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Process-oriented analysis of aircraft soot-cirrus
interactions constrains the climate impact of
aviation

Bernd Karcher® "™ Fabian Mahrt® 23 & Claudia Marcolli® 4

Fully accounting for the climate impact of aviation requires a process-level understanding of
the impact of aircraft soot particle emissions on the formation of ice clouds. Assessing this
impact with the help of global climate models remains elusive and direct observations are
lacking. Here we use a high-resolution cirrus column model to investigate how aircraft-
emitted soot particles, released after ice crystals sublimate at the end of the lifetime of
contrails and contrail cirrus, perturb the formation of cirrus. By allying cloud simulations with
a measurement-based description of soot-induced ice formation, we find that only a small
fraction (<1%) of the soot particles succeeds in forming cloud ice alongside homogeneous
freezing of liquid aerosol droplets. Thus, soot-perturbed and homogeneously-formed cirrus
fundamentally do not differ in optical depth. Our results imply that climate model estimates
of global radiative forcing from interactions between aircraft soot and large-scale cirrus may
be overestimates. The improved scientific understanding reported here provides a process-
based underpinning for improved climate model parametrizations and targeted field

observations.
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(RF) by changing cirrus cloudiness, thereby affecting

Earth’s energy budget and climatel. Aircraft-induced
clouds (AIC) that originate from emitted soot particles include
young, line-shaped contrails and the older, irregular-shaped
contrail cirrus evolving from them? AIC yield the largest
aviation-induced RF, and effective RF, followed by aviation car-
bon dioxide emissions®>. Significant progress has been made in
quantifying AIC RF from process-based representations of these
man-made ice clouds in global climate models, with a best esti-
mate of 111 mW m~2 for air traffic in the year 2018 3. This
estimate does not include the impact of contrails forming within
already-existing cirrus* and is expected to increase strongly in the
next decades®, assuming that aviation activity reverts to projected
growth rates after the COVID-19 pandemic®. By contrast, the role
of aircraft soot particles in the formation of new cirrus proves
difficult to establish with confidence. Estimates of RF from air-
craft soot—cirrus interactions are highly varied with large positive
and negative values of magnitudes that can exceed the total
aviation RF best estimate of 149.1 mW m~2 (ref. 3), because a
detailed understanding of how aircraft soot particles nucleate
ice crystals is lacking. If one of these large RF values were to
be substantiated, the perception of the role of aviation in the
climate system would be substantially altered.

An extensive field campaign did not detect a unique aviation
signature in cirrus formation, but could not rule out that cirrus
formed on nuclei originating from aircraft exhaust’. Aircraft
measurements ascribed cirrus ice crystal number concentrations
(ICNCs) and depolarisation ratios to aircraft soot impacts, but
only provided correlational evidence®®. A cloud model study
suggested that aircraft-emitted soot particles present in number
concentrations below 100 L~! modify cirrus ICNCs and coverage
under the assumption that they are efficient ice-nucleating parti-
cles (INPs)!0. Global climate model studies have led to a wide
range of RF estimates for aircraft soot-cirrus interactions, cur-
rently from approximately —330 to 287 mW m~2 normalised to
2018 air traffic’. This range persists despite some older estimates
being superseded®. Some models assume that aircraft-emitted soot
particles frozen in contrails act as good INPs in large-scale cirrus
formation, while others, assuming that only a small fraction of all
aircraft soot particles is capable of nucleating ice, led to much
smaller RF values of 11-13 mW m—2 (ref. 3). Consequently, best
RF estimates remain undetermined. This represents a severe gap
in the knowledge of how aviation contributes to climate change.

While soot particles are poor INPs at mixed-phase cloud
temperatures (>238 K)!112, some studies showed enhanced ice
nucleation activity at cirrus temperatures (<233 K)!314 This
behaviour has been explained by pore condensation and freezing,
PCF!>16,  Contrail processing—the formation of contrail
ice crystals on aircraft-emitted soot particles followed by full ice
crystal sublimation and release of the soot particles to the
atmosphere—results in compacted soot aggregates. A recent
laboratory study demonstrated that the ice activity of soot par-
ticles is significantly enhanced upon contrail processing!”. This
enhancement was attributed to increased porosity of soot aggre-
gates after compaction, facilitating PCF.

Contrail processing occurs in long-lived and short-lived AIC.
Long-lived AIC evolve over many hours in ice-supersaturated
regions?. The formation of long-lived AIC is constrained by the
occurrence frequency of upper tropospheric ice supersaturation
with a multi-year average of about 20-30% over the North
Atlantic region!8. Short-lived contrails dissipate a few minutes
past formation and are mainly found in low latitudes!®. They
appear more frequently than long-lived AIC as they form in ice-
subsaturated air, and are usually not considered in global climate
models because their contribution to AIC RF is negligible.

Q viation contributes to anthropogenic radiative forcing

The wide range of values and the resulting low confidence
attributed to RF estimates from aircraft soot-cirrus interactions?
underscores the importance to critically assess how aircraft soot
emissions impact cirrus formation. Here we employ a state-of-
the-art, high-resolution cirrus column model?? and combine it
with a novel, PCF-based parametrization describing the ice
nucleation activity of contrail-processed soot particles?!. Clar-
ifying the ice nucleation activity of aircraft-emitted soot particles
resolves a long-standing knowledge gap and allows us to unravel
the microphysical mechanisms underlying associated cirrus per-
turbations on the process level. We intentionally overestimate
factors controlling aircraft soot-cirrus interactions to establish an
upper-limit impact that may serve to constrain the magnitude of
associated RF estimates.

Results

Figure 1 illustrates our conceptual framework. A contrail dis-
sipates at plume age 4, defined as the time elapsed after formation
(lifetime), releasing the processed soot particles upon which it
originally formed. Number concentrations of soot particles and ice
crystals decrease with increasing plume dilution caused by
entrainment of ambient air. We distinguish between cases where
the soot particles participate in the formation of either a new
contrail at time ¢, > t4 or contrail cirrus at a later time #, > t,. We
define cirrus perturbations as plume scenarios (Plume), if
the exhaust plume containing these particles is relatively close to
the source aircraft and therefore still line-shaped, and if the
number concentration of ice-active soot particles exceeds that of
INP in the background upper troposphere, which amounts to
some 10 L1 (ref. 22). Otherwise, we define cases as background
scenarios (Background). Setting £, = 0.5 h and #, = 5 h, we
derive soot particle number concentrations of 5448 and 458 L~!
(Supplementary Table 1), and associated upper-limit estimates of
ice-active soot particle number concentrations of 54 and 5 L~! for
scenarios Plume and Background, respectively (see ‘Methods’
section and Supplementary Figs. 1-3).

In scenario Background, the total soot particle number con-
centrations approximately quantify the aviation contribution to
the large-scale atmospheric particle background (see ‘Methods’
section). As entrainment rates diminish with plume age, the effect
of dilution is stronger in scenario Plume than in Background. We
describe the baseline against which the soot perturbation sce-
narios are compared by a simulation of unperturbed cirrus for-
mation via homogeneous freezing of aqueous solution droplets
(scenario Base). Using an updraught speed of 0.15 m s~! to
drive cirrus formation in all scenarios is representative of wide-
spread mesoscale gravity wave activity?? (see ‘Methods section)
and allows us to isolate and determine the characteristics
of microphysical mechanisms underlying aircraft soot-cirrus
interactions.

Although ice activity measurements of size-selected soot par-
ticles with mobility diameters <100 nm are not available, the
theoretical underpinning of our soot-PCF parametrization builds
strong confidence in applying it to such small particle sizes2!. We
find that only a fraction of contrail-processed soot particles is ice-
active via soot-PCF depending on ice supersaturation and soot
particle size on the premise that real aircraft soot particles have
properties that are similar to the laboratory soot surrogates.
Analysis of pore structures within soot aggregates reveals that
high ice supersaturation near the homogeneous aerosol freezing
limit (s = 0.5) is required for significant ice activity to occur (see
‘Methods’ section). Microphysical and optical properties of
unperturbed and soot-perturbed cirrus differ to the extent soot-
derived ice crystals affect the evolution of ice supersaturation
during cirrus formation.
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Fig. 1 Storyline of aircraft soot-cirrus interactions. Contrail ice crystals form in aircraft exhaust plumes closely behind the jet engines at cruise altitudes.
Plume dilution decreases soot particle and ice crystal number concentrations over time. The contrail dissipates completely after time tq and full sublimation
of all ice crystals releases all contrail-processed soot particles. After a timespan (t, — tg) or (t, — tg), the air is lifted (red arrows), generating ice
supersaturation. Ice crystals form via soot-PCF (green arrows and upper inset) in addition to homogeneous freezing of liquid solution droplets (lower
inset), modulating ice formation in a new line-shaped cirrus cloud similar to a contrail (scenario Plume) or an irregularly shaped cirrus cloud similar to
contrail cirrus (Background). The scenarios consider the number concentrations of ice-active aircraft soot particles that encompass the range of INP values
observed in the background upper troposphere. In the unperturbed scenario (Base), new cirrus forms solely by homogeneous freezing. All clouds form in
the same meteorological conditions and with the same constant updraught speed enhanced by ubiquitous mesoscale gravity waves (wavy arrows).

We analyse the temporal evolution of the unperturbed cirrus
from a scenario Base by focussing on key variables determining
cloud radiative effects (Fig. 2). We use the short-wave (solar)
cirrus optical depth as a measure of RF24, Ice nucleation occurs in
an ICNC burst about 43 min after model initialisation when
homogeneous freezing conditions are first met (at peak ice
supersaturation). Thereafter, ice crystals continue to form
homogeneously at the cloud top due to sustained cooling, but at a
reduced rate (Supplementary Fig. 4), causing the ice water path to
increase further with time. The maximum ICNC averaged over
the cirrus column (=500 L~1) slightly decreases due to plume
dilution, adiabatic cooling and sedimentation. Ice crystal growth
due to water vapour (H,O) deposition causes the column-aver-
aged, mean ice crystal diameter to increase rapidly to about 20 um
and then gradually towards 30 um. Optical depth increases
accordingly and reaches a value of 0.3. Cirrus with low optical
depth (<0.3) similar to AIC2? are most susceptible to INP per-
turbations. Column-averaged ice crystal size distributions reveal
diameters up to about 20 pum at 45 min and 40 um at 75 min
(Fig. 3). ICNC and mean diameter, as well as ice water content
and ice supersaturation, develop significant vertical structure
resulting from the interplay between ice crystal nucleation,
growth and sedimentation (Supplementary Fig. 4).

In scenarios Background and Plume, ice crystals already start to
form on the subset of ice-active soot particles about 6 min earlier
than in scenario Base (Fig. 2). The ice water paths of the maturing
soot-perturbed cirrus exceed that of Base, because the soot-
generated ice crystals settle into ice-supersaturated air and take up
relatively large amounts of water vapour. The onset of homo-
geneous freezing is slightly delayed, associated ICNCs decrease by
=150 L~! (Background) and =300 L~! (Plume) and ice crystal
diameters increase. Adding a small number of INPs reduces the
number concentrations of homogeneously produced ice crystals
for two reasons: growth of soot-derived ice crystals lowers the ice
supersaturation resulting from the updraught owing to initially
high deposition coefficients (>0.1) and homogeneous freezing
rates are very sensitive to even small changes in supersaturation.
In addition, turbulent diffusion lowers homogeneously nucleated

ICNCs in scenario Plume by flattening vertical supersaturation
gradients?0. Soot particles and ice crystals dilute faster and the
latter achieve larger sizes in scenario Plume than in Background
due to faster entrainment of ice-supersaturated air (Supplemen-
tary Table 1). As in scenario Base, optical depth is dominated by
homogeneous freezing, decreasing only slightly by 0.08 in Plume
and increasing by 0.06 in Background. The perturbed size dis-
tributions reveal a small number of ice crystals originating from
soot with diameters of about 50 pm (Background) and 60-80 um
(Plume) that are absent in Base (Fig. 3). Liquid aerosol particles
freeze within and above the soot layer (Supplementary Figs. 5 and
6), showing that aircraft soot is capable of modifying, but not
preventing, homogeneous freezing.

Soot particles form significant amounts of ice crystals only
around the time and location of peak ice supersaturation. In an
~250-m-thick layer, the highest soot-derived ICNCs are reached
shortly before homogeneous freezing commences, namely 4.5 L~!
(Background) and 22 L=! (Plume) (Supplementary Fig. 7). These
values are lower than the upper-limit estimates of 5 and 54 L~1,
respectively, reflecting the effect of plume dilution. Outside the ice
supersaturation maximum, soot-derived ICNCs diminish rapidly
reducing the peak column-integrated values further to 2.5 L~!
(Background) and 13.5 L~! (Plume) (Fig. 2). Apart from the
nonlinearities inherent to ice nucleation and growth processes
across vertically inhomogeneous ice supersaturation profiles,
dilution and diffusion prevent simple scaling of these results with
total soot particle number concentrations.

Discussion

The generation of few large ice crystals by aircraft soot particles
and the reduction of ICNCs relative to Base is significant in both
scenarios. However, changes in optical depth, a proxy of RF, are
minor (=20%), as it is dominated by homogeneous freezing in all
scenarios. We include an additional sensitivity simulation Back-
ground—performed using a much lower (synoptic) updraught
speed of 0.01 m s~!—to illustrate the competition between
homogeneous and heterogeneous ice formation in weak forcing
conditions, where INPs generally exert a greater impact. In this
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Fig. 2 Cirrus cloud microphysical and optical properties. Shown are a, e, i ice water path, b, f, j column-average total ice crystal number concentration, c,
g, k column-average number-weighted mean ice crystal diameter and d, h, | short-wave cirrus optical depth versus time past ice saturation initially reached
at 10 km altitude. The top panel shows the homogeneous freezing-only reference scenario Base and corresponding results for the soot-perturbed scenarios
Background and Plume are presented in the middle and bottom panel, respectively. The light grey curves repeat the Base results to facilitate comparison.
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Fig. 3 Cirrus ice crystal size distributions. Column-averaged results taken at (dashed) 45 min and (solid) 75 min for a the reference scenario and b, ¢ the
cirrus perturbation scenarios. Size distribution refers to number concentrations of ice crystals with diameters D; in the range [D; — AD,, D; + AD;] divided by

the grid size resolution AD;/D; = 0.0235.

case, soot suppresses the initial ICNC burst, but homogeneous
freezing still occurs at the cloud top and the resulting cirrus
develops only low optical depth (<0.06) (Supplementary Fig. 8). As
the vertical wind field is affected by rapid (few minutes) vari-
abilities of ever-present mesoscale gravity wave activity super-
imposed onto synoptic motions, mean updraught speeds below
0.15 m s~ are rarely observed in the upper troposphere and lower

stratosphere?3. Mean updraught speeds above 0.15 m s~! strongly
enhance the homogeneous freezing contribution, leading to opti-
cally thicker cirrus clouds and reducing the impact of ice-active
soot particles. The use of a single updraught in simulations of
cirrus ice formation does not capture the full variability in ICNCs.
However, adding wave-induced temporal variability in vertical
wind speeds leads to a massive broadening of ICNC frequency
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distributions due to multiple homogeneous freezing events?.
Because this broadening would make it difficult to separate the
effect of aircraft soot from wave-induced variability in ICNC, we
did not represent such temporal variations in our simulations.
Using a higher mean updraught speed or including updraught
speed variability would diminish the impact of aircraft soot.

Our approach overestimates the soot impact, as we prescribe: a
soot particle population with a high emission index, large modal
size and size spread; a soot particle layer encompassing the peak
supersaturation region; and a contact angle at the soot-liquid
water interface representing bare (uncoated) soot particles with
relatively high PCF activity (effects of atmospheric soot ageing
processes relevant for aviation emissions beyond #, do not sig-
nificantly increase their PCF activity). In addition, we assume the
absence of coagulation and scavenging processes diminishing
number concentrations of fresh soot particles over time2%; effi-
cient INPs from sources other than aviation competing with soot
particles and overriding the soot impact; and, as detailed above,
high mean updraught speeds or wave-induced temporal
variability.

Relaxing any of these assumptions would lead to predictions
with smaller or negligible soot-induced cirrus perturbations in
our simulations. To illustrate this point, we performed sensitivity
studies (see ‘Methods’ section and Supplementary Fig. 2), where
either a lower-limit soot particle number-size distribution (PSD)
or an increased contact angle was used. In both cases, ice-active
soot particle number concentrations decrease more than tenfold,
rendering ice activity practically negligible. Ozone oxidation can
decrease contact angles on bare soot particle surfaces. However,
gas-phase oxidation becomes increasingly hampered by con-
densation and coagulation processes that may lead to thick
coatings as soot particles age. In the case of aircraft soot, contact
angles decrease only slightly and therefore ice activity is not
changed significantly (see ‘Methods’ section). More importantly,
we expect aircraft soot particles to coexist with more efficient
INPs, especially in the Northern Hemisphere. These INPs include
mineral dust particles, which become ice-active already at low ice
supersaturation?’, where ice activity of aircraft soot particles as
predicted by soot-PCF is basically absent (Supplementary Figs. 1
and 2). Aerosol particles emitted from ground sources were
observed to be a common feature at cruise altitudes over the
Central and Western USA”. Another field study revealed median
concentrations of about 35,000 L~! of refractory particles over
the Eastern North Atlantic?8, exceeding the total aircraft soot
concentrations (Supplementary Table 1) in scenarios Plume
(Background) by a factor of 6 (76). Together with the low ice
activity of aircraft soot, this strongly suggests that aircraft-emitted
soot particles cannot compete in cirrus formation with insoluble
aerosol particles from other sources.

Our results challenge the prevailing notion of a large RF from
aircraft soot-cirrus interactions. In a global climate model study
addressing RF due to soot-perturbed, large-scale cirrus, soot
particles released from long-lived AIC were assumed to act as
good INPs already at moderate ice supersaturation, based solely
on contrail formation and persistence criteria, unless they have
collected multilayer sulphate coatings?®. Positive RF values were
obtained in sensitivity tests assuming low concentrations of
ambient sulphate and dust aerosol particles. RF values were found
to be negative when processed soot particles were added in areas
where homogeneous freezing dominates cirrus formation. More
recent studies based on the same global model?%3! suggest lower
RF estimates, brought about by accounting for effects of waves on
updraught speeds, changes in background aerosols and mod-
ifications of the underlying ice nucleation scheme, superseding
the largest RF estimates’. Other global model studies3>33

calculated statistically insignificant RF when ascribing a small ice
nucleation efficiency (0.1%) to all aircraft-emitted soot particles.

We identify a number of issues causing large negative RF values
due to interactions between aircraft soot particles and large-scale
cirrus to be overestimated in the global model studies. Firstly, the
size-dependence of ice activity of soot particles processed in long-
lived AIC due to soot-PCF is much stronger than predicted by
parametrizations based on, e.g., immersion freezing>* and leads to
lower soot-derived ICNCs. Scenario Background—intentionally
overestimating the soot impact—yields a number concentration of
ice-active soot particles of 5 L1, significantly below the values of
up to 100-300 L~! of contrail-processed aircraft soot particles in
regions with highest flight activities?®. Inclusion of processing of
soot emissions in short-lived contrails and Plume-type scenarios
that both were not considered in the global model study would
partially offset this decrease. Secondly, the parametrization
employed in ref. 2 to represent cirrus ice formation reduces the
homogeneous freezing contribution too strongly, because pro-
cessed soot particles, either bare or with minimal coatings, were
assumed to act as INPs already at moderate ice supersaturation
(0.35, see ref. 3V); and the effect of vertically inhomogeneous
supersaturation on ice activation and nucleated ICNC as well as
homogeneous aerosol freezing at cloud tops was not represented.

Ideally, targeted field measurements would be used to confirm
the limited effect of aircraft soot on cirrus. In planning such
observations, it is important to analyse the large-scale meteor-
ological situation leading to cirrus formation after AIC dissipa-
tion. Emphasis should be placed on the time spans (f — t4), since
they indicate whether Plume-type (t — t,) or Background-type
(t — t,) scenarios are realised. AIC lifetimes (fq) and duration
and extent of ice-supersaturated areas (affecting both ¢, and t;,) in
which AIC evolve show considerable latitudinal and seasonal
variations!83%. To enable meaningful comparisons with results
from detailed cloud models, airborne measurements should
characterise soot PSDs and mixing state before and after contrail
processing, and provide number concentration and chemical
composition of INPs along with ice supersaturation, cloud ice
microphysical properties and vertical air motion variability dur-
ing cirrus formation. However, it will be challenging to identify
aircraft soot-induced changes due to ubiquitous gravity wave
activity and because INP other than aircraft soot particles might
produce similar or larger perturbations.

Our study is based on an improved physical understanding
that grew out of a process-based evaluation of laboratory mea-
surements and by itself presents a major step forward in quan-
tifying aircraft soot-cirrus interactions, although atmospheric
conditions and aerosol particle properties are more variable than
representable in cloud models. The simulations of a prototype
cirrus cloud field experiment will guide the development of global
model parametrizations of soot effects as well as future observa-
tional studies, enabling a more robust quantification of the
associated RF. The results show that cirrus perturbations in
optical depth, hence RF, from aircraft soot are minor due mainly
to the small size of the soot particles, which severely limits their
ice activity. It is likely that the magnitude of RF from aircraft
soot—cirrus interactions is much smaller than AIC RF and may
even be insignificant because our process-oriented analysis of
soot-cirrus interactions using representative upper tropospheric
conditions does not reveal a significant impact on cirrus optical
depth despite changes in cloud structure. In view of the great
difficulty in acquiring conclusive results from airborne mea-
surements, our study provides a major constraint for improved
simulations of aircraft soot effects on cirrus in the short term: at
most one out of hundred emitted soot particles is ice-active after
processing in contrails or contrail cirrus.

COMMUNICATIONS EARTH & ENVIRONMENT | (2021)2:113 | https://doi.org/10.1038/s43247-021-00175-x | www.nature.com/commsenv 5


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-021-00175-x

Methods
Cirrus cloud model. We employ a numerical model to predict the meteorological
and microphysical evolution of an ice cloud column for a given vertical wind
field?0. Because processes controlling aerosol-cirrus interactions unfold on vertical
scales of tens of metres and smaller, we use a one-dimensional model framework
with a grid resolution of 1 m in the computational domain (altitude 9.5-12 km).
The model simulates vertical advection of potential temperature, H,O and size-
resolved aerosol particles across a fixed altitude grid. The non-equilibrium water
content in aqueous solution droplets is predicted based on size- and composition-
dependent hygroscopic and condensational growth rates. In addition, the model
treats homogeneous freezing of these droplets and depositional growth of spherical
ice crystals by deposition of H,O, and tracks ice crystals (advection and sedi-
mentation). Aircraft soot PSDs are included based on in situ measurements as
detailed below. All types of aerosol particles are transported separately for each size
category and form ice crystals when the specific particle size and ice super-
saturation conditions are met. To estimate short-wave cirrus optical depth, Mie
scattering cross-sections are evaluated at a wavelength of 0.55 um for non-
absorbing ice crystals with a refractive index of 1.311. Turbulent diffusion of H,0
and heat as well as entrainment of cloud-free air into the cloud column is addi-
tionally considered for AIC simulations. Vertical diffusivity is enhanced in young
contrails due to decaying aircraft wake turbulence, approaching small ambient
values over time. The entrained environmental air is simulated based on the same
dynamical evolution as the cloud column, but without ice crystal formation.
Homogeneously nucleated ICNCs in cirrus depend on vertical wind speeds,
which are strongly influenced by mesoscale gravity waves. In our simulations, the
air is lifted with a constant updraught speed of 0.15 m s~1, exceeding synoptic
values and driving cirrus formation far away from strong wave sources such as
steep mountains or deep convection. The imposed updraught corresponds to a
mean wave-driven enhancement representing the low end of measured values?3.
Molecular deposition coefficients control the efficiency of ice crystal growth from
the vapour. Growth by uptake of H,O is governed by deposition coefficients
depending on ice supersaturation, with additional dependencies on ice crystal size,
temperature and pressure3©. Deposition coefficients reduce to values <0.01 as
growing ice crystals quench the ice supersaturation; the resulting slowdown of
deposition growth feeds back on ice supersaturation and impacts the vertical
distribution of cloud ice. More than 100,000 (10,000) simulation ice particles>’,
derived from the liquid (soot) aerosol and each containing a number of real ice
crystals, are tracked through their lifecycles in each simulation.

Model initialisation. Initial temperature (230 K at the domain base with a constant
lapse rate of —7 K km™!) and relative humidity profiles (Gaussian moist layer with a
standard deviation of 350 m peaking at ice saturation at 10 km) are prescribed
guided by airborne dropsonde and lidar measurements across flight levels

(10-11 km) over the North Atlantic33, representing a typical midlatitude situation
with regard to air traffic volume and contrail occurrence. Fully soluble aerosol
particles with a hygroscopicity parameter of 0.3, typical for continental accumulation
mode aerosols?, are distributed log-normally with a total number concentration
of 500,000 L1 (500 cm—3), modal dry radius of 20 nm and geometric standard
deviation of 1.5. Midlatitude upper tropospheric aqueous solution droplet con-
centrations typically lie in the range 200-2000 cm ™3, encompassing large-scale areas
where accumulation mode aerosol particles age by coagulation and localised regions
where new particles form via gas-to-particle conversion. Our simulations do not
capture variability in ICNCs induced by variations in soluble aerosol properties.
However, the susceptibility of homogeneously nucleated ICNCs to soluble aerosol
particle properties is weak for updraught speeds and temperatures relevant for the
conditions in our simulations*!-43, The choice of soluble aerosol parameters within
reasonable bounds is not crucial for our upper-limit estimates of soot-induced cirrus
perturbations. For the given updraught speed, homogeneous freezing of particles
across this size distribution occurs in a narrow range around an ice supersaturation
of 0.5 at temperatures near 220 K. PSDs are evenly spread in a 300 (400) m deep
layer centred at 10 km altitude around the peak supersaturation in scenario Plume
(Background). The layer depths are estimated using upper tropospheric vertical
diffusivities. The total number emission index, EI = 101> (kg-fuel) "], lies in the
upper range of most measurements? and model predictions covering a wide range
of aircraft and emission conditions*445.

Soot particle properties. While most in-flight measurements show that number-
size distributions of freshly emitted soot particles in dry exhaust plumes (no
contrail processing) are monomodal®, some show a second, large particle mode in
both, near-field contrails?” and dry plumes*34%. The origin of the large mode is
unclear. In young plumes (age = 1s), coagulation rates among soot particles
diminish rapidly due to plume dilution, preventing the formation of a large mode
by collisions?®. This suggests that bimodality in soot PSDs does not result from
compaction after contrail processing or from coagulation, but can already be a
feature of fresh (unprocessed) jet engine emissions. More research is needed to
resolve this issue.

PSDs in fresh aircraft exhaust plumes may be approximated by log-normal
functions. We employ upper-limit values for the modal dry mobility diameter,
D,, = 35.7 nm, and geometric standard deviation, ¢ = 1.8, of a large number of
PSDs inferred from measurements behind a commercial aircraft equipped with

turbofan jet engines burning conventional jet fuel at cruising thrust conditions®C.

In sensitivity studies, we employ a PSD using measured lower-limit values from the
same study, D, = 22.8 nm and o = 1.65. We note that a reduction in D,,, or EI,
replicates the effect of burning pure biofuel or blends of kerosene and biofuel46->0.
The measured upper-limit parameters are close to average values predicted by a
global aircraft soot emission inventory in cruise conditions*4, while the lower-limit
values are only rarely found in this inventory. Bimodal PSDs*® are also used in
sensitivity studies.

We estimate total soot particle number concentrations to initialise the simulation
scenarios Background and Plume at the respective times, f, and t,, based on a single
plume dispersion model°!. Values taken at a jet engine’s nozzle exit plane scale with
the soot emission index, ¢ - EI, with ¢ = 2.43 x 10~° (kg-fuel) L~1. To account for
plume dilution after a typical jet mixing timescale, 7 = 0.01s, the exit plane
concentration diminishes over time, t, by the dilution factor d = (¢/t), which
derives from the entrainment rate, 3/t, and together with = 1.075 represents
average conditions. We estimate total particle number concentrations, #1o = ¢ - EI -
d(#), to be on the order of 1000 L~ for plume ages of several hours. Values taken at
t = t, and t, and those of other model parameters are summarised in
Supplementary Table 1.

These estimates do not account for multiple overlapping plumes enhancing
number concentrations. The likelihood of plumes overlapping increases with time
as plume widths increase due to wind shear; therefore, ongoing dilution reduces
nior-values in individual plumes. This particularly applies to potentially wide
plumes in scenario Background. In the atmosphere, both effects can offset each
other, so that n,, = 458 L~! in scenario Background taken at t, = 5 h
approximately represents large-scale number concentrations of aircraft soot
particles resulting from mixing of plumes older than 5 h. The impact of dilution on
ice microphysics in this scenario is small, as the entrainment-mixing timescale of
about 5 h (inferred from Supplementary Table 1) is much longer than the
timescales of processes governing the cirrus ice formation event.

Ice activity of contrail-processed soot particles. We assume that ice forms on
bare aircraft soot particles via PCF, with homogeneous freezing of pure, super-
cooled liquid pore water in soot aggregates'>1°. Because temperatures are low at
cirrus levels and pore water is under increasingly high tension with decreasing ice
supersaturation, pore water freezes almost instantly once the pore volume is large
enough to host a critical ice germ®2. The resulting nanoscopic pore ice can then
grow into a macroscopic ice crystal at sufficient ice supersaturation to overcome
the Kelvin energy barrier. The main factors controlling the ability of a pore to take
up liquid water are its diameter and opening angle, and the contact angle between
the pore wall material and water. The pore structure of soot aggregates is complex
and comprises a range of different pore types®>. We have shown that three-
membered and four-membered ring pores, consisting of three and four primary
particles in contact with each other, are frequent features in soot aggregates and
explain the ability of soot particles to form ice via soot-PCF2. In the same study,
we have demonstrated that the ice supersaturation required for soot-PCF to occur
in such ring pores is linked to a small set of physical properties of the soot particles
that can be readily quantified experimentally: the size of and overlap between
primary particles, aggregate size and fractal dimension and the contact angle at the
soot/liquid water interface. The fractal dimension is a measure for the number of
contacts between primary soot particles and increases with compaction.

We apply the soot-PCF framework, developed based on ice nucleation
measurements of well-characterised soot particles using a continuous flow
diffusion chamber, to particles with properties characteristic for aircraft soot. The
probability of a soot particle to contain a ring pore with N members depends on the
number of spherical primary particles making up a soot aggregate, Nj,, which in
turn depends on the primary particle diameter, Dy, the gyration diameter, Dg, and
the aggregate fractal dimension, &:

s
D,
N, =k <D—i) ,Dy =D/1.29 1)
where D is the dry mobility diameter and k, is a scaling factor. For diffusion-
limited cluster-cluster aggregation, ko = 1.3 and § = 1.78 >4, Sizes of primary
aircraft soot particles depend on the engine thrust level and the type of fuel burnt.
We choose D, = 20 nm to calculate Nj, as a function of D, which reflects the
predominant primary size of soot particles emitted at cruising thrust®’. The
fraction of soot aggregates with a given mobility diameter D that activates at ice
supersaturation s, the s-cumulative ice-active fraction (AF), depends on N,, on the
ice-active site probability function, Py, denoting the probability of a primary
particle to be part of a ring pore inducing PCF at s, and on the number of
neighbouring particles, N, of each primary particle:

AF=1-(1-Py*a=N,—Ny. )

The exponent « quantifies the probability that a soot aggregate contains a
primary particle within a ring structure?!; subtracting N from N, avoids
overcounting ring structures. We choose N = 2, reflecting the minimum number of
three primary particles to form a three-membered ring pore. The fact that AF is
cumulative in s reflects laboratory measurements in which the ice nucleation
activity of an aerosol sample is often probed at successively increasing
supersaturation.
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Knowledge of Py is sufficient to describe the ice activity of soot aggregates with
different sizes from the same emission source, assuming the same contact angle?!.
To represent contrail-processed aircraft soot, Py is compatible with the primary
particle size distribution measured at 65% thrust level when burning standard Jet
A-1 fuel®®. The Py covers supersaturation-dependent activation probabilities by
three-membered and four-membered ring pores with primary soot particle
diameters and overlaps ranging from 5 to 40 nm and 0.01 to 0.2, respectively, and
is fitted as:

1

a+b(s+1) ®)

log,(Py) =
with a = 0.378 and b = —0.462 for a soot-water contact angle, 6, of 60°.

Role of soot particle ageing. Ice-active soot particle fractions exhibit a marked
dependence on 6, which can be affected by atmospheric ageing processes. Ageing of
soot particles impacts their ability to influence clouds and climate®® and pre-
dominantly occurs via (i) condensation of semi-volatile compounds, (ii) coagula-
tion with ambient aerosol particles and (iii) oxidation from the gas phase®.
While monolayer sulphuric acid (H,SO,) coatings have little effect for hetero-
geneous ice nucleation on soot particles®’, the ability of PCF is significantly
reduced if soot pores are filled with H,SO, or organic carbon®®>? via processes (i)
and (ii). If soot particles obtain thick (multilayer) coatings, the ice nucleation mode
shifts from PCF to immersion freezing, where soot is an inefficient INP11,57:59,
Therefore, only the ageing process (iii) is capable of enhancing PCF efficiency by
decreasing 6.

Data of experimentally determined contact angles relating to aircraft soot are
scarce. We first discuss soot-water contact angles associated with unaged soot
particles. Persiantseva et al.®" produced soot particles in a gas-turbine
combustion chamber setup by burning propane-butane mixtures, mimicking
aircraft cruise combustion conditions, and found 6 = 63°. The same study
reported higher values (70°-80°) when burning the aviation fuels TC1 (fuel
sulphur content > 0.11 wt%), T6 (0.05 wt%) and kerosene in an oil lamp setup.
Contact angles were found to decrease for TC1 and kerosene soot only after
heating and outgassing, processes that are not relevant for the upper
troposphere. Using the same technique, Popovicheva et al.%! found 6 = 59° + 4°
and 69° + 4° when burning freshly prepared TC1 and long-time stored (oxidised)
TC1 kerosene, respectively. A value of 59° was found for TS1 kerosene fuel using
the same approach®2. Shonija et al.%3 found the contact angle of fresh TC1 soot
to be 69°. Significantly higher values (= 97°-107°) were reported for unaged
kerosene soot®4.

We now address how ageing via gas-phase oxidation (process (iii)) might affect
0. Wei et al.%% found 6 to decrease by =5-10° after exposing kerosene soot to ozone
mixing ratios of 40 ppb over a period of ten days, which is at the high end of
tropospheric soot particle lifetimes of =3-11 d °. Following ref. ® and doubling
the ozone mixing ratio to 80 ppbv to account for mixing of upper tropospheric and
lower stratospheric air masses, 6 might decrease by =15-20° over 10 d. Lifetimes in
the upper troposphere and tropopause region can be longer, especially for particles
emitted at high altitudes as in the case of aircraft emissions. Doubling the lifetime
to 20 d with 40 ppbv of ozone would lead to the same decrease. However, ageing of
aircraft-emitted soot particles already occurs in evolving exhaust plumes?® via
condensation of H,SO, formed by oxidation of SO, vapour from the exhaust
(process (i)) and coagulation with liquid ambient and plume aerosol particles
(process (ii)). Sulphuric acid hardly oxidises soot surfaces®; therefore, exposure to
H,SO, has next to no effect on 6. Moreover, a H,SO, coating shields the soot
surface preventing oxidation from ozone®®. Overall, this limits the time available to
reduce 6 via ozone oxidation to 1-2 days depending on jet fuel sulphur content and
ambient aerosol load2®; the above rough estimates for reductions in 6 reduce to a
few degrees. In summary, our default value of 60° for unaged aircraft soot, which is
already at the low end of data, would decrease only slightly.

Some fraction of aircraft soot emissions are emitted above the tropopause with
residence times that can be longer than the 10-20 days assumed here. Contrails
form less frequently in the dry lowermost stratosphere?, so that soot particles
emitted there do not frequently get ice-active to begin with. The contribution of
stratospherically aged soot particles to ice formation via PCF is likely negligible due
to condensation of H,SO, and coagulation with particles in aircraft exhaust plumes
and from the H,SO4/H,O background aerosol. Additional work is needed to better
constrain the lifetime and properties of soot particles depending on the location of
emissions. This will ultimately allow to fully establish the ice-active contribution of
aged soot particles from aviation to cirrus formation.

Since AF depends strongly on soot aggregate size, PSDs play a crucial role.
Supplementary Fig. 1 shows that most aircraft soot aggregates are not significantly
larger than typical primary particles (20 nm) and only some exceed mobility
diameters of 200 nm (panel a). Ice activity is negligible (AF < 0.001) for 6 = 60°
and soot particles with diameters up to about 40 nm. Full activation (AF — 1) is
predicted for D > 200 nm only at high ice supersaturation (panel b). The ice-active
PSDs, obtained by multiplying AF with the soot PSD (normalised to unity), show
that PCF maximises for D =~ 90 nm (panel c). Integrating over all sizes, we find that
only a minor fraction, f, of emitted soot particles can become ice-active, depending
on s (panel d). Values larger than f = 0.01 are not achieved owing to homogeneous
ice nucleation and growth.

Ice activity spectra. The dependence of ice-active soot particle fractions on ice
supersaturation is given by integrating the ice-active PSDs shown in Supplemen-
tary Fig. 1c over all sizes:

S

f(s) = / PSD(D)AE(D, s)dD (4)

0

using normalised PSDs. Results of sensitivity studies with several observed size
distributions using the default contact angle of 60° show that the bimodal PSDs
from refs. 4748 cause much fewer ice-active particle fractions across all
supersaturations as compared to our default upper-limit monomodal PSD due to
smaller abundances of large particles (Supplementary Fig. 2). Clearly, PSDs are
crucial for accurately representing soot-cirrus interactions in models.

Results of sensitivity studies with different contact angles are also shown.
Increasing 6 by 10° to a value of 70° renders ice activity negligible for both
monomodal PSDs. We also show results of an extreme case with 6 decreased by 15°
to a value of 45°, greatly overestimating the effect of large-scale soot ageing via
ozone oxidation by dismissing the possibility of turning externally mixed soot
emissions into internally mixed particles already on the plume scale. As a result, the
ice activity spectra peak at 5.5 (0.6)% for the upper-limit (lower-limit) PSD. More
frequently observed aircraft soot PSDs, characterised by average parameters*®, D,,
~ 29 nm and ¢ = 1.7, would yield peak ice activity fractions near 1%, similar to our
simulation scenarios. We conclude that the effects of atmospheric ageing on the ice
activity of aircraft soot particles are most likely negligible and that our conclusions
hold true for both unaged and aged particles.

Total ice-active soot particle number concentrations. To obtain analytical
estimates of soot particle number concentrations that are ice-active at ice super-
saturation s at a given time past emission, we multiply f(s) with n(f). For D, =
35.7 nm, 0 = 1.8, § = 60° and s = 0.5, this results in f = 0.01 (Supplementary
Figs. 1d and 2), i.e. at most 1% of the emitted soot particles are ice-active. When
taken at t, = 0.5 h and #, = 5 h, values f- n indicate the magnitude of the largest
possible perturbation in scenarios Plume (=54 L~1) and Background (=5 L~1),
respectively (Supplementary Fig. 3). As the numerical simulations start at ice
saturation, additional dilution of soot particles until homogeneous freezing com-
mences is not included in these analytical estimates.

A note on pre-activation. Porous particles such as soot can potentially also form
cloud ice crystals via pre-activation. Pre-activation occurs when ice from a previous
ice nucleation event is retained in aggregates within nanometre-sized pores at
temperatures below the bulk melting point and below ice saturation. The ice phase
may then grow upon re-encountering sufficiently high ice supersaturation. Hence,
pre-activation describes an ice growth process circumventing the freezing
nucleation step. Since homogeneous freezing rates of liquid pore water are high at
cirrus temperatures, PCF is constrained either by water condensation into wider
pores or ice growth out of narrower pores. Therefore, pre-activation is not relevant
when ice growth limits PCF, as is the case for the narrow three-membered and
four-membered ring pores that occur when the overlap between primary particles
is large. Moreover, when PCF is limited by water condensation, pore ice sublimates
already at slight ice subsaturation (s < 0). We, therefore, consider the effect of pre-
activation negligible for the pore types that dominate ice formation via PCF in
aircraft soot aggregates?!.

Implementation of ice-active fractions in the cirrus model. In the numerical
simulations, soot particle number concentrations as small as 0.1 (0.01) L~1 are
resolved in scenario Plume (Background) and converted to simulation ice particles
once they become ice-active. These low threshold number concentrations ensure
that ice crystal formation is simulated in soot particles with mobility diameters as
low as about 40 nm.

We would overestimate soot-derived ICNCs significantly in our numerical
simulations when using the s-cumulative AF parametrization, Eq. (2), because soot
particles are depleted from the PSD after previous ice formation events. Instead, we
estimate the number fraction of particles that activate during a small increase in ice
supersaturation (determined by the model time step that is subject to accuracy
constraints) in a given size range (determined by the soot PSD that is discretised
with fine size resolution, AD/D = 0.135) from a parametrization of differential AF,
dAF, consistent with the cumulative AF.

To derive dAF, it is convenient to view the s-cumulative AF as the probability to
activate aircraft soot particles of size D, resulting from the statistical outcome of
many identically prepared laboratory measurements. Defining As; = s; — s;_;, with
so = 0 and AF(sy) = 0, dropping D from the argument list and noting that dAF(s;)
shall describe the fraction of soot particles frozen only within As;, the total fraction
frozen at s; is given by those particles that did not activate into ice (with probability
1 — dAK(s;)) in every interval As; prior to s;:

AF(s;) =1 —[1 — dAF(s)]x ... x [l — dAF(s;_)]x [1 — dAF(s;)]. (5)

With dAF(s;) = AF(s,), dAF(sj)-values for j > 1 are obtained by recursion. In the
simulations, we used constant intervals, As; = 0.01.
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