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Poissonian model of freezing & Ice Nucleation Active Sites (INAS)
theory (in modern notation)

Poisson counting process with rate r:

In(l—P)=—rt

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

In(1—P(A 1)) = — /Jhet(T(t’)) dt
0

| S —
I(T)
INAS:

I(T) = ns(T) = exp(a- (T — Toec) + b)
experimental ns(T) fits: e.g., Niemand et al. 2012
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freezing temperature T, as a super-particle attribute

P(A, Te,) =1 — exp(—A - n(Ts))

spectrum of T, even for monodisperse A
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— limitations stemming from monodisperse INP assumption (see also Alpert & Knopf '16)
— singular particle-based model is capable of representing polydisperse INP
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(A is not an attribute, initialisation only); freezing if T(t) < Tx(t = 0)

time-dependent: A as attribute (randomly sampled from the same lognormal)
Monte-Carlo freezing trigger using P(Jhet(T(t)))
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(A is not an attribute, initialisation only); freezing if T(t) < Tx(t = 0)

time-dependent: A as attribute (randomly sampled from the same lognormal)
Monte-Carlo freezing trigger using P(Jhet(T(t)))

gg=exp(2.5)
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—— Monte-Carlo: singular/INAS
—— Monte-Carlo: time-dependent/ABIFM
——- singular CDF for 0.1x median surface
—=—- singular CDF for 1x median surface
—=—- singular CDF for 10x median surface
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singular: INAS Ty, as attribute; initialisation by random sampling from P(T¢,, A) with lognormal A
(A is not an attribute, initialisation only); freezing if T(t) < Tx(t = 0)

time-dependent: A as attribute (randomly sampled from the same lognormal)
Monte-Carlo freezing trigger using P(Jhet(T(t)))

cooling rate: 0.5K/min

og=exp(1.5)
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—— Monte-Carlo: singular/INAS
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particle-based freezing: singular (Shimaetal.) / time-dependent (this work)

singular: INAS Ty, as attribute; initialisation by random sampling from P(T¢,, A) with lognormal A
(A is not an attribute, initialisation only); freezing if T(t) < Tx(t = 0)

time-dependent: A as attribute (randomly sampled from the same lognormal)
Monte-Carlo freezing trigger using P(Jhet(T(t)))
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particle-based freezing: singular (Shimaetal.) / time-dependent (this work)

singular: INAS Ty, as attribute; initialisation by random sampling from P(T¢,, A) with lognormal A
(A is not an attribute, initialisation only); freezing if T(t) < Tx(t = 0)

time-dependent: A as attribute (randomly sampled from the same lognormal)
Monte-Carlo freezing trigger using P(Jhet(T(t)))
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(Bigg '53, Langham & Mason '58, Carte '59, Marshall '61)

Poissonian model of freezing & Ice Nucleation Active Sites (INAS)
theory (in modern notation)

Poisson counting process with rate r:

In(l—P)=—rt

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

In(1—P(A 1)) = — /Jhet(T(t’)) dt
0

| S —
I(T)
INAS:

I(T) = ns(T) = exp(a- (T — Toec) + b)
experimental ns(T) fits: e.g., Niemand et al. 2012
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theory (in modern notation)
(Bigg '53, Langham & Mason '58, Carte '59, Marshall '61)

Poisson counting process with rate r:

for a constant cooling rate ¢ = dT /dt:

A To+ct , ,
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for a constant cooling rate ¢ = dT /dt:
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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(l1-P)=—-rt
introducing Jhet(T), T(t) and INP surface A:
t
In(1-P(A, 1)) = —A[ hee(T(t")) dt’
0
I(T)

INAS:  I(T)=ng(T) =exp(a- (T — Toec) + b)

experimental ng(T) fits: e.g., Niemand et al. 2012

for a constant cooling rate ¢ = dT /dt:

A To+ct , ,
In(1 — P(A, t)) = —— / Ihet (T)dT = —A - I(T)
cJTy

dns(T)
dT

1
=a:ns(T) = ——hee(T)

experimental fits: INAS ns (Niemand et al. "12)
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ABIFM Uyt (Knopf & Alpert '13)
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= = INAS: —dng(T)/dT = — a - ng(T) (dust)

255.0 252.5 250.0 247.5 245.0 242.5 240.0 237.5 235.0
temperature [K]

u]
)]
I
ut
it

~

N



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

Houston, we have a
problem

for a constant cooling rate ¢ = dT /dt:
A To+ct , ,
In(1 — P(A, t)) = —7/ Jhet(T)dT" = —A - I(T)
cJTy

dns(T)
dT

1
=a:ns(T) = ——Jhee(T)

experimental fits: INAS ns (Niemand et al. "12)
ABIFM Uyt (Knopf & Alpert '13)

1013
T
TE o4
X
g 109 Y
S Z
! 107 -
[
4 .
P g
E:, 1084 92 —— ABIFM Jper/c (Illite)
= = ABIFM Jhet/C (M=28.14 ¢=-2.92)
= = INAS: —dny(T)/dT = —a-n(T) (dust)

255.0 252.5 250.0 247.5 245.0 242.5 240.0 237.5 235.0
temperature [K]

addressed in the modified singular model of Vali '94 (also: Murray et al. '11)

but the singular ansatz limitation of sampling T, at t=0 remains

o S = = z 9ac
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particle-based p-physics + prescribed-flow test (aka KiD-2D

)a,b,c,d,e

Lagrangian component (PySDM)

0 500 X (m) 1000 1500 08
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dconcept: Gedzelman & Arnold '93
bstratiform: Morrison & Grabowski '07
“particle-based: Arabasetal.’15
9KiD-2D: github.com/BShipway/KiD
here: SHEBA case (Fridlind etal. '12)


https://github.com/atmos-cloud-sim-uj
https://github.com/BShipway/KiD
https://atmos.illinois.edu
https://atmos.ii.uj.edu.pl

particle-based p-physics + prescribed-flow test (aka KiD-2D
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)a,b,c,d,e

PySDM & PyMPDATA
(Bartman et al. 2022)

» new packages
(pip install PySDM PyMPDATA)

» open-source
github.com/atmos-cloud-sim-uj

» pure Python, multi-threaded
(Numba/LLVM JIT)

> Jupyter & Colab friendly
single-click reproducible in the cloud

dconcept: Gedzelman & Arnold '93

[ °° E bstratiform: Morrison & Grabowski'07
02 3 “particle-based: Arabasetal.’'15
085Z 9KiD-2D: github.com/BShipway/KiD
08 here: SHEBA case (Fridlind etal. '12)
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particle-based p-physics + prescribed-flow test

Time: 30 s (spin-up 1ill 600.0 s)

n¢ [1/cc] (wireframe)

[ ———
— N [6)]
radius [um] (particles)

16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/cc (two-mode lognormal)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

Time: 60 s (spin-up till 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 90 s (spin-up till 600.0 s)

~10 O — 250 @
IS, S
5 E —200 8
2 1}
e — 150 .5
2 = 2
] g 100g
S S0 3
~05% 0o

16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/cc (two-mode lognormal)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)

presented by Sylwester Arabas (atmos.illinois.edu & atmos.ii.uj.edu.pl)


https://atmos.illinois.edu
https://atmos.ii.uj.edu.pl

particle-based p-physics + prescribed-flow test

Time: 120 s (spin-up till 600.0 s)

n¢ [1/cc] (wireframe)
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16416 super-particles/cell for INP-rich + INP-free particles
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particle-based p-physics + prescribed-flow test

Time: 150 s (spin-up fill 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 180 s (spin-up fill 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 210 s (spin-up till 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 240 s (spin-up till 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 270 s (spin-up fill 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 300 s (spin-up fill 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 330 s (spin-up fill 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 360 s (spin-up till 600.0 s)
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particle-based p-physics + prescribed-flow test

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

Time: 420 s (spin-up fill 600.0 s)

~10 O — 250 @
IS, S

5 E —200 8
2 9]

e — 150 .5

2 = 2
] g 100 —
9]

-3 0 3
—0.58 e 3 0 ¢

AT AT

16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/cc (two-mode lognormal)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)

presented by Sylwester Arabas (atmos.illinois.edu & atmos.ii.uj.edu.pl)


https://atmos.illinois.edu
https://atmos.ii.uj.edu.pl

particle-based p-physics + prescribed-flow test

Time: 450 s (spin-up till 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 480 s (spin-up till 600.0 s)
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particle-based p-physics + prescribed-flow test

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

Time: 540 s (spin-up till 600.0 s)
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particle-based p-physics + prescribed-flow test

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

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

Time: 630 s (spin-up till 600.0 s)
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particle-based p-physics + prescribed-flow test

Time: 660 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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

Time: 690 s (spin-up fill 600.0 s)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

Time: 840 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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)

presented by Sylwester Arabas (atmos.illinois.edu & atmos.ii.uj.edu.pl)


https://atmos.illinois.edu
https://atmos.ii.uj.edu.pl

particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

Time: 960 s (spin-up fill 600.0 s)

n¢ [1/cc] (wireframe)
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16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/cc (two-mode lognormal)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)

presented by Sylwester Arabas (atmos.illinois.edu & atmos.ii.uj.edu.pl)


https://atmos.illinois.edu
https://atmos.ii.uj.edu.pl

particle-based p-physics + prescribed-flow test

Time: 1050 s (spin-up till 600.0 s)

X (m)

n¢ [1/cc] (wireframe)

[ ———
— N [6)]
radius [um] (particles)

16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/cc (two-mode lognormal)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

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)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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particle-based p-physics + prescribed-flow test

Time: 1200 s (spin-up till 600.0 s)
X (m)
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n¢ [1/cc] (wireframe)

16416 super-particles/cell for INP-rich + INP-free particles
Naer = 300/cc (two-mode lognormal)  Njyp = 150/L (lognormal, Dg =0.74 pum, og=2.55)
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testing three flow regimes and two immersion freezing representations

Wmax = 1/3 m/s

Wmax =~ 1 m/s

Wmax =~ 3 m/s
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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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testing three flow regimes and two immersion freezing representations

Wmax = 1/3 m/s

Wmax =~ 1 m/s

Wmax =~ 3 m/s
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testing three flow regimes and two immersion freezing representations

occurence count (3-bin moving average)
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» range of cooling rates in simple flow (far from ¢ ~ 1 K/min for AIDA as in Niemand et al. 2012)

presented by Sylwester Arabas (atmos.illinois.edu & atmos.ii.uj.edu.pl)

E DA™ 11/12


https://atmos.illinois.edu
https://atmos.ii.uj.edu.pl

testing three flow regimes and two immersion freezing representations

occurence count (3-bin moving average)
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» range of cooling rates in simple flow (far from ¢ ~ 1 K/min for AIDA as in Niemand et al. 2012)

» singular vs. time-dependent markedly different (consistent with box model for ¢ < 1K /min)
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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 ¢ ~ 1 K/min for AIDA as in Niemand et al. 2012)

» singular vs. time-dependent markedly different (consistent with box model for ¢ < 1K /min)

» CPU time trade off: time dependent ca. 3-4 times costlier
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» emergence of comprehensive mixed-phase particle-based aerosol/cloud/precip p-physics models

» probabilistic particle-based methods apt for stochastic processes: nucleation, collisions, breakup,...
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» emergence of comprehensive mixed-phase particle-based aerosol/cloud/precip p-physics models

» probabilistic particle-based methods apt for stochastic processes: nucleation, collisions, breakup,...

» this study: ABIFM-based time-dependent particle-based immersion freezing
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» emergence of comprehensive mixed-phase particle-based aerosol/cloud/precip p-physics models

» probabilistic particle-based methods apt for stochastic processes: nucleation, collisions, breakup,..

» this study: ABIFM-based time-dependent particle-based immersion freezing

> box examples: role of INP size spectral width (same for time-dependent and singular)
» box & 2D: cooling rate hardcoded in INAS fits ~» limited robustness to different flow regimes
> particle-based schemes (both singular and time-dependent) resolve INP reservoir
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» emergence of comprehensive mixed-phase particle-based aerosol/cloud/precip p-physics models

» probabilistic particle-based methods apt for stochastic processes: nucleation, collisions, breakup,...

» this study: ABIFM-based time-dependent particle-based immersion freezing

> box examples: role of INP size spectral width (same for time-dependent and singular)
» box & 2D: cooling rate hardcoded in INAS fits ~» limited robustness to different flow regimes
> particle-based schemes (both singular and time-dependent) resolve INP reservoir

P next steps: leverage particle-resolved representation to simulate diverse INP populations
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» this study: ABIFM-based time-dependent particle-based immersion freezing

> box examples: role of INP size spectral width (same for time-dependent and singular)
» box & 2D: cooling rate hardcoded in INAS fits ~~ limited robustness to different flow regimes
> particle-based schemes (both singular and time-dependent) resolve INP reservoir

o ASR DOE ASR grant no.

Atmospheric
System Research yE_G(C0021034
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» this study: ABIFM-based time-dependent particle-based immersion freezing

> box examples: role of INP size spectral width (same for time-dependent and singular)
» box & 2D: cooling rate hardcoded in INAS fits ~~ limited robustness to different flow regimes
> particle-based schemes (both singular and time-dependent) resolve INP reservoir

. ASR  DOE ASR grant no. project hosted at:

18 SRR DE 500021034 I ILLINOIS
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» this study: ABIFM-based time-dependent particle-based immersion freezing

> box examples: role of INP size spectral width (same for time-dependent and singular)
» box & 2D: cooling rate hardcoded in INAS fits ~» limited robustness to different flow regimes
> particle-based schemes (both singular and time-dependent) resolve INP reservoir

ASR  DOE ASR grant no project hosted at: open & pgthon code:
e b

[T SRS DE.sC0021034 I ILLINOIS ©/atmos-cloud-sim-uj
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» this study: ABIFM-based time-dependent particle-based immersion freezing

> box examples: role of INP size spectral width (same for time-dependent and singular)
» box & 2D: cooling rate hardcoded in INAS fits ~» limited robustness to different flow regimes
> particle-based schemes (both singular and time-dependent) resolve INP reservoir

N ASR DOE ASR grant no. el liresicd] it open A pgthon Eode « Thank you
17 SRR DE.sco021034 I ILLINOIS ©/atmos-cloud-sim-uj for your attention!
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