing line is given by:

G = CpEIHz()pa CpEIHQOpa (1)
0.662Q(1 —n) 0.622Q(1 —n)’

where ¢, is the isobaric specific heat of air, FIg,0 is the mass emission index of water vapour, p, the ambient air pressure,
7 the overall propulsion efficiency, () the specific heat of the fuel and 0.622 is the ratio between the molar masses of water
and air. The SAC-is-then-the-ambient temperature at which the mixing line is tangential to the saturation curve with respect
to water (saturation water vapour pressure curve) fulfils the SAC. Any lower ambient temperature will lead to the mixing line
crossing the saturation curve and a period of supersaturation in the plume, while for higher temperatures-ambient temperatures,
no supersaturation with respect to water will be reached. In general, the steeper the slope G’ of the mixing lineG-, the higher the
supersaturation in the plume for the same ambient conditions and the more water available to form droplets. The mass emission
index of water vapour and the specific heat of the fuel have a large influence on G, as can be seen from Eq. (1). For jet-A-Jet-A
fuel we have Ely,o; = 1.23 kg (kg fuel)™! and Q; =43.2 MJ (kg fuel) ™! in-eomparison—compared to Ely,on, = 8.96 kg
(kg fue)™! and Qu, = 123 MJ (kg fuel)~! for hydrogen. Ad-else-equat-Everything else being equal, this gives a slope for
hydrogen that is approximately 2.6 times steeper than for standard Jet-A fuel. In addition ;-to larger supersaturations in the
plume at the same ambient temperatures, the steeper slope for hydrogen as fuel alse-enables contrail formation at higher
ambient temperatures, approximately 10K above conventional Jet-A fuel (Schumann, 1996).

The Schmidt-Applemann criterion predicts quite accurately when contrails can form, but for the-eontrail-te-persista formed
contrail to become persistent, the ambient air needs to be supersaturated with respect to ice. If both these criteria are fulfilled,
a contrail can form, persist ;-and potentially evolve into a contrail cirrus. Also, the properties of the persistent-eontrail-*contrail
cirrus depend on the ameunt-number and type of particles present for activation into water droplets. With-If a larger number
of particles is present, a larger number of droplets can form. The amount-number of water droplets will also depend on
the readiness of the present particles to act as condensation nuclei, that is, their hygroscopicity and size distribution. The

hygroscopicity of substances can be roughly captured with-using a single parameter x (Petters-and-Kreidenweis;2007)-and for



ambient particlesit-, this lies in the range x = 0.1-0.9 (Petters and Kreidenweis, 2007). The higher the x of a substance, the
lower the supersaturation required for it to act as condensation nuclei for water droplets. Same-forsizethe-The particle size

can affect its ability to act as condensation nuclei for water droplets. The smaller the initial aerosolparticles, the higher the
165 supersaturation required for it-them to act as condensation nuclei for water droplets. Supersaturation s is the water saturation

ratio S minus one, s = S — 1. The x-Kohler equation gives the water saturation ratio S-(where-sapersaturation-s-is-saturation
ratio-minus-one-s—=-5—-7)for the equilibrium wet diameter D for a particle/solution of dry diameter Dy:_

4o M
/ w
D? - D} (ﬁ)

S(D):me )

2

where o/, is the surface tension of solution/air interface, p,, the density of water, M,, the molecular weight of water, R the

170 universal gas constant and 7" the temperature. The exponential part of egEq. 2 instantiates the Kelvin effect, which describes
how the saturation water vapour pressure increases over a curved surface. As can be seenthe-exponential, the exponential part
approaches infinity as the wet diameter approaches zero (curvature increases);-this-is-beeause-. This is because the more curved a
surface is, the less energy is needed for a water molecule to evaporate the-more-etrved-asurfaceis-and therefore the equilibrium
saturation water vapour pressure is increased. The maximum ef-on the x-Kohler curve gives the critical saturation ratio S,

175 that is, the minimum saturation ratio needed for a particle with a certain dry diameter and « to grow indefinitely aceording-to
theory-(although-beinglimited-as theorised (and yet limited in reality by the atmospheric water budgetin-reality)-orequivalently

) or, as an equivalent, the minimum dry diameter needed at a certain saturation ratio. The minimum dry diameter/radius is
referred to as the activation diameter/radius r,.and-partieles-, Particles with r > 7, in an environment with S > S, are said

to be activated. Because of the Kelvin effect, the critical saturation ratio for small particles is increased;-a-smal-+-is-also-seen

180 from-. As seen in Eq. (2)te-, a small x does also increase the critical saturation ratio for a eertain-given dry radius.

3 Models and implementation

For our investigation into contrail formation and the-elimate-tmpactenergy forcing consequences of hydrogen aircraft, we use
combine two models. Fo-approximate the-amount-We use the theoretical model suggested by Kircher et al. to approximate the
number of ice particles formed in the exhaust under various conditions we-tise-the-theoretical-modelputforward-by Kircheret:
185 al-Kircheretal;2015)(subsequently referred to as K15) but modify it to account for particles with a-verylow-hygroscopicity
low hygroscopicities (subsequently referred to as modified K15) using the x-Kohler model (Petters-and-Kreidenweis; 2007}
M@w@g@g&\w&%@ﬂ The number of ice particles predicted mﬁmﬁw
used as input for CoCiP (Centrail-CirrusPrediction-meode y i mudating(Schumann, 2012)
»An its gridded formulation as implemented in the pycontrails repository (v0.54.1) (Engberg et al., 2025) (and henceforth
190 referred to as simply CoCiP) to simulate contrail lifetime and its radiative impacts.
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3.1 Theoretical model for ice particle formation, <-kohler theory and activation emulators
3.1.1 Particle activation - model overview

The K15 model

ss a tractable model that

considers the microphysical pathway to contrail formation during the first few seconds after exhaust. The-model-prediets;

ameng-Among other things, the model calculates the number of ice particles that form from exhaust and entrained particles
under given ambient conditions, engine parameters-and-the-particles™—characteristics, particle properties, emission numbers
or-and ambient concentrations. The relationshipbetween particle size, hygroscopicity, saturation ratio and activation in K15

is given by an approximation to-derived from the x-Kohler theory-equation given in Eq. (2) s-and-the-saturation—ratio-in-the

eurve(Petters and Kreidenweis, 2007). The K15 model approximates the number of water droplets formed by equating on-the
one-hand-the-the possible number of droplets that can form at a certain supersaturation along the mixing line (Eq. (37) in
K5y with-on-the-other-hand-the-(Kércher et al., 2015)) with the number of these particles needed to deplete the supersaturation
at the point when the production rate of supersaturation equals the loss of supersaturation due to condensation (Eq. (51) in
K15)—TFhe-(Kircher et al., 2015)). At the time when these two calculations of droplet particle numbers are equal, the particles
are said to "quench" the supersaturation of the plume and no more particles can be activated into water droplets. The plume
might still be supersaturated with respect to water after gueneh-quenching, although not enough to activate the remaining
unactivated particles. With the remaining supersaturation, the formed droplets can continue to grow by condensation until the
supersaturation is eempletely-depleted or the plume reaches the freezing temperature estimated by K15 (Eq. (36) in (Kéircher
et al., 2015)), at which point droplets freeze into ice particles. Thus if freezing occurs, the number of water-droplets-at-quench

equals-the-namber-of-ice particles formed is equal to the number of water droplets at quenching.
A crucial difference between the model and actual formation of water droplets from plume aerosols is thatin—reality—, in

reality, droplets would form continuously and successively deplete the supersaturationleading—. This would lead to a de-
creasing ability to activate particles with low hygroscopicity and/or small radiusradii. The model may therefore overesti-
mate the activation of small and/or low-hygroscopicity

underestimation-of-theparticles, since all particles activate instantaneously at quench. K15 may also overestimate the activation
of low hygroscopicity and/or small particles due to the lack of competition for water between ambient-aerosols-and-exhaust

pafﬂe}es—stﬂee%ewe%supef&&mfaﬂefrweu}éﬁfefﬂef& lume particles in the model. Lower levels of supersaturation would
otherwise suppress the activation of ambient-aeros smath-andlower hygroscopicity and/or
smaller particles in favour of large, high-hygroscopicity particles (Lewellen, 2020). Another limitation of the K15 model comes

from the absence of the Kelvin effect in the formulation of the loss of supersaturation due to condensation (condensation sink

L., in (Kircher et al., 2015)). This makes it possible for smaller numbers of activated particles to quench the plume, as outlined

in (Ponsonby et al., 2025). This, in turn, leads to short quench-times and lower maximum supersaturations being reached in the

lume, compared to more resolved models. This likely results in underestimations of the number of ice particles formed from




small and/or low-hygroscopicity exhaust-particles-ewelen;2620)—particles. Hence, the K15 and modified K15 models have

225  certain limitations of which the reader should be aware.

3.1.2 Homogeneous droplet nucleation and NO, assisted nucleation

Homogeneous droplet nucleation (HDN) is a potential pathway to the formation of water droplets in the absence of aerosols
(condensation nuclei). This pathway requires high levels of supersaturation to become active. The relatively high degree of
water supersaturation in the exhaust of hydrogen-powered aircraft is expected to increase the likelihood of this formation
230  pathway. This was investigated in (Zink et al., 20252) and based on activation rate regions in T,-p, space where HDN could
have an impact. The greatest impact occurred when ambient aerosol concentrations were low (10°cm™?) or zero. However,
in such cases, it was reasoned that HDN probably would not generate greater overall numbers of ice crystals than ambient

aerosols would (although this was not explicitly investigated). We have omitted HDN in our analysis, as its impact is likel

minor for medium-to-high ambient aerosol concentrations.
235 NOx emissions from hydrogen combustion may provide additional pathways affecting contrail particle formation. In particular,
particle formation could be influenced either by the formation of nitrate-containing ion clusters or by modification of lubrication-oil-derived
droplets through uptake of HNO- 2020; Zink et al., 2025b). In
be the more plausible pathway, since nitric acid is expected to be rapidly taken up by existing aerosol and contrail particles,
whereas the former has not been shown to generate a substantial particle population on its own (Voigt et al., 2010; Wang et al., 2020)
240 . Because these effects remain highly uncertain, we do not include them explicitly.

nitric acid) (Fritz et al., soot-free conditions, the latter ma

3.1.3 Activation of lubrication oil particles - approximations

The hygroscopicity of lubrication oil is uneertain-butknown to be low. In-(Ponsonby-et-al;-2024)itis-shewn-One study shows
it to be consistent with x = 0 for droplets of lognormal distribution-and-mean-radius100-nm—in-anotherstudy-size distribution

and a geometric mean radius of 50 nm (Ponsonby et al., 2024). Another study estimated an upper limit for lubrication oil is
245 estimated-to-as Kk =6+ 10~* (Lambe et al., 2011). We have implemented-a-modification-to-modified the approximate expres-
sion fer-of the critical supersaturation (maximum of Eq. (2)) and activation radius from-(Petters-and-Kreidenweis; 2007)-used in
K15, to account for the low hygroscopicity of lubrication oil. The eriginal-approximate-expressionin{Petters-and-Kreidenweis;
(re/ract)?
54k’
250 where s is the supersaturation, .S the water saturation ratio --and 7 is the Kelvin radius. The Kelvin radius is set to 1 nm in K15
but equal to 7, = % in Petters - M—& Kreidenweis—-S—and Kreidenweis and in our study. This approximation of the
correlation between the critical supersaturation and activation radius is good for x > 0.2 (Petters-and-Kreidenweis; 2007)-but
beeomes-inereasingly-worse-and large, dry radii but deteriorates for substances with smaller x and dry radii of approximately
< 10nm (Petters and Kreidenweis, 2007; Ponsonby et al., 2025). Our correction to Eq. (3) is-nen-physical-in-the-sense-that-it

255 is-net-derivedfrom-first-principles-butratherrelies on a parametrisation based on a minimization-minimisation of the error

s~In(S) = 3)
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between the-approximation-of-Eq. (3) and the critical saturation ratio maximum from Eq. (2) for small «-values ;-mere-and all
dry radii. More details can be found in SupplementaryS2. The eorrected-updated equation for the activation radius is:

Tk

(54r)1 /3 @)

Tact = CVO";O[1 372/3

where ep=1-16788-and-cr—==0-18608609 ~ 1.2 and oy = 0.19. We have calibrated the eerrection-update such that agr™! ~ 1
for k = 0.5. For x > 0.5ne-eorreetion-, no change is needed since Eq. (3) is valid. We refer to the K15 model with this update

The K15 model can incorporate any number of particle types with lognormal size distributions and varying hygroscopicities
from either exhaust or the ambient atmosphere. If multiple particle types are present in the plumethe-medelutilises-, the quench
time is calculated using weighted averages of the particle-types-aetivationraditactivation radii, 7, fand slope parameters ;-see
supplementary-of the respective particle types (see Supplement S3)for-obtaining the quench-time: ealeulated-as droplet number

weighted-, The effective averages are calculated as droplet-number-weighted averages of the different activated particle types.
Thus, the model uses averages to obtain the time-of-guench-quench time but also keeps track of the number of each particle

type that is-are activated into water dropletsealeutated-with-, The latter is calculated using an estimated activation fraction for
each particle type (¢; in K15 Eq. (37) and (40)) multiplied by the respective number of particles or concentration of each type
respectively-in the plume. Our-modelimplementationneeds For implementation in CoCiP, our new ice particle number module
requires the number of activated-droptetsfrom-droplets activated by each particle type at the time-of quenchforimplementation
in-CoCiP—Thusmoment of quenching. Thus, we created emulators (or fitted functions) te-the-activation-fraction-at-quench-to

for the activation fractions at quench that we use in CoCiP. This is done fersherteningrantimes-in our updated version of
CoCiP, since the K15 model does not supply a closed expression for the number of ice particles formed but estimates it from

based on the equality of the two expressions of activated droplets mentioned above (Eq. (37) and (51) in K15). The solution to

the equality ean-be-found-by-may be found using numerical methods. Implementation-of-thisfor-every-waypoint-Finding the
solution to this equality for every gridpoint and flight level in CoCiP would be too time-intensive-to-coverall-cases-we-wish-to

investigatetime-consuming for a global level analysis.

The uncertainty and variability in the lubrication oil particle size distri

by-different-engines—-distributions are large because different engines release lubrication oil differently. It may be either
vented or leaked, in-or-beside-within or alongside the exhaust. For-velatitetubrication—oit-Lubrication oil ending up in the
exhaust this—implies-itis_heated and vaporised and needs time to form dropletswhich-in-turn-effects—the-characteristies—of

the-. The temperature and time affects the particle size distribution —arger-oil-dropletsfrom-otl-venting-is-mestly-captured

forre-use-which-in-a-study-gavecharacteristics. Most larger oil droplets emitted through oil venting are captured for reuse.
Based on experiments on aircraft engines at idle, the remaining vented droplets were estimated to have a volumetric mean

radit-of 125-175-nm{rom—an-experiment-of -aireraft-engines—in—idle-radius of 125-175 nm (Yu et al., 2010). A measuring
campaign around Narita airpert-Airport in Japan reported smaller size distributions of radii < 15 nm (Fushimi et al., 2019).




Experiments using lubrication oil heated to two different temperatures and measured at room temperature show mean diameters
290 of approximately ~10 nm and 27 nm for temperatures at-of 300°C and 20°C respectively (Ungeheuer et al., 2022).
Te%&ﬂd%e—fheﬂf&ﬂ&bﬁ&y—ﬂﬁ&&di%fﬂbﬁﬁefbﬁﬂ%emﬂ%&tﬁ%feﬁThe robability function of a lognormal size distribution is

with total number N,

eometric mean radius u, and geometric width o,

P

To account for variability in the size distribution, the lubrication oil activation irelades-mean-emulator includes 11, and varianee
5-of the Jognormat size distributions:as-welhas-variablesrelatedto-g,, as input variables. It also includes variables describing
295 the ambient conditions, which-include-namely ambient temperature 7T, relative humidity rh, air-atmospheric pressure p, and
the critical saturation temperature 7., (from-SAC)-—Hygroseopicityin-terms-of-derived from the SAC. Hygroscopicity, measured
by rvalue-, was not included as a variable in the emulator, to limit the functional complexity;-but-. However, the functional

form of the emulator can be made to fit different x

300
305
310
valuesin-therange-of, depending on particle size and hemisphere. Concentrations are typically higher for smaller particles and
are generally greater in the Northern Hemisphere (Raes et al., 2000; Clarke and Kapustin, 2002; Minikin et al., 2003; Borrmann et al., 201(
315

the-effeet-ef-ambient aerosols in hydfegefreemfaﬁ—fefmaﬁeﬁha&beeﬂ—smdieehce crystal formation in hydrogen contrails
320 has previously been examined to some extent i ;

in-(Bier et al., 2024), we focus on uncertainties
and variability in lubrication oil properties and emissions. Therefore, following previous studies (Kircher et al., 2015; Bier
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330

335

340

345

350

355

et al., 2024), byJumping-all-tegether-as-one-the substantial variability in ambient aerosols is represented by a single particle

type with a representative size distributionand-ceneentration—Ambient-aerosels-in-addition-to-being-activated-also-need

found-in-supplementary-S3:2-, concentration and hygroscopicity. A more comprehensive treatment is left to future work.

The respective activation functions for lubrication oils and ambient aerosols ;-respeetively,emulate-the-ountputemulate the
by the modified K15 model when both lubrication oil and ambient aerosols are included. Examples-ef-outputfrom-In the model,
mixing between exhaust and ambient air is not instantaneous. As a result, the concentration of ambient aerosols within the
plume does not immediately reach the ambient background value and may still be lower than that of the surrounding air at the
time of quench. The emulator for activated ambient aerosols at quench therefore accounts for both the difference between plume
and ambient aerosol concentrations and for the fraction of the plume ambient aerosol concentration that becomes activated. Fig.
1 shows examples of outputs from the modified K15 and our-emulatorsfor-both our emulators. This covers different lognormal
size distributions of lubrication oil and-ambient-aeresets—at-at an atmospheric relative humidity of 60%retative-humidity—
% and for varying ambient temperaturesare-shown-intig——As-seeninFig—I-thefit-. For lubrication oil (presented in the
two left-hand columns), the largest deviations between the emulator and the eutputfrom-the-modified K15 is-very-good—The

model are found for a geometric mean radius of 5 nm, combined with the smallest and largest geometric widths (1.28 and tow
The two right-hand columns show ambient aerosol entrainment and activation, Across all ambient aerosol cases, lower values
are obtained at lower temperatures because supersaturation increases more rapidly in the plume, which shortens the quench
time. The shorter quench time reduces the time available for entrainment of ambient aerosols, thus yielding lower ambient
aerosol concentrations in the plume at quench than in the surrounding air. More details can be found in Supplement S3.2.
In Supplement 56, we show the deviation of output from CoCiP when using the emulator to compare results as opposed
to using the modified K15 model implemented directly in CoCiP. Using the emulator resulted in differences in mean energy.
forcing per flight meter of < 11% for all lubrication oil size distributions tested (except one outlier), with generally smaller
deviations for larger radii, The outlier corresponded to a geometric mean radius of 3 nm and a geometric width of 1.28, and
yielded a mean energy forcing per flight meter 22% lower than that obtained using the modified K15 model directly.

3.1.5 Base case implementation parameter values

The emulators are based on the modified K15 modelan

._In our base-case setting, lubrication oil characteristics based—on—are represented by a lognormal size distributionwith—,
with geometric mean 1, = 7.5 nm and geometric width o, = €¥-37% & 1.45¢consistent-with-oil-size-distributionsfoundin

{Ungeheueretal;2022)-where-. This is consistent with reported measurements, in which the oil was heated to 573 K and
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Figure 1. The figure shows examples—from-the share of particles activated into ice crystals using our emulatorsef-, as compared to the
modified K15 model. This is done for both lubrication oil activation-to-(the teft-two left-hand columns) and ambient aeresot-entrainment—

activation-to-aerosols (the righttogethertwo right-hand columns). All results were obtained with activation-outputfrom-the Kt5-modetforan
atmospheric relative humidity at-0f 60% and for different assumptions on lubrication oil size distributions (rows) and atmospheric pressure

(columns). Fhe-For lubrication oil, the lower activation due to the Kelvin effect for small particles (geometric mean radius +=-5- = 1 nm

and r = 5 nm) is clearly seen fortubrieation-oil-in the top twe-four rows.

thenJet-subsequently allowed to nucleate into droplets —Fhis-size-distribution(Ungeheuer et al., 2022). This size distribution

for our base case is therefore on a par with the oil being ejected into the main exhaust (we assume Ty = 660K). In ourbase

easethe base case, the lubrication oil hygroscopicity is set to k£, = 6- 10, which is found as a maximum for lubrication

360 oil in-(Lambe et al., 2011). The base case lubrication oil droplet mass emission index we-is set to EI, = 2 mg (kg fuel)~!,
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370

375

380

385

390

based on two studies -

of kerosene engines. The first study.
indicates a power-related increase in the oil emission index with-pewer-and an emission index range of 2-12 mg (kg fuel) ™!
(Yu et al., 2010). The ether-second study found rather little dependence on powerand-emission-indices-, The emission indices
were in the range of -2-0.5-2 mg (kg fuel)~!svith-an-, with one outlier engine at 40 mg (kg fuel)~! (Timke-etal;2014)-

RAANARRARARA

and highly dependent on the type of engine and fhe%ype#aﬂubﬂea&e?retk ubrication oil (Timko et al., 2014). Both studies

have-measured droplets of lubrication oil,

measuredwithout accounting for the possibility that a fraction of the emitted oil could have remained in the vapour phase.
A third study instead estimated the oil emission index from-the-amount-based on the amount of oil used by the engine and

obtained a much higher estimate of 110 mg (kg fuel) ! (Decker et al., 2024). Our lubrication il emission indices are based

on measured droplet emission indices and we therefore assume that all the oil mass in our study is in the form of droplets
which can act as condensation nuclei. Since no values for hydrogen combustion were found in the literature, we use measured
kerosene combustion values as bases for our oil emission index for hydrogen combustion. We use kerosene values even though

differences in, say, specific heat might actually give different values per meter. To test the model sensitivity to this assumption

we conducted a sensitivity analysis. In this analysis, we use the value EI, = 20 mg (kg fuel) ! which is large, but not larger

than the outlier in one of the studies mentioned (Timko et al., 2014).

For the lognormal size distribution fer-the-ambient-aeresel-of the ambient aerosols, we set the geometric mean radius to

= 15 nm and standard-deviation-geometric width to o, = 2.2in-tine-with-(Kiircheret-al-20+5)-, to cover a broad range of
partlcle sizes. The hygroscoplclty value is set to kK, = 0.5 and the ambient concentration to n, = 1000 cm‘%efhwa}ue%quﬁe

eemﬂbuﬁexﬁeﬂc—e—p&mele—fefma&eﬂ in line with the literature for similar models (Kircher et al. (2015), Bier et al. (2024)
Yu et al. (2024)).

It should be noted that we are using the emulator of the modified K15 model under the-conditions (small particle sizes
and low hygroscopicity for lubrication oil)
mmmmmmm& activated particles due to the
condensation sink formulated without the Kelvin effect. Hence, the number of ice particles formed from lubrication oil will
likely be shightly-everestimatedunderestimated, especially for size distributions with small mean-radius-and-for-smal-vatues
for-the standard-deviationgeometric mean radii and small geometric width values (Ponsonby et al., 2025).

In cases when we simulate contrail formation for fossil jet fuel, we do not use an emulator of the modified K15 for the

activation, but-we use the standard approach in CoCiP. However, #-the-for fossil jet fuel combustion, using an emulator of the
modified K15 model had—beefr&%ed%eﬂﬁftd—ﬂae—aeﬁva&eﬁeﬁmg&soot and ambient aerosols-forfossiljetfuelcombustion

-aerosol activation would

have yielded almost identical particle activation to that predicted by CoCiP’s existing soot activation function. A comparison of

the modified K15 model implemented directly in CoCiP with CoCiP’s native soot activation function is shown in Supplement
Sé6.
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3.2 Contrail Cirrus Prediction model

the gridded mode, the model output is based on a test flight flying-of 1 km in the middle of the grid cells. For the simulation
and ealenlations-of-eontrait-eirris—contrail cirrus calculations, CoCiP incorporates meteorologlcal data and flight performance

CoCiP utilises a monodisperse particle size distribution ef for ice particles once formed. The number of ice particles obtained

from-aetivation-share-the-iee-in the activation calculation stage share the water content of the plume equallyand-, The properties

of the plume, for-example-such as the sedimentation rate, are calculated using an effective mean ice particle volumetric radius
(Schumann, 2012). Radiative-forcing-however-is-ealeutated-using-The optical depth and radiative forcing are calculated using
an assumption of different habits (shapes) of ice particles—CoCiP-uses—distributions-of-tee-particle-habits—with-up—to-three
dtffefeﬂ%habﬁ&eﬂ%ef—etgl%pessﬂale—depeﬁdmg M&W&OH the effective volumetric radius and based

When running CoCiP in gridded mode, a model aircraft is chosen —We-chese-te-for which we use the aircraft with ICAO
aircraft designator B737. Iis-This is the default in CoCiP grid and is one of the most common aircraft families (B73X)an¢
a}sedeﬁaﬂ}t—m—eeerP—gﬂd We use €oCiPs-builtin-the aircraft performance model a N@k&@mwwm the Poll-Schumann
model. This mean

fhe—we}Hﬂaew&eﬁeet&efje{—aﬁer&ft—Hﬁhe—hfgiﬁe%fegfm&model will generate soot emissions for jet fuel propulsion, on the
order of 10 (kg fuel) .
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As-meteorologieal-inpttFor meteorological input, we use the high resolution (HRES) ERAS reanalysis data provided by

the European Center for Medium-range Weather Forecasts (ECMWF) (Hersbach-et-al52020)for-the—year2649—for 2019
Hersbach et al., 2020). The HRES ERAS data has a latitude/longitude resolution of 0.25° x 0.25° and pressure levels between

1-1000 hPa. We have used either a range of ﬂlght levels of 100-600 hPa or the most common ﬁlght levels 200-300 hPa for dif-
ferent investigations. i i i teli i i i
determines-if-a-contrail-will-persist-ornot-Studies have highlighted the fact that ERAS RHi are-usually-weakly-supersaturated
and-tend-tends to underestimate high supersaturations compared to actual measurements (Gierens et al., 2020; Rédel and Shine,
2010; Reutter et al., 2020). When running CoCiP we therefore use the-humidity-scaling-propesed-by(Teoh-etal52022a)one
of the humidity scalings included in the pycontrails package (Teoh et al., 2022a).

When we run CoCiP with hydregen-asfael-weutilise-an aircraft powered by hydrogen combustion, we use our emulators
for lubrication oil activation A, and ambient aerosol aetivation—-zentrainment plus activation ©/A,. We obtain the ice particle

number per meter after downwash N, for beth-lubrication oil and ambient aerosols according to:
_ f /
Nice = °y EIn ot EA naAplumenengme fsurv, )
tas

where f f (kg s~1) is the fuel flow, vy (m s~ 1) the true airspeed, E'1, , ((kg fuel)™ 1) the lubrication oil droplet number emission
index, n, (m~3) the ambient aerosol concentration, Aplume (m?) the cross-sectional area of the plume at quench, Nengine the

number of engines of the aircraft and f,w €0€iPs-CoCiP’s survival fraction after the vortex downwash. More details can be

found in supplementary-Supplement S4. This-is-the-ice-particle-number-per-meter-after-the-downwash

3.2.1 Hydrogen aircraft model
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Table 1. Parameter settings for our base case of hydrogen combustion.

Parameter Notation Value Unit
Ambient aerosol Mmean radius Ha 15 nm
Ambient aerosol sﬁﬂdﬂfdﬂeﬂa&m%ggg@gm Oa 2.20 -
Ambient aerosol hygroscopicity parameter Ka 0.5 -
Ambient aerosol concentration Na 1000 cm ™3
Lubrication oil geometric mean radius Lo 7.5 nm
Lubrication oil standaré-deviation-geometric width Oo €037 ~1.45 e
Lubrication oil hygroscopicity parameter Ko 6-10* -
Lubrication oil droplet emission index El, 2 mg (kg fuel)™*
Engine exhaust temperature To 660 K

Gravimetrie-index-G1-55-%Energy-consumption-Energy usage ratio (En, /E;) HER-EUR 1 -

We do not model a hydrogen aircraft explicitly. Rather, we use the same B737 aircraft performance output such as true airspeed
and aircraft weight as for fossil jet fuel but make adjustments to the energy usage for the same aircraft performance. Most
conceptual models and prototypes of hydrogen aircraft use cryo-compressed liquid hydrogen which leads to fuel systems of
higher complexity and larger tank volumes than for fossil jet fuel. This generally leads to a lower fuel weight to fuel-plus-fuel-system
465 weight ratio and increased drag compared to fossil jet fuel aircraft. This, in turn, may increase both the power and energy needed
for the same flight patterns as fossil jet fuel flights, despite the higher energy content per unit mass of hydrogen.
“Fhe-more-important-We consider two alternative assumptions for the energy use of hydrogen aircraft. One is relatively
pessimistic and assumes an energy usage ratio of EUR= 1.6, meaning that a hydrogen aircraft requires 1.6 times as much
energy as a fossil-jet-fuel aircraft. This is consistent with hydrogen aircraft fuel-system assumptions in the literature (Adler and Martins, 20
470, although reported EUR values vary even under similar technical assumptions; for example, (Mukhopadhaya and Rutherford, 2022)
assumed approximately EUR= 1.2 for a mid-range hydrogen aircraft. The other, which we adopt as our base case, assumes
an energy usage ratio of EUR= 1, corresponding to the default energy use for hydrogen fuel in CoCiP. We anticipate that an
actual hydrogen aircraft will fall somewhere between these energy usage boundaries. We leave an accurate modelling of the
energy use of a hydrogen fleet to future studies.
475 Key parameter choices for our base case are listed in Table 1meore-detailed-parametersetting-. Equivalent parameters for fossil
jet fuel, such as nvPM emission index, are generated in the aircraft performance module in CoCiP. More detailed parameter
settings for the models can be found in supplementary-Supplement Table S1.
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4 Results
4.1 Comparing contrail cirrus climate effect from jet and hydrogen combustion aircraft.

To compare the contrail cirrus climate effects generated by fossil jet fuel and hydrogen combustion aircraft, we simulate contrail
cirrus formation and properties for the-whele-year-all of 2019 on a global gridwith—1-, with one degree latitude and longitude

resolution for both types of fuel. Our-base-parametersettingsfor-hydrogenforicepa e-formation—are-shown-in—Table

€o€iP-In Fig. 2 we-show-inpanel-panels (a) and (b) the-gltobal-2049-probability_show the estimated relative frequency of

persistent contrail cirrus s-formation; in (c) and (d), the estimated average contrail lifetime;-and-; and in (e) and (f)average

Energy-Foreing-, the estimated average EF per contrail generating flight meter (EFpcm), for both faels-(Hydrogenleftcolumn;
hydrogen (left-hand column), plus fossil jet fuel right-(right-hand column) averaged over longitude forlatitude-vs—altitade:

and time, for different latitudes and altitudes. As can be seen, the general-patterns-are-similarbetween-the-two-fuelstwo fuels

have some general patterns in common, although there are somenotable differences. As expected from the SACthe-probability
,_the relative frequency of contrail cirrus formation is higher at lower altitudes for hydrogen than for fossil jet fuel due to
the larger-greater emission intensity of water vapour for hydrogen. Further, a shorter average centrail-lifetime-of-hydrogen
eoentratt-etrrus-lifetime for contrail cirrus formed by hydrogen aircraft is clearly seen when comparing panels (c) and (d) of
Fig. 2. The-shorter tifetimeis-beeause-a-On average, the lifetime is 39% shorter for contrail cirrus formed from hydrogen
aircraft compared to those formed from fossil jet fuel aircraft. This shorter lifetime is a consequence of the fact that a smaller

number of ice particles are activated for hydrogen combustion than for fossil jet fuel combustion. This implies that more-ice

will-depesit-on-each ice particle {contains a larger share of the available ice water content, since in CoCiP the available-ice

water content is sh

sediment-fastereausing-areduetionin-distributed equally among all particles. This, in turn, will imply that the sedimentation is
faster, resulting in shorter average contrail lifetimes (Lewellen et al., 2014; Kércher, 2016). The tewerifetimes-in-tura-shorter
lifetime contributes to the lowerEFpem-seenfor-hydrogen-compared-tojetinthe EFpcm being lower for contrail cirrus formed

by hydrogen aircraft compared to fossil jet fuel aircraft, as shown in panels (e) and (f)panels-, respectively (note the difference
in scale).

Altheugh-However, although lower average contrail lifetime does contribute to a lower EFpem-the-largest-deerease-average
EFpcm, the largest impact comes from the reduction in the reflective area of all-ieeparticlesfeHowing-the-lower-ice particles,

as the number of ice particles for hydrogen combustion compared to fossil jet fuel combustion is lower. The ice particles
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still share the same ice water content (as discussed above) but the area to volume ratio drops with a smaller number of

particles. The-reduced-With a smaller ice particle areareduces-, the optical depth (and thereby radiative forcing and energy

forcingtheweHlen et ak 2014: Kiireher, 2016)--) drops (Lewellen et al., 2014; Kiircher, 2016). On average, the model output
for EFpem is about 80% lower for hydrogen aircraft than fossil jet fuel aircraft due to the two mechanisms explained above.
In Fig. 3we-see-, we show the average ice particle numbers after downwash for hydrogen and jetafter-downwashfor-altitude

fossil jet fuel aircraft is more than five times greater than for hydrogen aircraft over the whole span of latitudes and altitudes
for which fossil jet fuel SAC is fulfilled. For hydrogen aircraft, the ice particle contributions from lubrication-oil-and-ambient

aerosols-ambient aerosols and lubrication oil are shown separately in panels (ba) and (ab) respectively in Fig. 3. Ice particle
numbersfrom lubrication oil is-are seen to be lowest at lower altitudes because of higher temperatures generally leading to
lower supersaturations in the plume i#-general-and-and therefore lower activation of the lubrication oil droplets. On-the-contrary

Indeed, ice particle numbers from ambient aerosols show an increase at lower altitudes. This is because the limiting factor for

ice particle formation from ambient aerosols is rather-the time window for particles to get entrained into the plume —Withlewer

activation-oftubrication-oil-before quench, rather than the magnitude of the supersaturation in the plume. With a lower number

of activated particles from lubrication o0il and thus a smaller condensation sink, it takes longer to quench the supersaturation of
the plumeand-henee-. Consequently, more ambient aerosols ean-be-entrainedand-get entrained, become activated and form ice

particles at higher temperatures Aewer-altitudes—This-(and lower altitudes). This entrainment and activation behaviour can be

seen in Fig. 1where-the-, in which the entrainment and activation for ambient aerosols is seen to drop at lower temperatures.

To better see the total potential impacts of hydrogen and fossil jet fuel aircraft, we combine the effect of contrail cirrus

formation prebability-and-EFpem—-and-frequency and EFpcm to estimate the average Energy-Fereing-energy forcing per flight
meter (EFpfm). The result is shown in Flg 4 for befh—hydfegefkm (a) and jetfossil jet fuel aircraft (b)aireraft
is—. The global average EFpfm (averaged over

altitude, longitude, latitude and time) is reduced by 66% for hydrogen aircraft in our base case, compared to fossil jet fuel
aircraft (note the difference in scale in Fi

. 4). This, despite the higher relative frequencies of persistent contrail cirrus for

hydrogen fuel. The higher relative frequencies for hydrogen aircraft only has a noticeable impact on EFpfm at relatively low

altitudes. HoweverBut even in this case, it is a modest effect --and hard to discern in Fig. 4. The-patterns-againlook-similar

4.2 Impacteoflubrieation-Lubrication oil size-distributionssensitivity analysis

421 Lubricati i Ivsi
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Figure 2. Comparison of 2019 longitudinal averages between jet and hydrogen persistent contrail cirrus. The top panels (a) and (b) show

the relative frequency of persistent contrail formation. The middle panels (c) and (d) show the average contrail lifetime and the bottom ones

e¢) and (f) show average energy forcing per contrail forming flight meter (EFpcm). Note the difference in scale for the EFpcm between

= 2 mg (kg fuel) ! and lognormal size

hydrogen and jet plots. Hydrogen simulations are run with base setting EUR =1, k = 6 - 10~°, EI

distribution with geometric mean radius 1, = 7.5 nm and geometric width o, &~ 1.45 for lubrication oil droplets. For ambient aerosols we

have hygroscopicity parameter x = 0.5 and lognormal size distribution with geometric mean radius p, = 15 nm and geometric mean width

Fo—get— To gain an improved understanding of how the average contrail EF for hydrogen combustion-aireraft-depend-on
the—parametrization—aircraft depends on the parametrisation of lubrication oil size distributions and other key uncertain-
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Figure 3. Comparison of average number of ice particles after the vortex downwash per meter between-jet-and-formed by hydrogen eentrait
eirrus-aircraft (with-ambient-aerosel(a) and tubrication-oil(b)) and fossil jet fuel aircraft (c). For hydrogen aircraft, the ice particles formed

are separated for-hydrogeninto those formed on ambient aerosol (a) after-the-vortex-downwashand lubrication oil (b), respectively. Note the
difference in scale between all three plots. Hydrogen simulations are run with base setting G}=55EUR =1, k =6 - 1079, EI, = 2 mg (kg

fuel)_1 and lggggr\mvg/lxsize distribution EegNermalfwith geometric mean radius p, = 7.5 nm -e5~-+45)and geometric width g, =~ 1.45
for lubrication oil and;-droplets. For ambient aerosols we have hygroscopicity parameter ~ = 0.5 and lognormal size distribution

with geometric mean radius 1, = 15 nm ;-and geometric mean width o, = 2.2)ferambientaerosels. All simulations are run for 20 randomly
chosen dates (see supplementary-Supplement S5) as a representative sample for year-2019.
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Figure 4. Comparison of average EFpfm between fossil jet fuel aircraft (b) and hydrogen aircraft (ea)persistent-contrails. Note the difference
in scale between the plots. Hydrogen simulations are run with with-base setting GI=55EUR =1, k =6 - 107°, EL, = 2 mg (kg fuel) !

and lognormal size distribution - EegNermaltwith geometric mean radius i, = 7.5 nm —os~+45);-and geometric width g, ~ 1.45 for

lubrication oil and;-droplets. For ambient aerosols we have hygroscopicity parameter x = 0.5 and lognormal size distribution
with geometric mean radius (1, = 15 nm ;and geometric mean width o, = 2.2)-for-ambient-aerosols.

tieswe-perfora—, we conducted a sensitivity analysis. In these simulations, we-tse-the-same-20 randomly-chosen-dates(see
stupplementary-dates were chosen randomly (see Supplement S5), for computational cost reasons, as a representative sample
for year2019 for-all-simulations—(the same days analysed for all cases). Further, averages of contrail cirrus properties are
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this region encompasses the airspace in which nearly all commercial flights operate. The ambient aerosol concentration is kept
constant at the base setting for all simulations in this section, a sensitivity analysis of ambient aerosol concentration is discussed
below and details of that can be found in Supplement S8. For the lubrication oil, we use a span-of-geometric mean radius /i,
from-5-ranging from 1 nm to 25 nm mﬁpﬁ%ﬂmﬂéﬂ%ﬁtﬂﬂdﬂf&dﬁﬂ&&eﬁ&mﬁgﬁo befweerrrgwgg

from €925 ~ 1.28 and-t0 e'? ~ 2.72 in steps of %25,

settings-with-We investigate the model sensitivity with respect to the lubrication oil size distribution while keeping our other
base case settings intact. For example, lubrication oil hygroscopicity parameter x, = 6 - 104, oil droplet mass emission index

El, = 2 mg (kg fuel)~! and energy consumptionratio-ECRusage ratio EUR= 1. In-addition-we-test-Moreover, we analyse
three additional cases 1) with the hygroscopicity parameter changed to k, = 0.1, 2) oil droplet mass emission index EI, = 20
mg (kg fuel) ™! and 3) the Energy-consumptionratio- ECRenergy usage ratio EUR= 1.6. A hygroscopicity parameter as-high
as-of 0.1 is quite-unreasonable-unreasonably high for lubrication oil but itis assumed so as to betterunderstand-the-sensitivity
&W&mmmmwmwwmw our base assumpfﬂ%%easeeﬁefk&fepief

number of exhaust particles per contrail generating flight meter IV in the 20-dates-during 2019-are-caleulated-and shown-in
the-firstrow simulations (oil droplets for the hydrogen aircraft and soot for the fossil jet fuel aircraft). The average number of
oil droplets is determined by 4. 9o and the average fuel flow (which is equal for all cases except EUR= 1.6). The smaller
the geometric mean radius of the size distribution, the larger the number of oil droplets V for the same F7,. For each colour
(case), the dots appear from left to right in order of decreasing geometric mean radius, with the largest radius on the left and
the smallest on the right.

We begin by analysing the first and second rows of Fig. 5, which show the average EFpfm and average N;c. pcm, respectively,
for all lubrication-oil size distributions and cases. A first observation is that there are a-few-cases for which hydrogen-contrail
eirrus-have higher EFpfm-than-contrail cirrus formed by hydrogen aircraft have a higher average EFpfm than those formed by
current conventional fossil jet fuel of-todayaircraft (jet fuel values from simulations are shown as the black x-marker). This
occurs when assuming a hlgh }ubﬂe&&eﬁetkemfssteﬁtﬂ{eﬂwﬂ or a hlgh k, combined with size distribution assumptions

-enabling a large number
of oil droplets available—Even-if-the Kelvin-effectleadsto-a—smallershare-to activate (many droplets but not too small) such

as for y, = 5nm and g, = 1.28 in panel (a) or

oil droplets

and-S-nm(e)alarge numberecan-—still-beformedthan when using the base case setting, which opens the possibility for more ice
articles to form. However, panel (e) in the second row of Fig. 5, showing the average /V;.. pcm, clearly demonstrates that for

the cases with the largest values for N (corresponding to 11, = 1 nm and p, = 3 nm), the Kelvin effect suppresses the fraction
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and-varianee is-again-due i, = 0.1 enables more oil droplets to
droplets;whieh-eanractivate compared to the base setting and this causes an increase in Njc. pcm and EFpfm for the same V.
The highest average EFpfm was obtained for y1, =3 nm, g, = 1.28 and , = 0.1 with a 43% increase compared to fossil jet
fuel and a 385% increase compared to the base case in Sec. 4.1. The second highest average EFpfm was obtained for o = 1
nm, g, = 1.65 and 1, = 20 mg (kg fue) ", For this case, we get a 27% increase in average EFpfm compared to fossil jet
fuel and a 330% increase compared to the hydrogen base case.

Further, fossil jet fuel aircraft generate higher average EFpfm and N, pem compared to hydrogen aircraft in cases where the
number of lubrication oil droplets and soot particles are equal (equal IV). This happens despite lower levels of supersaturations
in the fossil jet fuel aircraft plume, as compared to the hydrogen aircraft one. The reason is that soot has a higher hygroscopicity.
and larger particles (approx. ks = 0.005 and 1, = 25 nm) than is the case for the lubrication oil cases we analyse that generate
equal V.

The substantial reduction in average EFpfm and Ny for p, = 1 and 3 nm compared to larger geometric mean radii, despite
the much larger /N shown in panels (a) and (e) respectively, is due both to the suppression of activation by the Kelvin effect
and, indirectly, to the omission of the Kelvin effect from the condensation sink formulation. As noted in Sec. 3.1.1, the original
and modified K15 models find the quench-time when the supersaturation forcing is equal to the condensation sink. With higher
supersaturation values in the plume for hydrogen than fossil fuel aircraft, the condensation sink is increased (L., is cubic
with respect to s,,) and the quenching time decreases. In some cases, this leads to quenching before plume supersaturation
becomes sufficiently high to activate the many smaller oil droplets associated with certain size distributions. This behaviour of
the K15 model is actually present regardless of fuel and can also lead to shorter quench-times for colder ambient temperatures.
In general colder ambient temperatures generate higher supersaturations in the plume, leading to an increase in condensation
sink and shorter quench-times. This mechanism—e.i., high supersaturation with increased condensation sink leading to short
quench-times—can also be seen in i i i '

of-the-plame-Fig. 1 in ambient aerosol activation, where cold ambient temperatures give a lower percentage of entrained
2

and activated particles because of quenching before full entrainment. This mechanism is also visible in panel (c) of Fig.

in Bier and Burkhardt (2019) for ambient aerosols (in combination with soot), where plume quenching occurs in less time

than is needed for full entrainment and activation, leading to fewer ice particles formed from ambient aerosols for colder
ambient temperatures. Both these examples are contrast with the increase in ice particles formed (from ambient aerosols) at

lower ambient temperatures in Bier et al. (2024), which does not include a quenching procedure. The only study investigatin

this feature of the K15 model is Ponsonby et al. (2025), which found an underestimation of 10-30% of formed ice particles
compared to the modified pyrcel model for radii 1 — 4 nm and hygroscopicity 0 — 0.5 in the soot-poor regime (EI,,.; < 10'3
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ke fuel) ~1). We might therefore expect N;

mean radii and small geometric widths.

cases. The ice water content in the plume is the same for all cases ;-exeeptthe-ease-with-higher ECRis-the same-and-that-in
€oEiP this-with the hydrogen aircraft, except for the one with a higher EUR. In CoCiP, the ice water content is assumed to
be shared equally among the particlesformed;-more-particleslead-to-smaller-particles-droplets activated. Therefore, a larger
number of activated droplets leads to smaller ice particles, as noted in Sec. 4.land-seenin-thetastrow-of Fig—5-where-we

show-ice-particle radius-averaged-overcontrail-eirrustifetime—,_Smaller average particles sediment more-slowly-and-thereby
slower and thereby generally give longer contrail cirrus average lifetimesin-general-, as can be seen in row three of Fig. 5.

to be underestimated, especially for oil droplet distributions with small geometric

There are exceptions to this, sinee-evaperation-as sublimation also plays a role in contrail cirrus lifetime. We-cansee-thisfor

a lawe A — B s 1 OrFRPA an—to

nm than for p, = 3 nm, despite their larger average NV;.. pcm in panel (f) of row two.

In rew—feurrows four and five of Fig. 5, we show the optical depth averaged-over-and the ice particle radius, respectively,
averaged over the contrail cirrus lifetime for all cases. We-see-that-in-generalthe-high-iee-particle-number-cases-also-lead-to
high-In general, the optical depth follows the average N;.. pcm, while the average ice particle radius varies inversely. Higher
Nice pcm leads to smaller 7., which in turn results in higher optical depth. A-neticeable-break-in-this-trend-is-the lower-optieal

We next compare cases with the base 71, and with a tenfold increase in £/, that produce the same number of lubrication-oil
droplets in the plume, IV, but differ in size distribution. Under these conditions, EFpfim remains higher for the larger £ 7, owing.
to the shift in size distribution toward larger droplets when more oil is available to form the same number of droplets. This shift
leads to an increase in the share of particles in the exhausts that are activated. Furthermore, this mechanism is more important
for smaller particles that are less likely to activate than larger particles. For small 4, the tenfold increase in £/, leads to an
approximate 90-250% increase in EFpfm, whereas for the largest comparable geometric mean radius, i, = 10 nm, the increase
is only about 5-10%. Size distributions with 1, > 10 nm in the base E1, setting all produce fewer droplets than any of the size
distributions in the increased-F/, cases.

In Fig. 6, we show the average EFpfm but with the geometric mean radius for lubrication oil droplets on the x-axis. Shown in
this way we can see that an increase in £/, with an associated increase in available oil droplets with the same size distribution
leads to a higher average EFpfm. In general, there is a 22-450% increase of average EFpfm (depending on size distribution)
for our tenfold increase in 2/, The smallest increase in EFpfm is found for the case with widest distribution and geometric
mean radius of 25 nm. The largest increase was obtained for a geometric mean radius of 20 nm and geometric width of 1.28.

on i i assumption about
a lower fuel efficiency (EUR is 60% higher) only has a modest effect in comparison to the oil droplet mass emission index.

It is also interesting that the 4
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The increase in EFpfm is smaller than +-6-fer-the-lower-gravimetrie-indexthe 60% increase in fuel flow. This is partly due to
the larger ice water content for the higher ECR-EUR leading to proportionally larger ice particle losses in the wake vortex

downwash of CoCiP.

421 Ambi A I ibuti . elef .

4.3 Ambient aerosol contribution to ice particle formation

ice particle formation, in absolute terms, is nearly constant
across the different oil droplet size distributions and number concentrations considered here. This is because the quench time
which determines the level of entrainment, is controlled primarily by the supersaturation forcing and the condensation sink

as discussed in Sec. 4.2.1. However, the lubrication-oil size distribution does exert some influence on the contribution from

ambient aerosols. When large numbers of oil droplets present-the-droplets-quickly-are present, they deplete the available water
and—quench——the-plume-leavinglitle-time-more rapidly and quench the plume sooner, thereby reducing the time available

for ambient aerosols to be entrained into the plume and contribute to ice particle formation. For such cases, both the relative

share of ice partlcles formed on ambient aerosols and abse}u{e—nﬂmbefﬂf&ﬂnal}efﬂ}ﬂmg}ﬁhe absolute number marginally

w1s smaller than for cases in which a

small number of oil droplets is present, as seen in Fig. 7, where-in which we show the average numbers of ice particles from
tabrieation-ot-(b)-and-ambient aerosols (a) after-dewnwash-and lubrication oil (b) after downwash, as well as the ambient
aerosol ice particle number as a percentage (c) for all cases and size distributions —tr-examined in the sensitivity analysis. The

decrease in the case with smallest /V; compared to the case with the largest ;.. , is only 4%. This implies that in cases
where there are feweroil droplets present at formation, the ambient aerosols eemﬂbu{e—wﬂ&a—lafgeﬁ%hafeﬂﬂd—m—theea%e—vﬂ%h

where the ambient aerosol contribution background value is reached. This is the end point of our ranges with 1, = 25 nm
and o, ~ 2.72, which gives the lowest number of oil partlcleswbﬁeeﬂﬂs—&feugl%e%ﬁma{&ef—me—avef&g&%p%—fef
— The ambient acrosol contribution
background value can be considered the best case in terms of contrail cirrus climate impact from hydrogen aviation. It is
approximately what the average EFpfm would be if the contribution from lubrication oil were to be eliminated.

We analyse the consequences of both increasing and decreasing the ambient aerosol number concentration by a factor of
ten for a subset of oil droplet size distributions spanning the range considered in Sec. 4.2.1; see Supplement S8. In general,
the larger the fraction of ice particles formed on ambient aerosols under our base-case aerosol concentration, the larger the
corresponding increase or decrease in average EFpfm following a tenfold increase or decrease in ambient aerosol concentration,
respectively. The strongest sensitivity is found for cases in which nearly all ice particles form on ambient aerosols, that is,
where the ambient-acrosol background contribution dominates. For the lubrication-oil parameters with the lowest fraction of
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ice particles formed on oil droplets, 2% (u, = 25 nm and sigma, ~ 2.72), we obtain a 620% increase in average EFpfm for a

tenfold increase in ambient aerosol number concentration, and a 90% decrease for a tenfold decrease in concentration. Even in

this case, however, the average EFpfm with a tenfold increase in ambient aerosol concentration remains 44% lower than in the
overall hydrogen base case. It is also 90% lower than the average EFpfm for fossil jet fuel aircraft.

5 Discussion

Our analysis of eontrail-eirrusimpaets-of-hydrogen-as-aviationfael-how hydrogen as a jet fuel impacts contrail cirrus formation
and energy forcing indicates the possibility of a significant climate benefit. For almost all parameter settings considered, we find

that hydrogen offers a reduction in energy forcing per flight meter compared to conventional jetfossil jet fuel aircraft, with a

global average reduction of abeut76%-66% when using our base case assumptions. For-In our base case, we find an average ice

particle reduction of approximately 85% compared to eenventionaljet-while-areduetion-ef-mere-than-a conventional fossil jet
fuel aircraft. This can be compared to previous estimates of a reduction exceeding 80-90%was-found-in(Bieret-al2024)-for
hydrogen-combustion-with-, although only ambient aerosols \ygm as ice nuclei @ﬂ&mﬂﬁufﬂae%ﬂe%e%ha%SAF—i%

that study (Bier et al., 2024). In our study, the ice particle number in-eur-study-is hlghly dependent on the lubrication 011
i i i ase-of-less (but still

size distribution and

significantl icati i ission i icati i icity. In our most pessimistic

cases, we find an increase of about 10% in the ice particle number after downwash, relative to the case for a conventional
fossil jet fuel aircraft, assuming a high oil emission index and-or high hygroscopicity, combined with a small lubrication oil

geometric mean radius and a small standard-deviationfer-geometric width. However, we found a 99% reduction in the ice

when assuming relatively large
lubrication oil droplets, corresponding to a situation in which lubrication oil is vented rather than emitted in the main exhaust.

particle number after downwash

This shews-indicates the possibilities and importance of future hydrogen engines-design-engine designs for a low contrail cirrus
climate impact.
Despite-thereduction-in-the-majority-of-eases-there-are-Although the simulated reductions in ice particle number and ener:

forcing are robust across nearly all cases investigated here, uncertainties and caveats in the modelling approach usedmust still
be taken into account. CoCiP is a simplified model and-although it has been calibrated and compared (with a relatively good

fit) against data (Schumann et al., 2017)

. However, a recent comparison between CoCiP

and APCEMM (Akhtar Martinez et al., 2025) highlights the fact that a substantial part of the contrail cirrustatertife-time-’ later

lifetime might be missed in the CoCiP model. This leads to a lower estimate of the life-time optical depth (proxy for climate

impact) in CoCiP compared to APCEMMby-approximately-afactor4—, by an approximate factor of 4 for fossil jet fuel.
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“The modelling approach in CoCiP does not employ size distributions of
ice particles in the plume. Since the sedimentation rate depends on particle size, all ice particles in CoCiP sediment at the same
rate, with the consequence that a tongertived-longer-lived tail of smaller particles are-missed—Sinee-high-would be missed.
WMMWMme water content and fewer-particles-at-formation-is-possiblefor-hydrogen
Hlow ice particle numbers will generate large ice particles
with rapid sedimentation. However, it remains unclear whether such cases would lead to a greater relative underestimation of
contrail lifetime and energy forcing per mete i istributi i i
%@MMMMW
fact be less pronounced in cases that initially contain only a small number of large particles, potentially making CoCiP more

From-the-For APCEMM, a large part of the lifetime optical depth in the model comes from the latest stages of contrail
cirrus lifetime. This may explain the discrepancy between the models according to (Akhtar Martinez et al., 2025). Due to a low.
optical depth in the later stages, this phase of contrail cirrus lifetime is difficult to measure and therefore makes it difficult to
validate model results against data, Measurement difficulties notwithstanding, APCEMM sedimentation behaviour is largely
in agreement with more resolved models than CoCiP (Unterstrasser and Gierens, 2010; Lewellen et al.,, 2014; Lewellen, 2014)

A~

The theoretical K15 model in (Kircher et al., 2015) for ice particle formation we-expect-an-overestimation-is expected, on
the one hand, to overestimate the number of ice particles due to the “quench—-precedure-where-quench procedure, in which

all water droplets form at once rather than as a successive activation of particles into water droplets. A successive activation

would sueeessively-steadily deplete the supersaturation, thus tewering-itunder-taking it below the activation threshold for small
particles and particles with low hygroscopicity.

Fhe-magnitudeof overestimation—dueto-the-On the other hand, the formulation of the condensation sink may lead to
an underestimation of the number of formed ice particles, especially for small droplets affected by the Kelvin effect. When
comparing a modified version of K15 modeltand the-with a modified version of the pyrcel model, K15 generated approximately.
10-30% lower ice particle numbers for radii 1 —4 nm and hygroscopicity 0 — 0.5 in the "soot-poor” regime for kerosene
combustion (Ponsonby et al., 2025). How this translates to hydrogen combustion is not clear and needs to be studied explicitly.
However, given the higher supersaturation and supersaturation forcing in the plume for hydrogen combustion, we suspect this
mechanism could further enhance the underestimation because of pessibly-shortertifespan-due-to-the-modelling-approach-in
Co€iP-the cubic dependence of the condensation sink to supersaturation in the K15 model, although this remains to be tested.

Due to our modelling approach, the magnitude of the uncertainties of contrail cirrus impact is difficult to estimate. There
are no observations, as yet, of ice particle formation from hydrogen flight-yetflights against which to compare our ice particle
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estimates —Altheughand contrail evolution. However, the first measurement campaign of contrail formation from hydrogen

aircraft was launched in December 2024 and with its upcoming publication we can better understand the modelling caveats.

Still, our modelling approach produces ice particle
numbers of the same order of magnitude as those reported in another study for comparable lubrication-oil size distributions and
emission indices (Zink et al., 2025b). We also obtain relatively lower numbers of formed ice particles for smaller geometric
mean radii, consistent with the tendency of K15 to relatively underestimate ice particle numbers when small geometric mean
radii are assumed for the condensation nuclei, as noted in (Ponsonby et al., 2025). A more precise comparison is hampered by
modelling differences. For example, we estimate the global annual average ice particle numbers after downwash (with realistic
meteorology), compared to ice particle numbers before downwash at four different temperatures (Zink et al., 2025b).

In general, EFpfm increases with the number of exhausts particles (oil droplets), but this trend reverses for very high numbers
of droplets (see Fig. 5 i . .

S S—W g 0y

s

number-of particles-thatean-aet-as-condensation-nueleipanel (a)). This reversal arises because, in our study, very high droplet
numbers correspond to small droplets, for which activation is suppressed by the Kelvin effect. For the smallest geometric width,
this generates an almost exponential decrease in EFpfm with increasing V for oil droplet numbers approximately NV > 10
m_", corresponding to geometric mean radii of < 5 nm. This is the fraction of the parameter space in which we expect the
largest underestimation of ice particles formed. For the largest geometric width tested with a significant number of large

droplets, EFpfm increases approximately exponentially with N, for N> 1019 m—1.

is-Following a tenfold increase in the emission
index, the increase in EFpfm is highly dependent on oil droplet size distribution. We find the increase to be in the range
22:450%, with the smallest value for geometric mean radius of 25 nm and a geometric width of 2.72 and the largest increase
for a geometric mean radius of 20 nm and geometric width of 1.28. An additional finding in our study is the ameuntof particles

relatively small difference in EFpfm
between our base case and the more technically pessimistic assumption for fuel systems.

The best cases in terms of lowest contrail cirrus energy forcing are obtained for particle size distributions generating
approximately V< 10'” m " and large droplets. Here, ambient aerosols dominate the ice particle formation. In the modelling,
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we have set the constant ambient aerosol concentration relatively high and assumed a relatively high hygroscopicity value-se

underestimation of their contribution. We also varied the ambient aerosol concentration by an order of magnitude upward and
downward. The effect of this change is greatest in cases that otherwise have relatively low energy forcing. Even with a tenfold
increase in ambient aerosol concentration relative to our base-case assumption, the average EFpfm remains 90% lower than for
fossil jet fuel in the case with the smallest contribution of lubrication ol to the ice paticle number.

Despite the uncertainties, our study indicates the possibility of substantial climate benefits in terms of reduced contrail cirrus

EFper-flight meterfor hydrogeninecomparisenEFpfm for hydrogen compared to conventional jet —tn-addition;eur-fuel. Our
parameter sweep over the lubrication oil size distributions give-may also provide guidance for future hydrogen engine design.

entrainmentinto-the-plumeFrom a contrail cirrus climate impact perspective, if mass emission index of entrained lubrication
oil remains unchanged, a broad size distribution with a large geometric mean radius is preferable.

6 Conclusions

Our results indicate that in the majority of settings we analysed, contrail cirrus from hydrogen combustion aircraft generate
generates a significantly lower energy forcing than these-that from fossil jet fuel combustion under-a-majority-of settingsaircraft.
The primary mechanism is a reduced number of particles available to act as ice nuclei. While fossil jet fuel combustion
emits soot and other volatile particttate-matter-particulates that dominate ice nucleation, contrail formation from hydrogen
combustion depends instead on lubrication oil particles-droplets and ambient aerosols serving as condensation nuclei.

We-show-that-In our modelling approach ice particle formation on lubrication oil and ambient aerosols ean-be-is captured
using activation emulators based on a modified version of the microphysical framework proposed by Kéreher-et-al—(Kircher
et al., 2015). Although lubrication oil may partially compensate for the absence of soot, its effectiveness as an ice nucleus
is highly sensitive to poorly constrained factors such as its emission index and particle size distribution. Nonetheless, the
conclusion that hydrogen combustion leads to lower contrail cirrus energy forcing remains rebustintact across a wide range of
assumptions regarding lubrication oil properties.

Overall, our findings suggest that hydrogen aircraft may offer not only CO,-free propulsion but also substantially reduced

non-CO; climate impacts from contrail cirrus, provided that lubrication oil emissions are effectively controlled—Engine-design

hould theref Librieationoihandling asaeritionl ‘
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Figure 5. The figure shows the average energy forcing per flight meter (row 1), the average number of ice particles per contrail generating
flight meter after downwash (row 2), the average contrail lifetime (row 3), the contrail optical depth averaged over the contrail cirrus lifetime
(row 4) and the ice particle radius averaged over the contrail cirrus lifetime (row 5) for different lognormal size distribution-distributions,
geometric mean radii {x-axis)-and standard-deviation-geometric widths (the columns) for four cases of lubrication oil parameters;-. These
four cases are: base setting (yellow);; larger fuel flow for hydrogen (light green);; large lubrication oil hygroscopicity (dark green); and high
oil emission index (dark blue). The x-axes show the average number of exhaust particles per contrail generating flight meter of lubrication
oil or soot, not including ambient aerosols. For comparison, the black striped-tinesshow-x-marker shows the average for fossil jet A-1 fuel

the same set of 20 randomly chosen dates.
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Figure 6. The figure shows the average energy forcing per flight meter for different lognormal size distributions with varying geometric

mean radii (x-axis) and geometric widths (columns), for four cases of lubrication oil parameters: base setting (yellow); larger fuel flow for

hydrogen (light green); large lubrication oil hygroscopicity (dark green); and high oil emission index (dark blue). For comparison, the black

x-marker shows the average for fossil jet A-1 fuel (with the assumption that ;s = 25nm, as in the comparison between K15 and CoCiP’s

activation function). The pink x-marker shows the average for the base case described in Sec.4.1. All simulations are run for the same set of

20 randomly chosen dates.
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Figure 7. The figure shows the average number of ice particles after downwash per contrail flight meter stemming from ambient aerosols

to the left (a) and lubrication oil in the middle (b), as well as the ambient aerosol ice number-percentage to the right (c) for all cases as a

function of the lubrication oil size distributions. Note the change of scale between panel (a) and (b).
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