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Immersion freezing: bacteria and the Olympics

https://www.reuters.com/markets/commodities/making-snow-stick-wind- challenges-winter-games-slope-makers-2021-11-29/
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The unstable ice nucleation properties of Snomax®
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bacterial particles

Key Points:

Michael Polen', Emily Lawlis’, and Ryan C. Sullivan’
« Very ice active Snomax protein
aggregates are fragile and their ice "Center for Atmospheric Particle Studies, Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
nucleation ability decreases over

months of freezer storage

« Partitioning of ice active protein T, . .
agg,egalef.mw the imm:,sim oil Abstract snomax s often used as a surrogate for biological ice nucleating particles (INPs) and has recently
reduces the droplet’s measured been proposed as an INP standard for evaluating ice nucleation methods. We have found the immersion
freezing temperature freezing properties of Snomax particles to be substantially unstable, observing a loss of ice nucleation ability
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Immersion freezing and other ice crystal formation pathways in clouds
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Poissonian model of freezing & Ice Nucleation Active Sites (INAS)
theory (in modern notation)
(Bigg '53, Langham & Mason '58, Carte '59, Marshall '61)

Poisson counting process with rate r:

In(l—P)=—rt
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Szakall et al. 2021, ACP 21: isothermal experiments (IPA, Mainz)
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AIDA @ KIT

(https://www.imk-aaf.kit.edu/, photo: KIT/Ottmar Mdhler)
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AIDA @ KIT

(https://www.imk-aaf.kit.edu/, photo: KIT/Ottmar Mdhler)

AIDA cooling rate: ca. 0.5K/min
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
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singular (Shimaetal. '20) vs. time-dependent (Alpert & Knopf

singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
freeZing if Tambient(t) < TfleampIed at t=0
time-dependent: A as attribute (randomly sampled from the same lognormal)

Monte-Carlo freezing trigger using P(A - Jhet( Tambient(£)))
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singular (Shimaetal. '20) vs. time-dependent (Alpert & Knopf
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singular (Shimaetal. '20) vs. time-dependent (Alpert & Knopf '16)
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Poissonian model of freezing & Ice Nucleation Active Sites (INAS)
theory (in modern notation)
(Bigg '53, Langham & Mason '58, Carte '59, Marshall '61)

Poisson counting process with rate r:

A

/ To+ct
c JTy

for a constant cooling rate ¢ = dT /dt:
In(1—P(A, t ~ Tg)) = —

In(l—P)=—rt

introducing Jhet(T), T(t) and INP surface A

In(1=P(A, ) = — /Jhet(T(t’)) dt’
0

—_— ——
INAS:

ns( Tt )

ns(Te,) = exp(a- (Te, — Tooc) + b)
experimental ns(T) fits: e.g., Niemand et al. 2012

Ihet(T)dT' = —A - ny(Ty,)
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Fig.3 The decadal log of the heterogeneous ice nucleation rate coefficients, logio(ner), are shown asa
function of Aa,, for individually analysed freezing events, initiated by the different IN types investigated
in this study and previous work #14357:6673757895 | og 1 (Jy;) are shown for (A) Nannochloris atomus, (B)
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FIG. 1-6. Ice nucleation active site densities ng as a function of
temperature for H,O, (hydrogen peroxide) treated (lighter-shaded
symbols) and untreated (dark symbols) agricultural soil dusts in
comparison to the n, of marine aerosol. Differences between various
black symbols are for organic content (OC). High OC (12.7 wt%)



Poissonian model of freezing & Ice Nucleation Active Sites (INAS)

theory (in modern nOtation) for a constant cooling rate ¢ = dT /dt:
(Bigg '53, Langham & Mason '58, Carte '59, Marshall '61)

A To+ct
: : . 01 = P(At = Te)) = =2 [ 7% 4o (7T = =4 n(Ti)
Poisson counting process with rate r: cJn

1 dns(T)
—Z hhe(T) =
. het(T) aT

=a-ns(T)

experimental fits: INAS ns (Niemand et al. "12)
ABIFM Jhet (Knopf & Alpert '13)
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Poissonian model of freezing & lce Nucleation

s it a problem?

ive Sites (INAS)

for a constant cooling rate ¢ = dT /dt:
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Testing different cooling-rate profiles in a box model
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Testing different cooling-rate profiles in a box model
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Testing different cooling-rate profiles in a box model
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Testing three flow regimes and two immersion freezing representations
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Testing three flow regimes and two immersion freezing representations

Wmax = 1/3 m/s
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Testing three flow regimes and two immersion freezing representations
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Particle-based p-physics + prescribed-flow: spin-up

Time: 360 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: spin-up

Time: 390 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: spin-up

Time: 420 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: spin-up

radius [um] (particles)
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Time: 450 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: spin-up

Time: 480 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: spin-up

Time: 510 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: spin-up

Time: 540 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: spin-up

Time: 570 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: spin-up

Time: 600 s (spin-up fill 600.0 s)
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Particle-based p-physics + prescribed-flow: glaciation

Time: 630 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 660 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 690 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 720 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 750 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 780 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 810 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 840 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 870 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 900 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 930 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 960 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 990 s (spin-up fill 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 1020 s (spin-up till 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 1050 s (spin-up till 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 1080 s (spin-up till 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 1110 s (spin-up till 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 1140 s (spin-up till 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 1170 s (spin-up till 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Particle-based p-physics + prescribed-flow: glaciation

Time: 1200 s (spin-up till 600.0 s)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/ cc (two-mode lognormal) ~ Nijyp = 150/L (lognormal, Dy =0.74 um, oz =2.55)
spin-up = freezing off; subsequently frozen particles act as tracers



Testing three flow regimes and two immersion freezing representations
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Testing three flow regimes and two immersion freezing representations
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Testing three flow regimes and two immersion freezing representations
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» range of cooling rates in simple flow (far from 0.5 K/min for AIDA as in Niemand et al. 2012)



Testing three flow regimes and two immersion freezing representations
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» range of cooling rates in simple flow (far from 0.5 K/min for AIDA as in Niemand et al. 2012)

> only time-dependent scheme robust across flow regimes (consistent with box model & theory)
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https://en.wikipedia.org/wiki/Draft:Super_Droplet_Method
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Draft:Super Droplet Method
In mathematical modeling of aerosols, clouds and precipitation, Super Droplet Method (SDM) is a
Contents  hide Monte-Carlo approach for representing collisions and coalescence of particles in atmospheric fluid
dynamics simulations. The method and its name was introduced in a 2007 arXiv e-print by Shin-

(Top)
ichi i 11 i ionl2]
SHIF e i ichiro Shima et al.!*! (preceded by a 2006 patent application'! and followed by 2008 RIMS
microphysics model Kékyarokul3! and 2009 QJRMSI4] papers).
taxonomy
' SDM Monte-Carlo SDM algorithm is a probabilistic alternative to the deterministic time: 2700 s
Algorithm for model of the process embodied in the Smoluchowski coagulation
Coagulation of . s 3 3o oM
Particles equations. Among the key characteristics of SDM is that it is not --- analytic

subject to the "curse of dimensionality" that hampers application
- of other methods when multiple particle attributes need to be

Well-mixed control

volume resolved in a simulation!”]. The algorithm is embarrassingly

parallel, has linear time complexity, constant state vector size

(number conservation of simulated particles during collisions)

Super-particle state

pdf(x) - m(x)

Attribute sampling

Time steppina,

(thanks to Emma Ware and Clara Bailey for help)
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https://en.wikipedia.org/wiki/Draft:Super_Droplet_Method
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Thank you for your attention!

https://doi.org/10.1029/2024MS004770
(Arabas et al. 2025, JAMES)

https://en.wikipedia.org/wiki/Draft:Super_Droplet_Method
(feedback & contributions most welcome!)

sylwester.arabas@agh.edu.pl
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