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PySDM: context

PySDM: statement of need & goals

PySDM: demo (role play: reviewer)

PySDM: summary of key features
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context: aerosol-cloud-precipitation interactions (scales!)
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context: aerosol-cloud-precipitation interactions (scales!)
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“Grid cells in a global climate model and a large-eddy
simulation of shallow cumulus clouds at 5 m resolution”

“Cloud and ship. Ukraine, Crimea, Black sea, view from (fig. from Schneider et al. 2017)
Ai-Petri mountain” ’ ’

(photo: Yevgen Timashov / National Geographic)



context: aerosol-cloud-precipitation interactions (uncertainty!)
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context: aerosol-cloud-precipitation interactions (uncertainty!)

Final Government Draft Chapter 7 IPCC AR6 WGI
Simulated temperature contributions in 2019 relative to 1750 °c
Carbon dioxide 1.01[0.74 to 1.41]
Other well-mixed 92? ‘[0 j’? to 9??]
greenhouse gases >
Ozone =1 0.23[0.11 to 0.39]
=2
. H
Str?tosphenc -§ 0.02 0.00 to 0.06]
waller vapour | Light absorbing particl @ 0.1 [-0.18 t0 -0.05]
ight absorbing particles - - [0 -
Albedo Land use on snow and ice g 0.04 [0.00 to 0.10]
C°”t"ai23 f‘c :;i?;iﬁr?:; 0.02[0.01 to 0.05]
Aerosol Aerosol-cloud Aerosol-radiation ’g;g {’g %? {g ’8 ?;}
Solar Forcing uncertainty -0.01[-0.04 to 0.04]
Forcing + climate
Volcanic sensitivity uncertainty -0.02 [-0.03 to -0.01]
Total| [ 1.27 [0.96 to 1.64]
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Figure 7.7: The contribution of forcing agents to 2019 temperature change relative to 1750 produced using the
two-layer emulator (Supplementary Material 7.SM.2), constrained to assessed ranges for key
climate metrics described in Cross-Chapter Box 7.1.
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Smoluchowski's coagulation equation (SCE)

concentration of particles of size x at time t: Rtx RT— RT
collision kernel: a(x1, x2): Rt x RT — R*

1 X (e.)
= 5/ a(y,x —y) dy—/ a(y, x) dy
0 0
discretised particle concentration: where x; = i - xg
1

i—1 00
=Yl xik) =Y a(x, xi)
k=1 k=1

N



cloud droplet collisional growth

dmy/dInr [g/m~3/(unit dr/r)]

particle radius [um]

figure (PySDM simulation): Bartman, Arabas et al. 2021, LNCS
(doi:10.1007,/978-3-030-77964-1_2)
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Monte-Carlo SCE alternatives: e.g., SDM by Shima et al.
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hima et al. 2009 (doi:10.1002/qj.441): warm-rain

mixed-phase

1=3000s

1=4200s

Figure 1. Typical realization of CTRL cloud spatial structures at # = 2040, 2460, 3000, 4200, and 5400s. The mixing ratio of cloud water,
rainwater, cloud ice, graupel, and snow aggregates are plotted in fading white, yellow, blue, red, and green, respectively. The symbols indicate
examples of unrealistic predicted ice particles (Sects. 7.3 and 9.1). See also Movie 1 in the video supplement.
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SCE (naive impl) SDM

method type

mean-field, deterministic Monte-Carlo, stochastic

considered pairs
random set of nsy/2 non-overlapping pairs,

all (i.j) pairs probability up-scaled by (n%, — ns)/2 to ns/2 ratio

computation complexity

O(n%y) O(nud)

collisions triggered

every time step by comparing probability with a random number

collisions

colliding a fraction of £}, [ collide all of min{&};, &7} ("all or nothing”)

interpretation

concentration “¢;” in size bin “f besides c;, each “particle” i carries other physicochemical attributes, e.g. position (x;, yi, z)
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Develop an implementation of the SDM algorithm:

> applicable in research on aerosol-cloud-interactions (and beyond)
KPI: reproduction of results from classic and recent literature

> easy to reuse: code (Python), examples (Jupyter), extensibility (modular, high test coverage)
interoperability (other languages, i/0),
leveraging modern hardware (GPUs, multi-core CPUs)
KPI: user feedback & contributions

» accessibility: seamless Linux/macOS/Windows installation (pip)
KPI: continuous integration on all targeted platforms

> curation: open licensing (GPL), public versioned development (Github)
KPI: instant and anonymous execution on commodity environment



PySDM: 2D kinematic Sc test (Morrison & Grabowski '07)

2D flow field
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particle attribute initialisation: dry/wet volume
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particle attribute initialisation: dry/wet volume
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particle attribute initialisation: multiplicity
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particle attribute evolution: droplet radius
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation

Computational grid: 128x128
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation
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sample aerosol-cloud-precipitation
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sample aerosol-cloud-precipitation
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation interactions simulation

Computational grid: 128x128

Computational particles: 22!
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation interactions simulation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation

Computational grid: 128x128
Computational particles: 22
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sample aerosol-cloud-precipitation interactions simulation

Computational grid: 128x128

H H . 021
Computational particles: 2
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PySDM:

Ziml
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PySDM: Pythonic

(3]

Ziml

1 simulation.run()
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PySDM: Pythonic, Jupyter-friendly

& demo.ipynb ¢
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PySDM: Pythonic, Jupyter-friendly, GPU-enabled

Notebook settings

Hardware accelerator
GPU

D Omit code cell output when saving this notebook

CANCEL SAVE




first coupling with an external CFD code (Oleksii Bulenok
https://github.com/CliMA/ClimateMachine. j1/pull/2244

PySDM and ClimateMachine coupling examples in Kinematic setup #2244 & oot

17 Open ) abulenok wants to merge 16 commits info ClivA:naster from abulenok:ob-pysdnachine (L)

Conversation 32 ‘ o Commits 16  [] Checks 10 [2) Fileschanged 17 25281

“Ji  [_abulenok commented on 27 Oct 2021 (Contributor)

b - Roviewers
This PR includes a coupling logic for ClimateMachine.jl and PySDM. z’ slayoo Q
PySDM s a particle-based aerosol/cloud microphysics package written entirely in Python. ) chareskawczynsii =]
This PR depicts how Python modules can be leveraged within ClimateMachine jl including the continuous integration setup. © crsinger o
The inital set of tests included here is based on the kinematic 2D example previously used as a test case in both PySDM and @ iskebolowski .
ClimateMachine.j. In the tests added in this PR, ClimateMachine jl handles air motion and total water transport, while PySDM edejong-caltoch .

handles representation of aerosol and liquid water transport as well as phase changes leading to formation of cloud water.

© topios .
Output from PySDM is handled using VTK files. Example animation with an evolution of radius computed from particle properties
is shown below:

Assignees

output.mp4. # vontrytel

Labels

Microphysics

Projects

None yet

Milestone.

No milestone

Development

Successfully merging this pull request may close these
issues.

None yet


https://github.com/CliMA/ClimateMachine.jl/pull/2244

first independent development!

An efficient Bayesian approach to learning droplet
collision kernels: Proof of concept using “Cloudy”, a
new n-moment bulk microphysics scheme

Melanie Bieli', Oliver R. A. Dunbar', Emily K. de Jong?, Anna Jaruga',
Tapio Schneider!, Tobias Bischoff*

caltech.edu.

- + 180%

aralllete a V D70 0 € POsteE

Moving bevond perfect-model experiments, we have learned collision kernel pa-
rameters from output generated by PySDM (Bartman et al., 2021), a Lagrangian
particle-based microphysics model. In this experiment, we represent model error
resulting from the closure assumption in Cloudy (an assumption that PySDM does
not need to make) as a simple bias term. This modification in the setup of the in-
verse problem allows CES to retrieve the posterior distribution of the “true” pa-
rameter, not of that which minimizes the mismatch with the PySDM data.
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https://pypi.org/p/PySDM-examples

PySDM-examples 2.9

pip install PySDM-examples IN Released: 4 minutes ago

PySDM usage examples reproducing results from literature and depicting how to use PySDM from Python Jupyter notebooks

Navigation

Project description

D Release history

& Download files

Project links

A Homepage

Statistics

GitHub statistics:
* Stars:2

P Forks: 10

Project description

Copyroh: Jagelonlan UBNesiy enodo 6504645

pypl package 2.8

This repository stores example files for pyso depicting usage of PysoM from Python via Jupyter. For information on
the Pyso package itself and examples of usage from Julia and Matlab, see PySDM README.md file.

Please use the PySDM issue-tracking and discussion infrastructure for PySoh-examples as well,

oD b del -only

o Shima et al. 2009 (Box model, coalescence only, test case employing Golovin analytical solution):
o Fig.2:

o Berry 1967 (Box model, coalescence only, test cases for realistic kernels):
© Figs.5,8&10

o Bieli et al. 2022 (Box model, coalescence and breakup with fixed coalescence efficiency):

o Fig.2



https://pypi.org/p/PySDM-examples

PySDM-examples: Lowe et al. 2019

nature
COMMUNICATIONS

OPEN
Key drivers of cloud response to surface-active organics

S.J. Lowe'2, D.G. Partridge ® 3, JF. Davies?, KRR. Wilson®, D. Tcypping6 &, Riipinen1'2'7*

Aerosol-cloud interactions constitute the largest source of uncertainty in global radiative
forcing estimates, hampering our understanding of climate evolution. Recent empirical evi-
dence suggests surface tension depression by organic aerosol to significantly influence the
formation of cloud droplets, and hence cloud optical properties. In climate models, however,
surface tension of water is generally assumed when predicting cloud droplet concentrations.
Here we show that the sensitivity of cloud microphysics, optical properties and shortwave
radiative effects to the surface phase are dictated by an interplay between the aerosol particle
size distribution, composition, water availability and atmospheric dynamics. We demonstrate
that accounting for the surface phase becomes essential in clean environments in which
ultrafine particle sources are present. Through detailed sensitivity analysis, quantitative
constraints on the key drivers - aerosol particle number concentrations, organic fraction and
fixed updraft velocity - are derived for instances of significant cloud microphysical sus-
ceptibilities to the surface phase.



PySDM-examples: Lowe et al. 2019
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Fig. 2 Simulated microphysics of cloud events on marine (MA, blue), boreal (HYY, green) and NUM-event (NE, orange) aerosol populations. Cloud-
formatiion event simulations using bulk Kdhler BK (solid lines) and approximate compressed film CF (dotted lines) models of cloud droplet activation with
initial temperature T = 280 K, pressure P = 98,000 Pa, supersaturation s= —0.1% and fixed updraft velocity w= 0.32 ms~L Simulated (a) ambient parcel
supersaturation and (b) cloud droplet number concentration during parcel ascent. ¢ Simulated droplet size distribution at a parcel displacement 200 m
above initialisation



PySDM-examples: Lowe et al. 2019

example contributed by Clare Singer et al. (https://claresinger.github.io/)

Z File Edt View Run Kemel Tabs Setings Help

T e ]

B+ XD » = C » Lbownoad & & OGitHub @Binder Code v

Q
O rysou suampis (a1: [Figeize = (15, 5
/Lowe_et_al 2019/ pylab.rc(*font ", sizes14)
fig, axs = pylab.subplots(l, 2, figsizesfigsize, sharey=True)
_ T 9 oy » 9 g Y
@ _init_py 4 hours ago
tor 10x, var in enmerate(('S max', 'n_c_cnd')):
* & acrosolpy 4 hours ago rkey dn output keys():
4 hours ago sarray (output [key] ['2'1)

Sralia ot (outputkey) (var]. ¥, labelskey,
color= outpu(lke‘{]( color'],

@ settings.py 4hours ago Uinest yle='-" if key.endswith('-bulk') else '--*

& simulation.py 4 hours ago

axs[1dx].set_ylin(0, 100)

axs[idx] . s ylabe\( Displacement [m]')

if var
axslxux].set xlabel (*Supersaturation [%]°)
axs[idx].set_xlin(0, 0.5)

.set_xlabel('Cloud droplet concentration [cm$*{-3}$]')
set_xlin(0, 600)

assert False

for ax in axs:
d0)
axs[0] . legend()

—— AerosolMarine-bulk
---- AerosolMarine-film
AerosolBoreal-bulk

E AerosolBoreal-film 3
T e —— AerosolNascent-bulk =
g ---- AerosolNascent-film E
2w 3
k3 :
8 8
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PySDM: backends, dynamics & environments

» CPU (Numba/LLVM)
> GPU (ThrustRTC/CUDA)




PySDM: backends, dynamics & environments

» CPU (Numba/LLVM)

» coalescence (SDM + dt-adaptivity) > GPU (ThrustRTC/CUDA)
» condensation (dt-adaptive,
bespoke semi-implicit ODE solver)

displacement (incl. sedimentation)
aqueous chemistry (Hoppel gap)
immersion freezing (INAS & ABIFM)

collisional breakup

vVvYvyVvyy



PySDM: backends, dynamics & environments

» CPU (Numba/LLVM)

>
>

vVvYvyVvyy

“backends”

coalescence (SDM + dt-adaptivity) > GPU (ThrustRTC/CUDA)
condensation (dt-adaptive,
bespoke semi-implicit ODE solver)

displacement (incl. sedimentation)
aqueous chemistry (Hoppel gap) » Box
immersion freezing (INAS & ABIFM) » Parcel
collisional breakup » PyMPDATA-based:
» KinematiclD

» Kinematic2D



https://github.com/atmos-cloud-sim-uj/PySDM/

JOSS '10.21105/j0ss.03219 B DOI 10.5281/zenodo.6604644
SN CITEETRE) T

opyright Jagiellonian University
PySDM | passing | €) build passing | codecov |76%

. Waintainea? Es] oo s [EECETTRE

b pecage 29

PySDM is a package for simulating the dynamics of population of particles. It is intended to serve as a building block for simulation systems
modelling fluid flows involving a dispersed phase, with PySDM being responsible for representation of the dispersed phase. Currently, the
development is focused on atmospheric cloud physics applications, in particular on modelling the dynamics of particles immersed in moist air
using the particle-based (a.k.a. super-droplet) app to represent in microphysics. The package features a Pythonic high-
performance implementation of the Super-Droplet Method (SDM) Monte-Carlo algorithm for representing collisional growth (Shima et al. 2009),
hence the name.

PySDM has two alternative parallel number-crunching backends available: multi-threaded CPU backend based on Numba and GPU-resident
backend built on top of ThrustRTC. The nNumba backend (aliased cpu ) features multi-threaded parallelism for multi-core CPUs, it uses the
just-in-time compilation technique based on the LLVM infrastructure. The ThrustrTC backend (aliased Gpu ) offers GPU-resident operation of
PySDM leveraging the SIMT parallelisation model. Using the GpPu backend requires nVidia hardware and CUDA driver.

For an overview paper on PySDM v1 (and the preferred item to cite if using PySDM), see Bartman et al. 2021 arXiv e-print (submitted to
JOSS). For a list of talks and other materials on PySDM, see the project wiki.

A pdoc-generated documentation of PySDM public API is maintained at: https://atmos-cloud-sim-uj.github.io/PySDM


https://github.com/atmos-cloud-sim-uj/PySDM/

PySDM: technological stack

» 100% Python code python.org

o python
» Numba (JIT, multi-threading) numba.pydata.org
» ThrustRTC (GPU-resident backend) P

pypi.org/project/ThrustRIC

powered

2

Numba



python.org
numba.pydata.org
pypi.org/project/ThrustRTC
github.com
codecov.io
appveyor.com
jupyter.org
mybinder.org
colab.research.google.com

PySDM: technological stack

» 100% Python code python.org
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ThrustRTC (GPU-resident backend)
pypi.org/project/ThrustRTC
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GitHub & GitHub Actions github.com
» Codecov codecov.io

» AppVeyor appveyor.com



python.org
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PySDM: technological stack

» 100% Python code python.org ° o

» Numba (JIT, multi-threading) numba.pydata.org / t \

» ThrustRTC (GPU-resident backend) Jupyter
pypi.org/project/ThrustRTC ®

» GitHub & GitHub Actions github.com

» Codecov codecov.io %

» AppVeyor appveyor.com

> Jupyter jupyter.org

» Binder mybinder.org

» Colab colab.research.google.com


python.org
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PySDM v1: particle-based cloud modeling package for
warm-rain microphysics and aqueous chemistry

Piotr Bartman’, Oleksii Bulenok’!, Kamil Gérski', Anna Jaruga?,
Grzegorz tazarski'®, Michael A. Olesik’, Bartosz Piasecki’, Clare E.
Singer?, Aleksandra Talar!, and Sylwester Arabas®!

1 Faculty of Mathematics and Computer Science, Jagiellonian University, Krakow, Poland 2

of Science and g, California Institute of Technology, Pasadena,
CA, USA 3 Faculty of Chemistry, Jagillonian University, Krakéw, Poland 4 Faculty of Physics
Astronomy and Applied Computer Science, Jagiellonian University, Krakéw, Poland 5 University of
lllinois at Urbana-Champaign, Urbana, IL, USA

Introduction

PySDH is an open-source Python package for simulating the dynamics of particles undergoing
and collisional growth, i ing with a fluid flow and subject to chemical
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Reviewers:
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c i changes. It is intended to serve as a building block for process-level as well as
computational-fluid dynamics simulation systems involving representation of a continuous phase
(air) and a dispersed phase (aerosol), with PySDM being responsible for representation of the
dispersed phase. For major version 1 (v1), the development has been focused on atmospheric
cloud physics applications, in particular on modeling the dynamics of particles immersed in
moist air using the particle-based approach to represent the evolution of the size spectrum of
aerosol/cloud /rain particles. The particle-based approach contrasts the more commonly used
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