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INAS: I (T ) = ns(T ) = exp(a · (T − T0◦C ) + b)

experimental ns(T ) fits: e.g., Niemand et al. 2012
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freezing temperature Tfz as a super-particle attribute: initialisation

INAS P(Tfz,A) sampling (A lognormal)
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– “singular” particle-based model is capable of representing polydisperse INP
– depicted limitations stemming from monodisperse INP assumption
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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 :

P
∗
(k events in time t) =

(rt)k exp(−rt)

k!

P(one or more events in time t) = 1 − P
∗
(k = 0, t)

ln(1− P) = −rt

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

ln (1−P(A, t)) = −A

t∫

0

Jhet(T (t ′)) dt ′

︸ ︷︷ ︸

I (T )

INAS: I (T ) = ns(T ) = exp(a · (T − T0◦C ) + b)

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

P
∗
(k events in time t) =

(rt)k exp(−rt)

k!

P(one or more events in time t) = 1 − P
∗
(k = 0, t)

ln(1− P) = −rt

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

ln (1−P(A, t)) = −A

t∫

0

Jhet(T (t ′)) dt ′

︸ ︷︷ ︸

I (T )

INAS: I (T ) = ns(T ) = exp(a · (T − T0◦C ) + b)

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

for a constant cooling rate c = dT/dt:

ln(1 − P(A, t)) = −

A

c

∫
T0+ct

T0

Jhet(T
′
)dT

′
= −A · I (T )

dns(T )

dT
= a · ns(T ) = −

1

c
Jhet(T )

experimental fits: INAS ns (Niemand et al. ’12)
ABIFM Jhet (Knopf & Alpert ’13)
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but the singular ansatz limitation of sampling Tfz at t=0 remains
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particle-based µ-physics + prescribed-flow test (aka KiD-2D)a,b,c,d,e

Lagrangian component (PySDM)

Eulerian component (PyMPDATA)

aconcept: Gedzelman&Arnold ’93

bstratiform: Morrison&Grabowski ’07

cparticle-based: Arabas et al. ’15

dKiD-2D: github.com/BShipway/KiD

ehere: SHEBA case (Fridlind et al. ’12)

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

https://github.com/BShipway/KiD
https://atmos.illinois.edu
https://atmos.ii.uj.edu.pl
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particle-based µ-physics + prescribed-flow test

16+16 super-particles/cell for INP-rich + INP-free particles
Naer = 300/cc (two-mode lognormal) NINP = 150/L (lognormal, Dg =0.74 µm, σg=2.55)

spin-up = freezing off; subsequently frozen particles act as tracers
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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 c ∼ 1 K/min for AIDA as in Niemand et al. 2012)
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◮ singular vs. time-dependent markedly different (consistent with box model for c ≪ 1K/min)
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◮ range of cooling rates in simple flow (far from c ∼ 1 K/min for AIDA as in Niemand et al. 2012)

◮ singular vs. time-dependent markedly different (consistent with box model for c ≪ 1K/min)

◮ CPU time trade off: time dependent ca. 3-4 times costlier

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

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


13/13

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

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

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


13/13

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

◮ box examples: role of INP size spectral width (same for time-dependent and singular)

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir
◮ implementation in PySDM (both singular and time-dependent)

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir
◮ implementation in PySDM (both singular and time-dependent)

◮ next steps:

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir
◮ implementation in PySDM (both singular and time-dependent)

◮ next steps:

◮ leverage particle-resolved representation to simulate diverse INP populations

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir
◮ implementation in PySDM (both singular and time-dependent)

◮ next steps:

◮ leverage particle-resolved representation to simulate diverse INP populations
◮ inform larger-scale models with results from detailed particle-resolved simulations

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir
◮ implementation in PySDM (both singular and time-dependent)

◮ next steps:

◮ leverage particle-resolved representation to simulate diverse INP populations
◮ inform larger-scale models with results from detailed particle-resolved simulations

DOE ASR grant no.

DE-SC0021034

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir
◮ implementation in PySDM (both singular and time-dependent)

◮ next steps:

◮ leverage particle-resolved representation to simulate diverse INP populations
◮ inform larger-scale models with results from detailed particle-resolved simulations

DOE ASR grant no.

DE-SC0021034

project hosted at:

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir
◮ implementation in PySDM (both singular and time-dependent)

◮ next steps:

◮ leverage particle-resolved representation to simulate diverse INP populations
◮ inform larger-scale models with results from detailed particle-resolved simulations

DOE ASR grant no.

DE-SC0021034

project hosted at: open code:

/atmos-cloud-sim-uj

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

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


13/13

◮ 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 embedded in INAS fits  limited robustness to different flow regimes
◮ both particle-based schemes (singular and time-dependent) resolve INP reservoir
◮ implementation in PySDM (both singular and time-dependent)

◮ next steps:

◮ leverage particle-resolved representation to simulate diverse INP populations
◮ inform larger-scale models with results from detailed particle-resolved simulations

DOE ASR grant no.

DE-SC0021034

project hosted at: open code:

/atmos-cloud-sim-uj
Thank you

for the invitation!

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

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

	cloud -microphysics: Eulerian vs. Lagrangian

