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and anthropogenic origin act as CCN/INP

> droplets/ice grow through vapour
condensation/deposition...

> ... and collisions-coalescence/aggregation

» aqueous chemical reactions alter
droplet composition

P> water and ice precipitates
(possibly breaking up into smaller particles)
washing out sub-cloud aerosol

> particles evaporating before reaching surface
with potentially altered size/composition two-way interactions:

contribute to ambient aerosol - aerosol characteristics influence cloud microstructure
- cloud processes influence aerosol size and composition
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Aerosol-cloud interactions: p-physics
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Figure 3. Representation of cloud and precipitation particle distributions in the three main types of microphysics



Aerosol-cloud interactions: p-physics models

well suited for two-way aerosol-cloud interactions!

Bulk Bin \

Distribution
usually assumed
to follow analytic
functional form

Distribution
discretized
into bins

particle particle
distribution distribution
function

o function
>

particle size or mass

particle size or mass

multiplicity
.

Lagrangian particle-based

Distribution
A represented by
sampled “super-
particles” with
multiplicity factor

particle size or mass

Figure 3. Representation of cloud and precipitation particle distributions in the three main types of microphysics




AMERICAN METEOROLOGICAL SOCIETY MAY 2026 E964

BAMS

. . Article
A Virtual Cloud Physics Laboratory

Hugh Morrison,? Kamal Kant Chandrakar,® Matt Rehme,? George H. Bryan,?

Sisi Chen,? Wojciech W. Grabowski,? R. Paul Lawson,© Greg M. McFarquhar,®
Raymond A. Shaw,? and Lulin Xue?

DOI: 10.1175/BAMS-D-25-0026.1
Manuscript received 7 February 2025, in final form 9 March 2026, accepted 13 March 2026



AMERICAN METEOROLOGICAL SOCIETY MAY 2026 E964

BAMS

. . Article
A Virtual Cloud Physics Laboratory

Hugh Morrison,? Kamal Kant Chandrakar,® Matt Rehme,? George H. Bryan,?
Sisi Chen,® Wojciech W. Grabowski,? R. Paul Lawson,© Greg M. McFarquhar,®
Raymond A. Shaw,? and Lulin Xue?

DOI: 10.1175/BAMS-D-25-0026.1
Manuscript received 7 February 2025, in final form 9 March 2026, accepted 13 March 2026

“Lagrangian particle-based schemes represent a step change in how DSDs are modeled compared to
standard Eulerian bulk and bin microphysics schemes, with several conceptual and practical advantages:
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» allowing detailed process studies, for example, on how precipitation forms in clouds
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Particle-based p-physics + prescribed-flow: model state
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Particle-based p-physics + prescribed-flow: spin-up
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Particle-based p-physics + prescribed-flow: spin-up
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Particle-based p-physics + prescribed-flow: spin-up
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Particle-based p-physics + prescribed-flow: spin-up
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Particle-based p-physics + prescribed-flow: spin-up
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Particle-based p-physics + prescribed-flow: spin-up
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Particle-based p-physics + prescribed-flow: spin-up
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Shima et al. '20 particle-based mixed-phase p-physics

Shima, Sato, Hashimoto & Misumi 2020 (GMD):
Predicting the morphology of ice particles in deep convection using the super-droplet method

Figure 1. Typical relization o CTRL.clou spatialsructure at = 2040, 2460, 3000, 4200, and 3400s. The mixing i of cloud water
rainwater, clot aupel, and snow aggregates are plotted in fading white, yellow, blue, red, and green, respectively. The symbols indic:
examples of us ic predicted ice particles (Sects. 7.3 and 9.1). See also Movie 1 in the video u\)plemenl
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singular ~» #INP vs. temperature

Vali 2014 (ACP)
time dependence of nucleation.

‘emphasis in experimental studies is placed on measurements of the temperature dependence and/or of the
the two factors

Interpretations of the experimental results face considerable difficulties in identifying the relative importance of
... dichotomy — the stochastic and singular models”
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time dependence of nucleation.

‘emphasis in experimental studies is placed on measurements of the temperature dependence and/or of the
the two factors

Interpretations of the experimental results face considerable difficulties in identifying the relative importance of
... dichotomy — the stochastic and singular models”

common underlying Poissonian model




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

DA 10/22



(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, ) = — /Jhet(T(t’)) dt’
0

—_— ——

A

10/22



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(1-P)=—rt
introducing Jhet(T), T(t) and INP surface A:

In(1=P(A, ) = — /Jhet(T(t’)) dt’
0
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Monte Carlo: const Jnet, lognormal A
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Szakall et al. 2021, ACP 21: isothermal experiments
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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, ) = — /Jhet(T(t’)) dt’
0

—_— ——
INAS:
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experimental ns(T) fits: e.g., Niemand et al. 2012
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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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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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singular: INAS T, as attribute; initialisation by random sampling from P(A, Tg,) with lognormal A
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singular: INAS T, as attribute; initialisation by random sampling from P(A, Tg,) with lognormal A
(A is not an attribute, initialisation only); freezing if Tampient(t) < Tt|

sampled at t=0

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




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

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

AIDA cooling rate: 0.5K/min

og=exp(0.05)
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
(A is not an attribute, initialisation only); freezing if Tampient(t) < Ttzlsampled at t=0

time-dependent: A as attribute (randomly sampled from the same lognormal)
Monte-Carlo freezing trigger using P(A - Jhet( Tambient(t)))
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
(A is not an attribute, initialisation only); freezing if Tampient(t) < Ttzlsampled at t=0

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

AIDA cooling rate: 0.5K/min
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
(A is not an attribute, initialisation only); freezing if Tampient(t) < Ttzlsampled at t=0

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

AIDA cooling rate: 0.5K/min

og=exp (1)
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
(A is not an attribute, initialisation only); freezing if Tampient(t) < Ttzlsampled at t=0

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

AIDA cooling rate: 0.5K/min

og=exp(1.5)
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
(A is not an attribute, initialisation only); freezing if Tampient(t) < Ttzlsampled at t=0

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

AIDA cooling rate: 0.5K/min

og=exp(2)
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
(A is not an attribute, initialisation only); freezing if Tampient(t) < Ttzlsampled at t=0

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

AIDA cooling rate: 0.5K/min

og=exp(2.5)
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A
(A is not an attribute, initialisation only); freezing if Tampient(t) < Ttzlsampled at t=0

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

AIDA cooling rate: 0.5K/min

og=exp(1.5)
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A

(A is not an attribute, initialisation only); freezing if Tampient(t) < Ttzlsampled at t=0

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

cooling rate: 0.1 K/min AIDA cooling rate: 0.5 K/min
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—— Monte-Carlo: singular/INAS
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singular: INAS Tg, as attribute; initialisation by random sampling from P(A, T¢,) with lognormal A

(A is not an attribute, initialisation only); freezing if Tambient(t) < Tt|

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

Inet(T")dT" = —A - ng(T,)
dng(T)
= —dhe(T) = —

T - a-ns(T)
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
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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)

=

In(1-P)=—rt
introducing Jhet(T), T(t) and INP surface A:

—
A

1o
X
t c ) W
S 109 - By
Y ot £ Sl
In(1=P(A, ) = — /Jhet(T(t )) dt S s

€ Lo A —— ABIFM Jpedc (Illte)

ns(Te,) £ e ABIFM jrfc (m=28.14 c=-2.92) |

= = INAS: —dns(T)/dT = —a- ns(T) (dust)

|NAS ns(sz) — exp(a . (sz _ TOOC) + b) 2550 252.5 2500 247.5 245.0 2425 240.0 237.5 235.0

temperature [K]

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




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

for a constant cooling rate ¢ = dT /dt:
A To+ct , ,
in(1 = PA €= Te)) = =2 [0 (T =~ (T
c
0

1 dns(T)
— —Jhet(T) =
¢ het(T) a7

=a-ng(T)

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

100
.
Is it a problem? :
. Eaon
g
!S )9
é 10°
H
I 107
It
L
EE 10° —— ABIFM Jher/c (lllite)
=< —— 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]
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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

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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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)

— 10 @ —250Q
© €
5 € —200 8
2 9]
= -~ 150 £
2 E 2
5 100g
S =
~057 0 ©

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

B
%]
=
—
J
c
o
[¥]
9]
L2
he]
9
o
o
]
£
=1
o]
[v]
©
h
(]
€
=
c
©
9]
£
T
£
©
£
<]
°

Sp\nup

voccurence vcountmg |
101 4
100 4
107 4= z
0 20 40 60 80 100
time [min]

Wmax = 0.5 m/s, time-dep
Wmax = 1.0 m/s, time-dep
Wmax = 2.0 m/s, time-dep

Wmax = 0.5 m/s, singular
Wmax = 1.0 m/s, singular
Wmax = 2.0 m/s, singular

occurrence count per step (3-bin moving average)

102

101 4

0.000 0.005 0.010 0.015 0.020 0.025
cooling rate [K/min] (0.00125 binning)



Testing three flow regimes and two immersion freezing representations

B
%]
=
—
J
c
o
[¥]
9]
L2
he]
9
o
o
]
£
=1
o]
[v]
©
h
(]
€
=
c
©
9]
£
T
£
©
£
<]
°

Sp\nup
10! 4
10° 4
1071 4 t

occurence counting
-

20

40 60 80 100
time [min]

Wmax = 0.5 m/s, time-dep
Wmax = 1.0 m/s, time-dep
Wmax = 2.0 m/s, time-dep

Wmax = 0.5 m/s, singular
Wmax = 1.0 m/s, singular
Wmax = 2.0 m/s, singular

occurrence count per step (3-bin moving average)

102

101 4

0.000 0.005 0.010 0.015 0.020 0.025
cooling rate [K/min] (0.00125 binning)

» range of cooling rates in simple flow (far from 0.5 K/min for AIDA as in Niemand et al. 2012)
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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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100% @ pgthOnwopen-source code:
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Thank you for your attention!
sylwester.arabas@agh.edu.pl
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