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focus: aerosol-cloud-precipitation
interactions (numerics)
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“Cloud and ship. Ukraine, Crimea, Black sea, view
from Ai-Petri mountain”

(photo: Yevgen Timashov / National Geographic)

“Grid cells in a global climate model and a
large-eddy simulation of shallow cumulus clouds at
5 m resolution”

(fig. from Schneider et al. 2017)
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three-dimensional models”a
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not possible for a moving grid (Lagrangian)
approach”b

aJacobson 2005: Fundamentals of Atmospheric Modeling
bSimmel & Wurzler 2006: Condensation and activation in
sectional cloud microphysical models
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pre-2009:

„advantage of the full-moving size structure is
that core particle material is preserved during
growth ... second advantage ... it eliminates
numerical diffusion ... [but] nucleation,
coagulation ... cause problems ... the
full-moving structure is not used in
three-dimensional models”a

„the use of a fixed grid allows for an easy
implementation of collision processes, which is
not possible for a moving grid (Lagrangian)
approach”b

aJacobson 2005: Fundamentals of Atmospheric Modeling
bSimmel & Wurzler 2006: Condensation and activation in
sectional cloud microphysical models

Shima 2009: Monte-Carlo particle-based collision
algorithm for cloud simulations

Super-droplet simulation of a shallow convective cloud

(figure: Shima et al. 2009, QJRMS)
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⇝ CCN activation/deactivation resolved
⇝ finite CCN reservoir, precip sink vs. aerosol source!

Grabowski et al. ’18 Twomey activation (saturation activity spectrum)
⇝ infinite CCN reservoir
⇝ aerosol processing not resolvable
⇝ kinetic limitations not fully resolvable

INP freezing (and melting) models:

Shima et al. ’20 “singular” (temp. spectrum, akin to Twomey CCN)
⇝ involves assumed cooling rates
⇝ INP processing not fully resolvable

Arabas et al. ’25 “time-dependent” (solution effects resolvable)



focus: aerosol representation in particle-based µ-physics models

Adaptive timestepping for diffusional processes in particle-based aerosol-cloud microphysics 13/35

no aerosol budget:

Riechelmann et al. ’12 pre-existing arbitrary-sized droplets
Naumann & Seifert ’15 precip-sized particles only

CCN activation (and deactivation) models:

Shima et al. ’09 aerosol & droplets treated uniformly (Köhler terms)
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Kessler kinematic test (particle-basedµ-physics setup as in Arabas et al. ’15)
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pypi.org/p/PySDM: JIT-compiled (CPU/GPU) particle-based µ-physics
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(super-)particle growthvia
diffusionand its challenges



(super-)particle growth/evap. modelled via vapour & heat diffusion in air

Adaptive timestepping for diffusional processes in particle-based aerosol-cloud microphysics 18/35

governing drop-growth law (Howell 1949, Mason 1971, . . . ):

ẋ =
dx
dr

ṙ =
dx
dr
1
r

RH(q, θ, ρ)− 1− a
r
+ b

r3

F (q, θ, ρ)

r – radius of droplet, x – diffusion solver coordinate, RH – relative humidity

a=a(T), b=κr3d - aerosol parameters (e.g., κ-Köhler curve)

F−1 - effective diffusion coefficient (incl. ventilation and latent heat effects)

q, θ, ρ – thermodynamic state variable triplet
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governing drop-growth law (Howell 1949, Mason 1971, . . . ):

ẋ =
dx
dr

ṙ =
dx
dr
1
r

RH(q, θ, ρ)− 1− a
r
+ b

r3

F (q, θ, ρ)

r – radius of droplet, x – diffusion solver coordinate, RH – relative humidity

a=a(T), b=κr3d - aerosol parameters (e.g., κ-Köhler curve)

F−1 - effective diffusion coefficient (incl. ventilation and latent heat effects)

q, θ, ρ – thermodynamic state variable triplet

coupled with supersaturation evolution: ˙RH = f (ṙ , . . .)



quick demo: hello-world with pypi.org/p/ccnact
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Howell 1949
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cruxof theproblem?



LES timesteps vs. activation timescale
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Hoffmann ’16



Adaptive timestepping for diffusional processes in particle-based aerosol-cloud microphysics 23/35

adaptivity scheme inPySDM
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In each major time step n, the number of time substeps is adjusted iteratively searching
for such m ∈ N, and as a consequence α = 1

2m , for which the following condition holds:

| (θn,2α − θn)
︸ ︷︷ ︸

∆θ

−2 (θn,α|α − θ
n)

︸ ︷︷ ︸

∆θ|
α

| < rθθ
n

where rθ is the relative tolerance. Note that if only θ is differentiable in the limit of
m→∞, the left-hand side |∆θ|2α − 2 ∆θ|α | → 0 assuring convergence.
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1.4

conceptual view (Y axis could be θ or supersaturation)

◦ implicit-in-ln(mass) / explicit-in-thermo

◦ condensation step adapted:
– once per major time step
– in each cell independently
(for all particles in the cell)

◦ no additional memory is required

◦ on CPU: cells sorted by prior ∆t:
⇝ avoiding idling threads

◦ on GPU: global ∆t
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relateddevelopments



Shima et al. 2020: operator splitting scheme for super-droplets
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Table 1 in Shima et al. ’20 Kogan ’91 tendency “chunking”
(as in UWLCM & PySDM)

Eulerian solver

computes T
(E)
q , T

(E)
θ

Substep 1:

q, θ ← q, θ + ∆t

2N
T

(E)

compute T
(L)
q , T

(L)
θ

q, θ ← q, θ + ∆t

N
T

(L)

q, θ ← q, θ + ∆t

2N
T

(E)

Substep 2:

same operations

Substep N:

same operations

su
b
st
e
p
s

time

n
e
x
t
ti
m
e
st
e
p

advective forcing microphysical response



cond/evap adaptivity in UWLCM (Piotr Dziekan & Agnieszka Makulska)
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https://hanami-project.com/2026/05/20/

advancing-cloud-modelling-hanami-microphysics-hpc-optimisation-uwlcm/

particle-local substepping (i.e. timesteps
vary within a cell)

several adaptivity criteria (incl. option
to toggle it by proximity to critical radius)

tests with 2D warm-bubble setup ✓

semi-Lagrangian thermodynamics option

https://hanami-project.com/2026/05/20/advancing-cloud-modelling-hanami-microphysics-hpc-optimisation-uwlcm/
https://hanami-project.com/2026/05/20/advancing-cloud-modelling-hanami-microphysics-hpc-optimisation-uwlcm/


Dziekan et al. ’19 (UWLCM 1.0): semi-Lagrangian thermodynamics
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the issue of “mixing” (Piotr Dziekan & Agnieszka Makulska)
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mean distance between droplets: ∼2 mm

turbulent mixing timescale at a 2 mm distance: ∼0.1 s

turbulent mixing timescale at a 1 cm distance: ∼0.5 s

no clear answer if it’s better to “mix” (homogenize) cell every substep or every step?
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whatabout coagulation?



Ware et al. 2025 (just accepted in JAMES!): arXiv:2509.05536 – PySDM
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https://arxiv.org/abs/2509.05536
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Thank you for your attention!

sylwester.arabas@agh.edu.pl

open-atmos-krk.github.io

(incl. ccnact – contributions welcome!)

open-atmos-krk.github.io
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