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Abstract.

A simulation study of the potential impact of wildfire smoke on Arctic cirrus formation is presented. The simulations
complement the MOSAiC (Multidisciplinary drifting Observatory for the Study of Arctic Climate) field observations,
discussed in part 1. The observations suggest that Siberian wildfire smoke had a strong impact on Arctic cirrus forma-
tion in the winter of 2019-2020. Via simulations, a detailed insight into the potential of wildfire smoke to influence Arctic
cirrus formation as a function of observed meteorological and environmental conditions (temperature, relative humid-
ity, large-scale and gravity-wave-induced lofting conditions, ice-nucleating particle (INP) concentration) is provided.
Lidar-derived values of the INP concentration (INPC) serve as input and ice crystal number concentration (ICNC)
values retrieved from combined lidar-radar observations are used for comparison with the simulation results. The sim-
ulations show that the observed smoke pollution levels in the upper troposphere were high enough to trigger strong ice
nucleation. The simulations also corroborate the hypothesis, stated in part 1, that the persistent smoke layer, continu-
ously observed over the central Arctic during the winter half year 2019-2020, was able to widely suppress homogeneous
freezing so that the smoke aerosol most probably controlled cirrus formation and properties. The observations suggest
that the INP reservoir was continuously refilled from the lower stratosphere. Furthermore, the simulations confirm that
the observed high ice saturation ratios of 1.3-1.5 over the North Pole region at cirrus tops (with top temperatures of
—60 to —75°C) point to inefficient INPs as expected when wildfire smoke particles (organic particles) serve as INPs.
Finally, the simulations revealed that ice nucleation in wide spread and frequently occurring shallow updrafts (with low

amplitudes) seem to be responsible for the observed low ICNC values of typically 1-50 L~! in the Arctic cirrus virga.

1 Introduction

The MOSAIC (Multidisciplinary drifting Observatory for the Study of Arctic Climate) expedition (Shupe et al., 2022) offered
the unique opportunity to investigate the potential impact of wildfire smoke on cirrus formation. During the one year MOSAiC

field campaign from October 2019 to September 2020, aged Siberian wildfire smoke in the upper troposphere and lower
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stratosphere (UTLS) covered the central Arctic during the first 7.5 months (October 2019 to mid-May 2020) (Ohneiser et al.,
2021; Ansmann et al., 2024). Ice clouds frequently developed in the smoke-polluted upper tropospheric air masses.

In part 1 (Ansmann et al., 2025), we presented our MOSAIiC observations of smoke and cirrus properties during the
winter half year 2019-2020. Lidar and radar measurements were performed aboard the research ice breaker Polarstern which
drifted with the pack ice in the North Pole region. The MOSAIC observations provided strong indications that the per-
manently observed upper tropospheric wildfire smoke layer (consisting of organic aerosol particles) controlled cirrus
formation during the entire winter half year and widely suppressed homogeneous freezing of background aerosol par-
ticles. Furthermore, high ice saturation ratios of 1.3-1.5, often found in the radiosonde data in the upper part of the
extended cirrus fields, point to heterogeneous ice nucleation on inefficient ice-nucleating particles (INPs) as expected
when organic particles serve as INPs (Kanji et al., 2008; Wang and Knopf, 2011; Knopf et al., 2018).

The simulations in this part 2 complement the MOSAIC field observations in part 1. Models enable us to better
understand the complex processes of ice nucleation, ice growth, and sedimentation at given temperature, humidity and
large-scale and gravity-wave-related lofting conditions. The most important questions to be answered in this part 2 are:
1) Can the ice crystal number concentrations (ICNCs) observed in Arctic cirrus clouds (see part 1), be reproduced by
simulations of heterogeneous ice nucleation on organic particles by using the measured smoke pollution levels as input
in the simulations? 2) How large was the contribution of homogeneous freezing of background aerosol particles to the
observed cirrus formation processes?

The paper is organized as follows: In Sect. 2, the simulation model is explained. In Sect 3, we summarize key observational
findings, presented in part 1 (Ansmann et al., 2025). The measured virga ICNCs served as a guide in the development of our
simulation strategy and were used as orientation in the design of most realistic simulation scenarios. In Sect. 4, we present and
discuss the simulation results and provide answers to the two questions stated above. A summary of the main simulation results

and conclusions on smoke-cirrus interaction, based on both observations and simulations, are provided in Sect. 5.

2 Simulation model

The model permits the simulation of ice nucleation and growth of ice crystals in an adiabatically ascending air parcel.
This air parcel starts in the coldest region of a cirrus layer, i.e., at cloud top, where ice nucleation usually begins. The
main steps of the simulations are shown in Fig. 1. All essential atmospheric and aerosol input parameters and values
required in the simulations are given in Table 1. The meteorological input data (air pressure p, temperature 7, relative
humidity RH over water, and corresponding water vapor mixing ratio MR at height z;) were taken from the MOSAiC
radiosonde data base (Maturilli et al., 2022). Typical cirrus top observations are considered. While the November and
December ice clouds showed cloud top temperatures of —60° to —65°C and cloud top heights were around 9 km, the
January and February ice clouds had top temperatures of —70 to —75°C and the cirrus top heights were typically
above 10 km. We concentrate on the January cirrus scenarios in our simulation study. Examples of January cirrus

observations are shown in part 1 (Ansmann et al., 2025) and in Sect 3 of this part 2. The smoke aerosol input data (e.g.,
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Figure 1. Overview of the simulation steps. An adiabatically ascending, smoke-filled air parcel is simulated. Meteorological input parameters
are the air temperature 7', air pressure p, relative humidity RH, and water vapor mixing ratio MR at the starting height zo. The computation
of the adiabatic rise of the air parcel is indicated by blue arrows and boxes. Red boxes contain the computation of ice-related processes, i.e.,
nucleation of ice crystals, growth of ice crystals, heat release, and sedimentation of crystals. These processes influence the meteorological
conditions. Indices G, H, and S indicate an impact of ice crystal growth, heat release, and sedimentation on the different meteorological
parameters. The vertical (range) resolution is defined by the product of the selected vertical velocity and the temporal resolution At in the

computation. Computations performed in steps j, j 4+ 1, and j + 2 are considered in the sketch.

the particle surface area concentration PSAC, denoted as s;, in equations) were available from lidar observations before
and after cirrus events (Ansmann et al., 2025).

The simulation of an ascending smoke-filled air parcel starts at height z;. Atmospheric input values at 2, are temper-
ature, pressure, and relative humidity. The smoke PSAC input value is set to a typical value of 10 ;zm? cm 3 (required in
heterogeneous ice nucleation calculations) and the background volume concentration is set to 1 zm? cm~3 (required in
homogeneous ice nucleation calculations). The air parcel is ascending adiabatically (blue arrows and boxes in Fig. 1) so
that temperature T decreases with 0.00984 K m—'. The decrease of air pressure p is obtained by applying the baromet-
ric formula. The vertical ascent of an air parcel can be caused by large-scale lofting events (e.g., orographic or frontal
lofting events) (Kércher and Lohmann, 2002) or short-term lofting events, e.g., resulting from gravity wave activity
(Haag and Kircher, 2004; Spichtinger et al., 2005; Podglajen et al., 2016; Kércher and Podglajen, 2019; Kércher et al.,
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Table 1. Meteorological and aerosol input in the ice nucleation simulations.

Smoke particle surface area concentration Sp 10 pm? cm 3
Particle volume concentration, background ~ vppg 1.0 um® em™?
Reservoir of potential INPs 250 2000 L~*
Contact angle Cangle 24.5°,26.5°
Starting height (in ascent simulations) 20 9.0 km, 10.5 km
Temperature at zo T 213K, 199 K
Relative humidity over water at zo RH 69.5% , 64%
Ice saturation ratio at zg Si 1.2

Air pressure at zo P 265 hPa, 212 hPa
Updraft mean vertical velocity Vup 0.01-02ms™ !
Water vapor deposition coefficient ;i 0.5

Temporal resolution At 0.01-1s

2019). Updraft speeds are typically in the range of 1-5 cm s~ ! in the case of large-scale lofting events and 10-30 cm s—!

during gravity-wave-induced updraft events.

During the adiabatic rise, the water vapor mixing ratio MR in the air parcel remains constant so that the relative
humidity and the respective ice saturation ratio .S; increases. After exceeding the ice nucleation onset ice saturation ratio
Si,on Strong ice nucleation sets in. The nucleated ice particles start to grow by deposition of water vapor on the crystal
surfaces. Ice growth leads to a reduction of water vapor in the air parcel and thus to a decrease of S;. The burst-like ice
nucleation event stops when the ice saturation ratio reaches again the onset value and further decreases. The growing ice
crystals form a broad size spectrum and, consequently, a broad spectrum of falling velocities develop. A certain amount
of the larger crystals with comparably high sedimentation speed leaves the air parcel (sedimentation effect) and does
no longer contribute to the reduction of water vapor within the air parcel by ice growth processes. The processes of ice
formation, growth, heat release related to ice production, and sedimentation are highlighted in red boxes in Fig. 1. Each
simulations step (j, j+1, ...) includes the computation of the adiabatic ascent of the air parcel within the time interval
At, the computation of the ice-related processes, and the computation of their impact on the meteorological parameters
temperature, pressure, and water-vapor mixing ratio. The vertical (range) resolution in the computations is defined by
the product of the selected vertical velocity and the temporal resolution At. Temporal resolutions down to 0.01 s can be
selected in the computations.

Besides heterogeneous nucleation of ice crystals on the smoke INPs (organic particles), homogeneous freezing of the
omnipresent liquid sulfate particles is simulated. The main simulation results are time series of number concentrations
of heterogeneously and homogeneously nucleated ice crystals, n; 1,o¢ and 7; hom, and the total amounts of nucleated ice

crystals, > ninet and > 7 hom, Nucleated during a simulated updraft event. We widely follow the modeling concept
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as given in recent articles of Kércher et al. (2022, 2023) and Spichtinger et al. (2023). These papers provide a good
introduction into state-of-the-art cirrus modeling.

In the following subsections, we describe the different parts of the simulation model. The ice nucleation parame-
terizations are given Sect. 2.1. The computation of ice crystal growth by deposition of water vapor on the crystals is

described in Sect. 2.2. A simple approach to roughly consider sedimentation of ice crystals is outlined in Sect. 2.3.
2.1 Ice crystal nucleation

An accurate analysis of the INP budget requires a prognostic treatment of INPs (Knopf et al., 2023a). Diagnostic and
prognostic approaches to ice nucleation parameterization are available, including time-independent (singular) number
and surface-area-based descriptions and a time-dependent description following classical nucleation theory (CNT). The
choice of the ice nucleation parameterization defines the size of the INP reservoir. Following the singular hypothesis,
only a small fraction of the particles (smoke particles in our case) can serve as INPs that are activatable. Following the
CNT scheme, by contrast, all smoke particles can be activated on a random base. The introduction of an INP reservoir
is the most realistic approach, especially in view of the unlimited amount of available INPs over the North Pole region
during the winter 2019-2020.

In our specific approach, INP number concentration (INPC) and ICNC are treated in a prognostic fashion. The transfer from
the INPC to ICNC is the first process listed in the red boxed in Fig. 1. This means we account for sources and sinks of INPs
and ice crystals as discussed in detail by Knopf et al. (2023a). The smoke particles are considered as the source of INPs.
Once the INPs activate and form ice crystals, these INPs are removed from the INP reservoir (sink of INPs). The source of ice
crystals are the activated INPs. To account for the time-dependence of ice nucleation, ice crystal growth and removal processes,
taking place simultaneously, we chose an ice nucleation parameterization based on CNT (Knopf and Alpert, 2023). In CNT,

2 571, describes the number of ice nucleation events per

the heterogeneous ice nucleation rate coefficient, Jy,o¢ in units of cm™
particle surface area and time. Multiplication with particle surface area yields an ice nucleation rate in units of s~!, ultimately
determining the number of ice nucleation events, i.e., ice crystal number concentration per modeling time step. Another feature
of our model is that we assume that the INP reservoir consists of all available smoke particles with radius >250 nm. This means
that all smoke particles of the large-particle fraction (no5¢) are potentially activatable INPs in an air parcel. Here, we follow
the argumentation given in Knopf et al. (2023a). Because of the specific smoke conditions during the MOSAiC winter half
year with an unlimited downward flux of smoke particles from the stratosphere, we could even set the INP reservoir to
’unlimited’.

We selected temporal resolutions from 0.1 to 1 s in the simulations for updraft scenarios with vertical velocities from
20 cm s~ ! to 1 em s~ '. We found that a temporal resolution At of 1, 0.5, and 0.1 s is sufficient to adequately resolve the
burst-like ice nucleation events in air parcels ascending with a vertical velocity of 1, 3, and 20 cm s~ !, respectively.

Regarding heterogeneous nucleation of ice crystals on organic aerosol particles at cirrus temperatures we apply the deposi-

tion ice nucleation (DIN) parameterization (Wang and Knopf, 2011). The method is also outlined in Ansmann et al. (2021) for
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lidar applications. The predicted number concentration of ice crystals (ICNC, in cm~2) is given by
Nihet = Sp X Jhet(cangleaTa Sl) x At (1)

with the smoke particle surface area concentration s, (in cm~2 cm™?), also denoted as PSAC, and the nucleation time interval
At (in s). The retrieval of s;, from lidar backscatter observations is described in Ansmann et al. (2021, 2023). The nucleation
rate coefficient Jye is a function of the contact angle cangle, ice nucleation temperature 7" and ice saturation ratio S, i.e., the
ratio of the partial pressure of water vapor p,, and saturation vapor pressure with respect to ice p; sat. The contact angles for
organic aerosol are in the range of 22°-30° (Wang and Knopf, 2011). With increasing ice-nucleation efficiency the contact angle
decreases. For mineral dust, the contact angle is in the range of 10°-15° (Wang and Knopf, 2011). In the model, the contact
angle increases with temperature. The respective ice nucleation onset value S; oy, is about 1.25-1.3 for a contact angle of 23.5°
at 220 K and 1.45-1.5 for a contact angle of 26.5° at 200 K (Wang and Knopf, 2011; Wang et al., 2012). Regarding the organic
material, leonardite (a standard humic acid surrogate material) is assumed to represent the amorphous organic coating of
smoke particles. Leonardite, an oxidation product of lignite, is a humic-acid-containing soft waxy particle (mineraloid), black
or brown in color, and soluble in alkaline solutions. The INP characteristics of leonardite were studied in detail in laboratory
experiments (Kanji et al., 2008; Wang and Knopf, 2011; Knopf and Alpert, 2013; Rigg et al., 2013).

Eq. (1) assumes that all wildfire smoke particles are potential INPs, thus contributing to the INP reservoir (Knopf et al.,
2023a). According to the discussion in Sect. 3.2 in Ansmann et al. (2025), the observed MOSAIC particle surface area con-
centration s, (or PSAC) was of the order of 10 um? cm~3. In our simulations, we restricted the INP reservoir to the particle
number concentration nos¢ (considering particles with radius > 250 nm), assuming that the large particle fraction contains
the most favorable INPs (DeMott et al., 2010). 1250 is about 2000 L~! for sp values of 10 um? cm~3. More details to the
INP reservoir are given in Sect. 2.1.1. As mentioned above, once an INP is activated to form an ice crystal, this INP (and the
respective contribution to PSAC) is removed from the INP reservoir in the simulation.

We also simulate ice nucleation via homogeneous freezing (Koop et al., 2000; Knopf and Rigg, 2011; Schneider et al., 2021):

i hom = Up,bg X Jhom(T, Sl) x At (2)

with the number concentration of homogeneously nucleated ice crystals n; pom (in cm™?), the volume concentration for sulfate

3 ¢cm™3), and the ice nucleation rate coefficient J},o,, (in cm™2 s~1) which is a function of

background aerosol v, g (in cm™
temperature 7" and ice saturation ratio S; (Koop et al., 2000). Here, we assume sulfate particles with radius of 50-100 nm. For
computational details in the case of lidar application see Ansmann et al. (2021). The onset ice saturation ratio S oy, is 1.5-1.6
in the case of homogeneous freezing. All available liquid background aerosol particles can be regarded as INPs (Heymsfield
et al., 2017). According to airborne in situ observations of Schroder et al. (2002), conducted during the Lindenberg Aerosol
Characterization Experiment 1998 (Ansmann et al., 2002), the number concentration of background sulfate particles is of the
order of 250 cm~3 or 250000 L~ in the upper troposphere and the respective volume concentration vy, bg, required in Eq. (2),

is about 1.0 um?> cm 3.
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An updated approach to compute 7; hom can be found in Koop and Zobrist (2009). According to previous studies (Knopf
and Rigg, 2011; Riechers et al., 2013), Jyom in Eq. (2) is probably one to two orders of magnitude too large. However, our
simulation show that this overestimation has only a minor impact on 7; 1,om. In the case of Arctic cirrus with ice nucleation
temperatures around 200 K, the overestimation is of the order of 5%.

The concentration of nucleated ice cyrstals is finally given by the sum
Ni = N§ het + M4, hom - (3)
2.1.1 INP reservoir

The INP reservoir considers smoke particles with radius >250 nm in our simulations. The respective smoke particle
number concentration nss5g is estimated from lidar observations of the 532 nm particle extinction coefficient o535 in the
upper troposphere at cloud-free conditions (Ohneiser et al., 2021; Ansmann et al., 2023, 2025). Note that we use o532
for the smoke aerosol extinction coefficient, here in part 2, and E for the ice crystal extinction coefficient in part 1.
According to the study of Ansmann et al. (2021), which deals with the conversion of lidar-derived smoke extinction co-
efficients (in Mm™!) into microphysical properties of smoke particles, the surface area concentration sp (in pm? em~—3)

and the large particle fraction 1,50 (in cm—3) are given by

Sp = Cs X 0532 “4)
and
Na50 = C250 X 0532 . )

with the extinction-to-surface-area conversion factor c; (in Mm zm? cm~3) and the extinction-to-particle-number con-
version factor cy59 (in Mm cm—2). The values of ¢, and co5 for aged wildfire smoke can be found in Ansmann et al.

(2021). The link between s, and nas50 is simply given by

Cs
sp = X Na50- (6)
€250

Eq. (6) is used in the simulation model to handle the INP reservoir (ns50), the decrease of nsy5o resulting from the
nucleation of new ice crystals (n;c;) and the respective decrease of the surface area concentration s, used in the
computation of n; 1, with Eq. (1). For aged wildfire smoke the ratio c;/ca50 is 5 ym? (Ansmann et al., 2021). The factor
¢s/c250 can be interpreted as the average particle surface area of all particles of the large particle fraction (defined by

n250)-
2.2 Ice crystal growth

The nucleated ice crystals grow by deposition of water vapor on the crystals. This process reduces the water vapor content

in the air parcel and thus the ice saturation ratio S;. If S; decreases below the ice-nucleation threshold or onset level .S o, or
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RH; oy, ice nucleation will stop. The ice particle mass growth rate (for one crystal) is given by Lohmann et al. (2016)

% _ 4w C;i (S;—1) e
dt Fo + F
When assuming compact spherical ice crystals with radius r; shortly after nucleation, instead of hexagonal plates or columns,
the ice particle capacitance C; (Westbrook et al., 2008) can be replaced by r;. According to Skrotzki et al. (2013) this important
simplification is justified. When expressing dg; /dt by 47r2 p;(dr; /dt) (Lohmann et al., 2016), we can compute the increase of
the ice particle radius (in meter) within the simulation time step At,
1 5-1

ATi = -
ri pi(Fg + Fu)

At. (8)

pi is the bulk ice mass density (assumed to be 925 kg m~3). Eq. (8) is used in the computation of the mass growth term (Eq. 16).

The term F{ is related to the mass transfer of water molecules to the surface of the crystals (Skrotzki et al., 2013):

R,T
fo = D3 pi sat ®
with the specific gas constant of water vapor Ry, = 461.5 J kg=! K~ and the ice saturation pressure p; s»¢ (in Pascal). Mass
transfer of water molecules to the surface of the ice crystals is considered via the so-called modified version of water vapor
diffusivity D7, (Skrotzki et al., 2013). D7, is given by
D;;:DW< iy ADw )_1 (10)

i+ Aw TV

with the water vapor diffusivity,

T 1.94
Dy =2.11x107° (> Po
T D

: (11)

where 1" and p are air temperature and pressure, respectively, and Ty = 273 K and pg = 1013 hPa. Ay, in Eq. (10) is the so-
called water vapor jump length which is often chosen to be of the order of the mean free path Ay, (in meter) of the water vapor

molecules in air, so that we use A\, = A,, (Skrotzki et al., 2013). The mean free path )\, is given by

2
M.
Ay = kpT <7Tp(aw+“a) 14 W’m‘“l) (12)

2 Ma,mol

with the Boltzmann constant kg, the collision diameters of a water vapor molecule oy, (about 0.27 nm) and of an air molecule
0, (about 0.37 nm), and molar mass of water My, mo1 and of air M, mo1. In short, Ay, = 3.371 x 1075 x T'/p with temperature

in Kelvin and pressure in Pascal. The thermal velocity (in m s~1) in Eq. (10) is given by

T
v =y 2L (13)
s

in short vy, = 34.28V/T. Finally, the accommodation coefficient or deposition coefficient «; (Skrotzki et al., 2013) in Eq. (10)

must be given as input and is set constant. Reasonable values are 0.5-1.0. Skrotzki et al. (2013) recommended a deposition
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growth coefficient of 1.0. Kércher et al. (2022, 2023) introduced a complex scheme to compute «; as function of crystal
size and ice saturation ratio .S;. The approach is based on sophisticated laboratory investigations discussed in the articles.
The discussions in Kércher et al. (2023) emphasizes that further work is needed in this complex field of research. We follow
Spichtinger et al. (2023) and set o; = 0.5.

The thermodynamic term Fir in Egs. (7) and (8) is related to latent heat release due to the diffusion of heat away from the

ice crystal (Lohmann et al., 2016):

L, Lq
Fy=(— 1) 14
H (RWT )KT (14

with Lg = 2.836 x 105 J kg~! (denoted as heat of sublimation) and the thermal conductivity coefficient (in J m~! s 7! K1),

K = 4.1868 x 1073[5.69 + 0.017(T — 273.15)] . (15)

Fy contributes to the sum Fg + F by <5% for temperatures <235 K and is thus of low importance.

In the following, we explain the successive steps in the simulations of the MOSAIC ice nucleation events. The starting height
zo of the simulations is set into the top region of the cirrus (the coldest part of the cloud with highest ice saturation ratio). In
the case of a simulated gravity wave, the air parcel will be lofted from zy to zg + Agw, with the amplitude of the gravity
wave Agw, and will then descend to zy — Agw before returning to zo. We also simulated large-scale lofting events from zg to
2o + 300 m and constant updraft speed of 1-3 cms~1 .

In Fig. 1, the calculation steps j and j + 1 after exceeding the threshold or onset ice saturation level \S; ,,, for heterogeneous
or homogeneous ice nucleation are shown. As long as the threshold relative humidity RH; ,,, is not reached, the simulated air
parcel just ascends with the given vertical velocity and n; remains zero. The number of ice crystals that nucleated in step j (after
exceeding the onset S; n) is given by n;(j) (see Egs. 1-3). All earlier formed ice crystals (formed during foregoing time steps,
indicated by index [ (I < j) from 1 to 7 — 1 in Eq. 16) remain in the air parcel during the entire ascent and permanently grow
by water vapor uptake. The consideration of sedimentation aspects is discussed in Sect. 2.3. The time given for ice crystals,
which nucleated in the earlier step [, to grow is (j —[) x At. This means, the older the crystals, the larger they are according
to Egs. (7) and (8) in the computations of ice mass growth in step jsiep = j. By this process of continuous deposition of water
vapor on the crystals in super saturated air a broad crystal size spectrum develops with time.

The ice mass Q;(j) (in kg m~3) produced within the time interval At(j) (see first red box in Fig. 1) is given by

Qi) = o IRGY — rikel + Y g am O GD? — G~ 1,0 (16)
=1

with the bulk ice mass density p; in kg m™—3, the ice crystal number concentration n; in m~3, and r; in meter. For simplicity,
the core mass density of an INP with radius rixp (set to 0.25 pm) in Eq. (16) is assumed to be equal to p;. The increase of the
crystal radius r;(j) by Ar; within time step At(j) is computed by using Eq. (8).

In the next step, the ice mass Q; () that formed during the time interval A¢(j) must be subtracted from the absolute humidity
(in kg m~3) in the air parcel,

_ Pw
RyT’

a7
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to obtain the absolute humidity after ice growth in step 7,

Gw,c(J) = aw(5) — Qi(7)- (18)

Furthermore, the heat release resulting from the water vapor deposition on the ice embryos and growing ice crystals, increases

the temperature (Spichtinger et al., 2023),
Tu(j) =T(j)+ Qi(j) x Ls/cy. (19)

The air pressure p(j) (in Pascal) is influenced via the dependence of the barometric formula on the ambient temperature 731 (j)
so that we introduce py(j) in Fig. 1. Then, we step forward and compute the water vapor pressure py, . u(j) after ice growth

(index G) and heat release (index H) by using Eq. (17),

Pw,cH(J) = qw,c(J) X ReTu(j)- (20)

The respective water vapor mixing ratio (MRq y in Fig. 1) is given by 0.622 X py, ¢ u(j)/[pu(j) — Pw,c,u(j)], and the ice

saturation ratio, affected by ice crystal growth and related water vapor loss, can be written as (cf. Eq. 18)

Srn() - [E0) = QU X RuTils) o

Di,sat

The values of py ¢ 1 are p; o are given in Pascal.
The consideration of the removal of ice crystals from the air parcel by crystal sedimentation processes (Sect. 2.3) would
influence the ice mass production and the mixing ratio reduction. This impact of sedimentation is indicted by index S in Fig. 1.
After the computation of ice nucleation, crystal growth, and potential sedimentation-related crystal losses (red boxes in
Fig. 1), the next step of adiabatic lofting is simulated (blue boxes in Fig. 1). The water vapor mixing ratio MR g,s is again

constant during this computation of adiabatic lofting.
2.3 Sedimentation of ice crystals

As a result of ice growth, sedimentation processes come into play. Crystals start to fall and the larger ones (with sig-
nificant sedimentation speed) will leave the air parcel and will thus no longer contribute to ice growth effects in the
simulated, ascending air parcel. Spichtinger and Gierens (2009) and Spichtinger and Cziczo (2010) introduced compre-
hensive sedimentation schemes that consider the ice crystal size spectrum and size-resolved fall velocities. This approach
was applied in cirrus simulations of Kramer et al. (2016).

In our simulation, we simply assume that all particles with r;(j) > 10 pm leave the air parcel. Ice crystals are no longer
considered in the mass computation with Eq. (16) if the radius exceeds this threshold value. Khvorostyanov and Curry (2005)
showed that ice crystals with radius of 5, 10, and 15 pm may fall with velocities of 5-10 cm s~%, 10-15 cm s™1, and 15-
20 cm s~ in the upper troposphere at temperatures below —40°C, respectively. During an ice nucleation event of, e.g., 300 s,

particles with radius of 10 pm can therefore reach heights of 30-45 m below the height where they were nucleated. However,

10
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Figure 2. Cirrus life cycle observed with lidar over Polarstern at 87.4°N and 93-94°E on 25-26 January 2020. The cirrus (in light green,
yellow and red colors) belongs to the synoptic cirrus category (top down generation of cirrus structures) (Lynch2002). The cirrus top layer
(ice nucleation zone) ascended from about 9.8 to 11 km within 33 hours. Ice crystal virga of falling ice crystals reached down to 4 km height.
Sublimation of crystals determine the lower rim of the virga zone. The particle backscatter coefficient at 1064 nm is shown. Multiplication

of the backscatter coefficients with a cirrus lidar ratio of 30 sr yields the cirrus extinction coefficient.

the simulations showed that sedimentation processes at temperatures of —60 to —75°C (typical MOSAIC cirrus top tempera-
tures) have almost no influence on ice nucleation events (in simulations of short-term gravity-wave-induced air parcel lofting).
Because of the rather slow growth of ice crystals at temperatures around —70°C, crystal sizes remain mostly below 20 um
(in diameter) so that the sedimentation-related removal of crystals from the simulated air parcel has almost no impact on the
simulation results.

Our simple sedimentation scheme allows us to simulate the maximum possible impact of sedimentation. The min-
imum impact is simulated by switching off the sedimentation routine. To match roughly the sedimentation-related
impact on ice nucleation as simulated by Spichtinger and Cziczo (2010), we have to set the sedimentation threshold

radius to 25-35 ;m instead of the used radius of 10.m.

3 MOSAIC aerosol and cirrus observations: key findings

In Figs. 2-5, we provide a brief overview of key findings regarding smoke and cirrus properties during the MOSAiC winter
half year 2019-2020. An extended discussion was given in part 1. Fig. 2 shows a complete life cycle of an Arctic cirrus cloud
system, observed on 25-26 January 2020 during a six-day-long cirrus period (21-26 January 2020). Two other cirrus events of
this long-lasting period, observed on 21-22 January 2020, were discussed in part 1 (Ansmann et al., 2025). The meteorological
conditions measured with radiosondes, launched every six hours, and the cirrus properties observed with lidar and radar during
the 21-26 January 2020 period served as a guide and orientation in our effort to design realistic smoke and cirrus simulation

scenarios.
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Figure 3. Ice crystal number concentration (ICNC, one hour mean profiles, begin of the measurement period is given in the panel), retrieved
from combined lidar-radar observations in the virga height range on 25-26 January 2020 (see Fig. 2). Ice nucleation usually starts at cirrus

top which was at heights >10 km on 25-26 January. The ICNC retrieval uncertainty range is indicated by thin dashed lines.

Large-scale lofting over 30 hours caused an ascent of the cirrus top layer from about 9.5 km to 11 km height (with a mean
lofting velocity of about 1.5 cm s™1) on 25-26 January 2020. Extended virga reached down to about 4 km height above
Polarstern. The cirrus top temperature and ice saturation ratio were 7' = —72°C and 5; = 1.36 at the beginning of the cirrus
event (according to the observations with radiosonde launched at 5 UTC on 25 January). Later on the temperatures decreased
to —75°C and the ice saturation ratios ranged from 1.25 to 1.32 just below the tropopause. As mentioned before, ice nucleation
preferably takes place in the coldest region of the cirrus layer and thus close to the top of the cirrus field.

Figure 3 shows one-hour mean ICNC height profiles derived from combined lidar and radar observations in extended
virga fields on 25-26 January 2020. The retrieval is explaind in Ansmann et al. (2025). The three ICNC profiles cover
well the range of MOSAiC ICNC values. In the majority of the observations, the virga ICNC values were between 1 and
10 L', in many cases also between 10 and 50 L—'. However, values >100 L' were rare. It was mentioned in part 1
(Ansmann et al., 2025), that the virga observations (geometrical structures, frequency of occurrence, ICNC) contain
information about the strength (amplitude, duration) and occurrence frequency of individual updraft events and thus
about the respective strength of the ice nucleation processes. The generally observed high virga occurrence frequency
suggested that short-term updrafts events (and not large-scale lofting events) mainly contributed to ice nucleation in
the observed cirrus clouds during the MOSAIC expedition.

Figure 4 shows an important MOSAIC finding, which is unfortunately not easy to identify in the height-time display
of the shown lidar backscatter signal. As extensively discussed in Ohneiser et al. (2021) and Ansmann et al. (2023, 2024),
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Figure 4. Lidar observations of smoke (in weak yellow) at heights around 10.5 km during a six-day-long cirrus period, lasting from 21-
26 January 2020. Ice crystal fall strikes (virga in orange and red) are visible, mainly from 10 km down to 1-3 km height. Aged wildfire smoke
was continuously observed during cloud-free periods above 6 km height during the entire MOSAIC winter half year (Ohneiser et al., 2021)
with maximum pollution levels around or just above the tropopause. The height-time display of the range-corrected 1064 nm lidar return

signal in logarithmic scales (a.u.: arbitray units) is presented.
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Figure 5. (a) Frequency of occurrence of the maximum ice saturation ratio measured with radiosondes in extended cirrus fields. Thirty
radiosonde profiles were analyzed (November 2019 to February 2020). The maximum highest were usually measured close to the top of the
cirrus layers. (b) Frequency of occurrence of the smoke particle surface area concentration (PSAC) derived from lidar observations at the

tropopause during cirrus-free conditions (November 2019 to February 2020).

we observed almost constant levels of wildfire smoke pollution in the UTLS over the central Arctic from October 2019
to mid-May 2020. As can be seen in Fig. 4, there was always smoke at heights around 10.5 km, i.e., within and above
the cirrus top height range. Smoke particles were continuously detected from about 6 km up to 2-4 km above the local
tropopause. A very clear and impressive observation of a series of cirrus evolution events, all of them initiated within the

permanently polluted upper troposphere, was presented in Fig. 14 in Ansmann et al. (2023), observed during another
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long-lasting cirrus period from 25-29 February 2020. The simulations will show that homogeneous freezing is widely, if
not fully suppressed, at such pollution conditions. The observation of the persistent UTLS smoke layer is probably our
strongest and most convincing argument for the hypothesis that smoke controlled cirrus formation in the central Arctic
during the full MOSAiC winter half year.

The histograms in Fig. 5 provide, finally, an overview regarding the maximum values of the ice saturation ratios, observed
with radiosondes in extended cirrus fields and regarding the smoke pollution levels derived from the lidar observations. The
histogram in Fig. 5a is based on the analysis of 30 MOSAIC radiosonde observations performed during four months (November
2019 to February 2020). A careful inspection of each of the used radiosonde profiles in combination with the corresponding
cirrus lidar observations clearly revealed that all of the 30 sondes ascended through cirrus layers. The cirrus backscatter profile
signatures, observed with lidar, were usually in perfect agreement with the respective radiosonde RH and temperature profile
signatures. The maximum ice saturation ratios S; values accumulated between 1.3 and 1.4 in Fig. 5a and point to the dominance
of heterogeneous ice nucleation on inefficient INPs as expected when organic particles serve as INPs. In Fig. 5b, the frequence-
of-occurrence distribution of lidar-derived PSAC values observed during the winter months from November to February at
the tropopause height level is given. In terms of the respective smoke particle extinction coefficients, the smoke perturbation
caused 20 times higher extinction values than observed during undisturbed clean conditions. The humidity and pollution values

in Fig. 5 and the ICNC profiles in Fig. 3 were used as orientation in the design of the simulation scenarios.

4 Simulation results

Main goal of the simulations was to provide a deeper insight further insight into the ability of smoke to influence
ice formation at cirrus temperatures of —60 to —75°C and, more generally, to obtain a detailed view on the roles of
heterogeneous and homogeneous ice nucleation in cirrus formation processes during the MOSAiC winter half year. We
start with a scenario of large-scale lofting of air parcels, characterized by low lofting velocities of 1 and 3 cm s~ !. Next,
we will discuss ice nucleation during short-term updraft events resulting from gravity wave activity. A typical lofting

! is selected in these simulations. Of specific interest are those updraft conditions that lead to low

velocity of 20 cm s~
ICNCs of < 50 L' as typically observed during the MOSAiC winter half year. Finally, the impact of a mixture of less
efficient to very efficient smoke particles on ice formation is illuminated.

We use similar start conditions for the ascending air parcels in most simulations to facilitate comparison of different
simulation scenarios. All lofting simulations start with an ice saturation ratio S;(zy) = 1.2 at the starting height z;. Sim-
ulations with a temperature of 7'(2p) = 199 K at 2y = 10.5 km represent cirrus formation conditions usually observed in
January and February 2020 and simulations with a temperature of 7'(z;) = 213 K at zo = 9 km reflect the cirrus forma-
tion conditions usually observed in November and December 2019. Table 1 contains the smoke input data (particle sur-

face area concentration s, volume concentration vy, ;,, at background aerosol conditions, number concentration 7,5, of

large smoke particles) and the input data for the cold Arctic cirrus scenario (7' = 199 K, p = 212 hPa, RH=64% at the
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Figure 6. Simulation of deposition ice nucleation (DIN) on smoke INPs during the adiabatic rise of an air parcel ascending with constant
updraft velocity of 1 cm s~ (red), 3 cm s™! (orange), 10 cm s~* (green), and 20 cm s~ (cyan). For comparison, homogeneous freezing
of background aerosol particles (dark blue, at smoke-free conditions) is shown. Temperature T'(zo) is 199 K and ice saturation ratio Si(zo)
is 1.2 for all scenarios at the start of the ascent at height 2. (a) Temporal evolution of the ice crystal number concentration n; = ni het and
ni = ni hom (number of crystals nucleated within At =1 s), and (b) temporal evolution of the ice saturation ratio S;. Thick solid lines in
(a) show n;, thin lines the sum ) n; of all nucleated crystals. The strong drop in the \S; values is caused by ice crystal growth. Simulated
sedimentation effects lead to two ice nucleation events in the case of the updraft velocity of 1 cm s™* (in red). Time resolution in the

simulation is 0.1 s, 0.5 s, and 1 s for the scenarios with lofting velocities of 10 and 20 cm s, 3cms !, and 1 cms™F, respectively.

starting height zo = 10.5 km, cang1e = 26.5°) and the warm Arctic cirrus scenario (7' = 213 K, p = 265 hPa, RH=69.5%
at the starting height 2o = 9 km, c,,41c = 24.5°).

4.1 Ice nucleation during large-scale lofting

I are presented. In addition,

In Fig. 6, two large-scale lofting scenarios with low ascend velocities of 1 and 3 cm s—
simulations with constant vertical velocities of 10 and 20 cm s~ ! are included to show the dependence of ice nucleation
on ascent speed. An ice-nucleation event at cold cirrus conditions (as observed on 22 January 2020, part 1, or on 25-26
January, Fig. 2) is simulated. We compare scenarios of heterogeneous ice nucleation on smoke particles with respective
homogeneous freezing scenarios for background aerosol conditions. In the latter simulations, the smoke particle number
concentration is set to zero.

All simulations show burst-like ice nucleation events. These well defined events are the result of the interplay of two
processes (causing opposite effects). The ascent of the air parcel leads to a monotonic increase of the ice saturation

ratio S;, and when the onset value S; ., is reached and exceeded, ice nucleation sets in. On the other hand, the growth
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of ice particles by deposition of water vapor on the ice crystal surfaces reduces the water vapor in the ascending air
parcel. The ice saturation ratio S; decreases according to Eq. (21). When S; drops below the onset value S; ., again, ice
nucleation stops.

In our study, the onset ice saturation ratio S, is defined by the ice saturation ratio .S; for which the ice crystal
number concentration, n; hom O 7 het, NUcleated within At = 1 s, exceeds (for the first time) the value of 0.001 L~ 1lin
an ascending air parcel. The onset ice saturation ratios are .S; ,, = 1.556 and 1.474 for homogeneous and heterogeneous
ice nucleation at 199 K, respectively.

The consideration of crystal sedimentation by applying our simplified sedimentation approach, outlined in Sect. 2.3,
leads to a second nucleation event in the scenario with 1 cm s~! ascent rate (in red in Fig. 6). Similar sedimentation-
related features occur in the other simulations, but they are not shown in Fig. 6. The second event is related to the fact
that ice crystals with radius >10 ym are removed from the air parcel in the simulation and do no longer contribute to the
reduction of the ice saturation ratio by growth of ice crystals. During the further ascent of the simulated air parcel at a
reduced impact of ice growth the ice saturation starts to rise again and to exceed the onset value S; ., for heterogeneous
ice nucleation again, so that another burst-like structure shows up. Similar recurring ice nucleation features caused by
the sedimentation impact were shown and discussed by Spichtinger and Cziczo (2010) and Krimer et al. (2016).

The main message of Fig. 6 is that wildfire smoke PSAC values of the order of 10 zm? cm 2 and respective 1,5, values
around 2000 L' as observed during the MOSAiC winter half year, are high enough to cause strong events of heteroge-
neous ice nucleation and to prevent homogeneous freezing. In all four simulation pairs with different vertical velocities,
the ice nucleation onset ice saturation ratio S; ., is lower in the case of smoke-induced heterogeneous ice nucleation than
the respective S; ,,, value for homogeneous freezing of background aerosol particles (see Fig. 6b). That means, that ice
nucleation on smoke particles can start earlier in a rising air parcel than homogeneous freezing, and before the onset ice
saturation ratio for homogeneous freezing is reached during the further ascent of the air parcel, growth of the already
formed ice crystals strongly reduce the water vapor pressure (see Fig. 6b) so that the onset value S ,,, for homogeneous
freezing cannot be reached anymore and therefore homogeneous ice nucleation will be completely suppressed as long as
INPs are available in the rising air parcel. If the INP reservoir is empty, S; can further increase at the almost unlimited
rising conditions during a large-scale lofting events, and finally homogeneous freezing events can occur and dominate
the further cirrus evolution. The question arises, how reasonable is the assumption that homogeneous can dominate ice
formation in a highly and constantly polluted upper troposphere with an almost unlimited INP reservoir continuously
refilled from the lower stratosphere? Homogeneous ice nucleation needs absolutely INP-free conditions so that freezing
of background aerosol particles becomes a realistic option.

By comparing the simulations with different ascent velocities we see a strong impact of the vertical velocity on the
total numbers of nucleated ice crystals, > n; 1t and D n; hom. The integrated ICNC values are <50 L~ in Fig. 6a for
a typical synoptic ascent rate of 1 cm s~'. The numbers increase with increasing vertical velocity and are of the order
of 100 L—! (vertical velocity of 3 em s—'), 1000 L—!(vertical velocity of 10 cm s—!), and even exceed 2000 L—! (vertical

velocity of 20 cm s~1!). The higher the vertical velocity, the higher the (maximum) S; value, reached in the rising air
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Figure 7. Heterogeneous ice nucleation (orange n; curve in panel b) and homogeneous ice nucleation (blue n; curve in panel b) during the
ascent of a smoke-filled and smoke-free air parcel, respectively, along the black z curve in panel a. The upward motion is caused by a gravity
wave, characterized by an updraft mean vertical velocity of 0.2 m s~ * (during the first quarter of the wave period) and a wave amplitude of
250 m. The temperature 7" (red curve in panel a) is 199 K at the starting height zo = 10.5 km, and the ice saturation ratio S; at zg is 1.2 in
panel b). The ice crystal number concentration n;, nucleated in At =1 s, is shown together with the sum Y n; of all heterogeneously or

homogeneously nucleated ice crystals (given as numbers in panel b). Temporal resolution in the simulations is 0.1 s.

parcel, and the higher the respective maximum ice crystal number concentrations (thick solid lines in Fig. 6a) before
the growth of the nucleated ice crystals becomes strong enough to terminate the nucleation event. This result is not new

and was already shown in many publications before (see, e.g., Kircher and Lohmann, 2002).
4.2 Gravity-wave-induced ice nucleation

The MOSAIC observations indicate that large-scale lofting occurred (as shown in Fig. 2) and may have contributed
to cirrus formation. However, the observed high virga occurrence frequency suggested that short-term updraft events
resulting from, e.g., gravity wave activity (Podglajen et al., 2016) dominated and triggered most of the observed ice
nucleation events. Figure 7 shows a simulation scenario with ice nucleation initiated during the updraft phase of a
gravity wave. A typical updraft-mean vertical velocity of 0.2 m s—! (during the first quarter of the wave) and a relatively
large GW amplitude of 250 m is simulated. Again, we compare heterogeneous ice nucleation in a smoke-filled air parcel
with a respective homogeneous freezing event (at pure background aerosol conditions). As in the large-scale lofting
simulation, homogeneous freezing will be suppressed as long as smoke INPs are available in the simulated air parcel

because of the higher threshold, S; .., required to start homogeneous freezing.
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Figure 8. Same as Fig. 7, except for lower GW amplitudes of 200 m (homogeneous freezing, dashed curves in panel a) and 160 m (DIN, solid
curves in panel a). In panel b, orange and blue curves indicate simulations of heterogeneous and homogeneous ice nucleation, respectively.
As in Fig. 7, the ice crystal number concentration n;, nucleated in At = 1 s, is shown together with the sum > n; of all heterogeneously or

homogeneously nucleated ice crystals (given as numbers in panel b).

The simulated large updraft amplitude of 250 m in combination with an ascent velocity of 20 cm s~! provide favorable
conditions for strong ice nucleation. Significant DIN begins after 600 s (n; > 0.001 L~! s~!, orange curve in Fig. 6b) when
the onset ice saturation ratio S; o, = 1.474 is exceeded. The nucleation period stops about 120 s later when .S; drops below
Si.on again. The sum Y n; pet of all heterogeneously nucleated ice crystals is 1482 L~!. The respective homogeneous freezing
event needs higher super saturation ratios (S; on = 1.556) and, at the end, produces more ice crystals (3- i hom = 1991 L—h.

This scenario with a large wave amplitude probably provides the most favorable conditions that homogeneous freez-
ing comes into play. The INP reservoir in a given air parcel may be empty after a few minutes so that homogeneous
freezing can set in after further rise of the air parcel or during subsequent updraft events, experienced by the mean-
while INP-free air parcel. In case of such large amplitudes, the ice nucleation onset value 5; ,, for both heterogeneous
and homogeneous ice nucleation (at smoke-free conditions) can be easily reached and exceeded so that large ice particle
production is possible in both ways of ice nucleation.

The simulations in Sects. 4.1 and 4.2 show that both ice-nucleation modes can lead to rather low and rather high

ICNC values so that an identification of the ice nucleation mode based on ICNC values is not possible.
4.3 Ice nucleation in the case of low GW amplitudes

The high ICNC values of the order of 1500-2000 L~ 1lin Fig. 7 were, however, not observed during MOSAIC. In well-defined,
well-resolved virga, indicating single, individual updraft events, we typically found ICNCs of 1-10 L™!, frequently also 10-
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50 L1, but only rarely >100 L~!. In many cases, the observed ICNC profiles in the virga height range provided the clear
impression that aggregation effects (leading to a significant reduction of ICNC with crystal falling time and thus decreasing
height, see discussion in part 1) did not play a significant role so that the virga ICNC values, available at heights of 1-3 km
below the ice nucleation cells at cirrus top, can be used as trustworthy estimates for the ICNCs at cirrus top.

In the next step, we reduced the updraft amplitude in order to obtain low ICNC (>_n;) values, to be better in line with
the MOSAIC observations (Ansmann et al., 2025). According to the superpressure balloon observations of Podglajen et al.
(2016), updraft events with low amplitudes occur much more frequently at UTLS heights in polar regions than strong updrafts
(with large amplitudes). The observations of Podglajen et al. (2016) and the consequences for the observable ICNC levels
ice nucleation processes in the central Arctis were discussed in detail in Sect.3.5 in part 1 (Ansmann et al., 2025). Besides a
decrease of the amplitude, and thus the height range, available for an air parcel to rise and to initiate ice nucleation, also the
decrease of the vertical velocity leads to a reduction of ICNC as was shown in Sect. 4.1. (Podglajen et al., 2016) observed both
that updrafts with low amplitude occur most frequently and that updrafts with low vertical velocity occur most frequently. In
our study, the main focus is on the impact of the amplitude on ice nucleation to keep the discussion simple.

A simulation leading to low ICNC values is shown in Fig. 8. In the case of a GW amplitude of 160 m (and S;(z9) = 1.2), a
very low ICNC number of Y n; het =3 L™! is obtained in the simulation with a wildfire-polluted upper troposphere (orange
n; curve in Fig. 8b). After exceeding S; ,n, only 10 m of further lofting remain for ice nucleation so that a strong burst-like ice
nucleation event cannot evolve. Homogeneous freezing is completely suppressed in the simulation of a shallow updraft with
160 m amplitude. The ice saturation ratio .S; remains below Sj o, for homogeneous freezing. To initiate homogeneous freezing,
amplitudes around 200 m are needed as simulated in Fig. 8 as well.

It is noteworthy to mention in this context that the simulation of an ascending air parcel, that contains no ice crystals
at the beginning of a nucleation event (as discussed here) is even representative for cases with air parcels that contain
already ice crystals before the (new) ice nucleation event starts. The so-called pre-existing ice effect (Kuebbeler et al.,
2014) may prohibit any further heterogeneous and especially homogeneous ice nucleation events when the pre-existing
ICNC >100 L~ ! in the air parcel. However, the pre-existing ice effect plays a negligible role when the pre-existing ICNC
is far below 100 L~ as was typically the case during the MOSAiC winter half year.

Figures 7 and 8 show simulations for cold cirrus conditions as observed in January and February 2020. In November and
December 2019, the cirrus developed at temperatures of —60° to —65°C, and cirrus top heights were frequently at 8-9 km
height. Such a scenario is shown in Fig. 9. With increasing temperature the onset S; value decreases (Wang and Knopf, 2011).
The increased ice activity at higher temperatures is considered in the INPC computation by selecting a contact angle of 24.5°
(instead of 26.5° at 199 K). As can be seen, lower updraft amplitudes of 100-120 m are sufficient in the case of a higher cirrus
top temperature to initiate ice nucleation on smoke particles. Homogeneous ice nucleation needs again amplitudes around
200 m before significant ice nucleation starts. The onset ice saturation ratios are S o, = 1.515 and 1.349 for homogeneous and

heterogeneous ice nucleation at 213 K, respectively.
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Figure 9. Same as Fig. 8, except for a warm Arctic cirrus with T'(z0) = 213 K at zo = 9 km, a lower contact angle of 24.5°, and amplitudes
of 200 m (homogeneous freezing) and 110 m (heterogeneous ice nucleation). Again, the ice crystal number concentration n;, nucleated in
At =1, is shown together with the sum 3 n; of all heterogeneously or homogeneously nucleated ice crystals (given as numbers in panel
b).

4.4 GW amplitude impact on ice nucleation: summary

Figure 10 finally shows the impact of the updraft amplitude on the accumulated number of nucleated ice crystals. As can be
seen in Fig. 10, the number of totally nucleated ice crystals (ICNC) increases strongly with increasing updraft amplitude (for
a given warm or cold cirrus scenario) as long as the amplitudes are small. ICNC is generally small <10 L~ for relatively
shallow updrafts. For updrafts with large amplitude, the dependence of ICNC on amplitude size is low. In the case of large
amplitudes and a correspondingly large height range with .S; > Sj oy, strong ice nucleation as well as strong ice growth sets in.
Even a large increase of the amplitude will not lead to a strong ICNC increase anymore.

According to the balloon observations of Podglajen et al. (2016) over Antarctica, described in detail in Sect. 3.5 in part 1,
shallow updrafts occur always much more frequently than strong updrafts with relatively large amplitudes. Consequently, the
observed ICNCs should be in most cases low because ice nucleation mainly occurs during updrafts having a low amplitude.
This aspect may explain why most of the observed MOSAIC ICNC values are low.

Podglajen et al. (2016) also found a strong decrease of the frequency of occurrence for the updraft vertical velocity with
increasing updraft speed. Small vertical velocities occur much more frequently than large vertical velocities. As discussed in
Sect. 4.1, ICNC decreases with decreasing updraft mean vertical velocity. The findings of Podglajen et al. (2016) point again
to the dominance of low ice crystal production so that, all in all, it is not surprising that most of the measured ICNC values

were low in the Arctic cirrus clouds.
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Figure 10. Impact of the gravity wave amplitude on the overall sum of heterogeneously nucleated ice crystals (ICNC, solid circles) for cirrus

top temperatures of 199 K (in blue) and 213 K (in red). Homogeneous freezing scenarios (open circles) are shown for comparison. The mean

updraft vertical velocity was set to 0.2 ms™*.

When keeping the observations of typically low ICNCs of 1-50 L' in cirrus virga in mind together with the fact that the
smoke INP reservoir was always well filled (and refilled from above) over the entire winter half year 2019-2020, it seems
to be quite unrealistic to assume that homogeneous freezing significantly contributed to cirrus formation during the MOSAiC
winter half year. Homogeneous freezing is possible in absolutely clean air only, i.e., at conditions with pure aerosol background
conditions so that liquid sulfate particles of the background aerosol can start to when the respective onset ice saturation ratio
Si,on is reached and exceeded. Even if we assume a completely isolated air parcel (no exchange of aerosol particles and
moisture with neighboring and polluted air parcels higher up), 10-50 short-term lofting events and respective heterogeneous
ice nucleation events may be required before an initially smoke-filled air parcels is free of any smoke INP so that homogeneous
ice nucleation can start.

We can further conclude from Fig. 10 in combination with the findings of Podglajen et al. (2016) that the conditions are
always more favorable for heterogeneous ice nucleation than for homogeneous freezing. More opportunities for heterogeneous
ice nucleation are given (because more shallow updrafts are available with amplitudes large enough to start ice nucleation) than
for homogeneous ice nucleation, for which always amplitudes around 200 m are required before the onset ice saturation ratio

is reached and ice nucleation can start.
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Figure 11. Ice nucleation scenario with a smoke aerosol mixture of efficient to inefficient INPs characterized by a broad contact angle
distribution. A Gaussian distribution of contact angles (representing different ice-active smoke particle fractions) is simulated. n; = 7 net
is given as thick blue line segments, Y n; is given as blue dashed line. Cirrus with top temperature is 199 K, the updraft amplitude 140 m,
and the updraft mean vertical velocity 0.2 m s~ *. The corresponding S; curve (starting at 1.2 at zo) is shown in (b) as thick blue line. For
comparison the evolution of n; (thick lines in a), > n; (thin lines in a), and S (in b) for scenarios with a single contact angle of 24.5° (red),

25.25° (orange), and 26.0° (magenta) for the entire smoke particle population are shown.

4.5 Ice nucleation in the case of an aerosol mixture of efficient and inefficient smoke INPs

The final simulations focus on the impact of a mixture of relatively efficient to very inefficient smoke INPs on ice nucleation.
Similar simulations with a mixture of less efficient to efficient dust INPs was presented by Kircher et al. (2022). The aged
wildfire smoke observed over the North Pole region from October 2019 to May 2020 was emitted into the atmosphere over
Siberia in July-August 2019. After 3-10 months of long-range transport there may have been many fractions of organic aerosol
particles with very different ice nucleation efficiencies, expressed by contact angles, e.g., from 24.5° (efficient INPs) to 29.5°
(very inefficient INPs). To provide an impression of the ice activity of a complex aerosol mixture we defined a Gaussian
distribution of 50 different smoke INP fractions, characterized by 50 different contact angles from 24.5° to 29.5°. The Gaussian
distribution was centered at the INP fraction with a contact angle of 27.0°. The contact angle half width of the Gaussian
distribution was 1.25°. The INP reservoir was set to 1250 = 2000 L' as in the previous cases. By using this mixture, we
compared the simulation runs with fixed, single contact angles of 24.5°, 25.25°, and 26.0° for all particles in the INP reservoir
with the one for the mixture. The results are shown in Fig. 11.

In the case of the aerosol mixture, the smoke fraction with the highest ice nucleation efficiency is activated first. When this
INP reservoir for the most ice-active fraction (24.5° c.a.) is depleted, the next fraction (24.6° c.a.) becomes ice-active, and so
on. Note again, that the onset saturation ratio S; o, is lowest for 24.5° and increases with increasing contact angle. In the case

of a wave amplitude of 140 m, only a few INP fractions become activated (contact angles from 24.5°-25.2°). We can conclude
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that heterogeneous ice nucleation is widely controlled by the most efficient INPs and that the inefficient INPs may not be

activated at all.

5 Summary, conclusions, and outlook

Based on a dense set of aerosol and cirrus observations in the central Arctic over a half year (part 1) and accompanying
ice nuclation simulations (part 2), we presented the first systematic study of the potential impact of wildfire smoke on
cirrus formation. Since the number of major wildfire events increases since years and ground-based and spaceborne
lidars detected a strong increase in the occurrence frequency of wildfire smoke in the UTLS height range since 2017, it
is important to better understand the role of wildfire smoke in the atmospheric system in order to accurately consider
wildfire smoke in atmospheric modelling and future climate research.

The observations in part 1 provided already a number of arguments for a strong impact of wildfire smoke on cirrus
formation during the MOSAIiC winter half year. We observed a persistent upper tropospheric INP reservoir that was
continuously refilled by a downward flux of smoke particles from the stratosphere. This unlimited source of INPs is
the cornerstone of our hypothesis that heterogeneous ice nucleation on smoke particles dominated and homogeneous
freezing processes were widely suppressed. In terms of optical properties, the particle light-extinction coefficient was
enhanced by a factor of 20 (due to the presence of smoke) compared to pure background aerosol extinction coefficients.
As an independent indication (complementary to the lidar and radar observations) of a strong impact of smoke on
cirrus formation, the MOSAIiC radiosondes, ascending through extended cirrus fields, mainly measured maximum ice
saturation ratios of 1.3-1.5. These maximum ice saturation ratios usually occurred in the uppermost part of the cirrus
layers. They point to heterogeneous ice nucleation initiated by inefficient INPs as expected when glassy organic aerosol
particles serve as INPs.

The simulation study in part 2 complemented the observation and confirmed the hypotheses on a strong impact of
smoke on cirrus formation. The simulations allowed a much deeper view into the ice nucleation processes by considering
ice nucleation, ice growth, heat release and sedimentation. Furthermore, rather different scenarios regarding air parcel
lofting conditions can be studied based on simulations. For the first time, an INP reservoir was introduced in cirrus
simulations by following the argumentation of Knopf et al. (2023a). The introduction of an INP reservoir also considers
best the fact that high levels of smoke pollution were permanently observed with lidar in the upper troposphere during
the first 7.5 months of the MOSAIiC expedition.

The simulations confirmed that the measured PSAC values of about 10+5 ;:m? cm—2 were high enough to initiate
strong ice nucleation processes and to prevent homogeneous freezing. The simulations supported the hypothesis that ice
nucleation is a strong function of the amplitude of the short-term updraft events. The lower the amplitude, the lower the
number of nucleated ice crystals. Together with observations of Podglajen et al. (2016), indicating that shallow updrafts
with low amplitudes occur much more frequently than strong updrafts with large amplitudes, the simulations are in

good agreement with the MOSAIC observations that show most frequently quite low ICNCs. In summary, we found
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many indication from observations and simulations that support the hypothesis that wildfire smoke played a strong role
in central Arctic cirrus formation processes in the winter of 2019-2020. However, even in the case of a highly polluted
UTLS we cannot completely rule out that occasionally situations occurred in which smoke-free conditions were given
in a number of air parcels after the consumption of all INPs (after many updraft events) so that homogeneous freezing
processes could start in these air parcels.

Disregarding the numerous arguments for a significant smoke impact on ice formation in the Arctic upper troposphere, a
caveat of our study is that we do not know the exact deposition ice nucleation properties of wildfire smoke particles that aged
over months of long range transport in the upper troposphere and lower stratosphere. INP-related laboratory studies for this
special particle type are not available. We applied a deposition ice nucleation parameterization that reflects characteristics of
organic particles derived from laboratory studies (Wang and Knopf, 2011; Wang et al., 2012). These organic surrogate INP
particles possess a highly viscous including solid, phase state and oxygenated functional groups as would be expected for
actual UTLS smoke particles (Knopf et al., 2018). It is unlikely that the ice nucleation efficiency of an organic smoke particle
would be orders of magnitude different as studies on organic particles serving as INPs have shown (Murray et al., 2010; Knopf
et al., 2018; Wolf et al., 2020). Clearly, more research including the collection of smoke particles and laboratory studies (e.g.
Knopf et al., 2023b) and airborne in situ measurements (Cziczo et al., 2017) are required in this exciting field of atmospheric
research.

As an outlook, we plan to extend our smoke-cirrus interaction studies. In the framework of the DACAPO-PESO (Dynamics,
Aerosol, Cloud and Precipitation Observations in the Pristine Environment of the Southern Ocean) campaign in Punta Areans,
southern Chile (Radenz et al., 2021), we continuously monitored smoke layers in the upper troposphere and the stratosphere
in 2020 and 2021 originating from the record-breaking bushfires in eastern Australia in December 2019 and January 2020
(Ohneiser et al., 2020, 2022). Many cirrus layers developed in the polluted upper troposphere over the southernmost tip of
South America, in the usually rather clean atmosphere over the Southern Ocean. A unique lidar-radar data set is thus available
to explore the impact of the Australian smoke (from burning of eucalyptus trees) on midlatitude cirrus formation in the usually

very clean southern hemisphere.

6 Data availability

Polly lidar observations (level 0 data, measured signals) are in the PollyNet database (Polly, 2024). All the analysis products
are available at TROPOS upon request (polly @tropos.de) and at https://doi.pangaea.de/10.1594/PANGAEA.935539 (Ohneiser
et al., 2021). Cloud radar data are downloaded from the ARM data base (ARM, 2024; ARM-MOSAIC, 2024). MOSAiC
radiosonde data are available at https://doi.org/10.1594/PANGAEA.928656 (Maturilli et al., 2021, 2022). Products from syn-

ergistic lidar-radar studies and cirrus simulation results can be obtained on request (by contacting the corresponding author).
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