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clouds from a water isotopic point of view

= water isotopologues (stable): H.0 (99.7%),
H,'%0 (0.2%), H2'"0 (0.04%), HDO (0.03%), ...

Oxygen and hydrogen isotopes in water

Light e—eeeee - Heavy

£
& %o o,

total mass =18 total mass =22

L.

total mass =19, 20, 21

My = 18.01528 g/mol
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clouds from a water isotopic point of view

a | &

18 I

condensation “favors” heavy over light isotopologues H,"0 & ; ““ HD'°0
(evaporation vice versa) .'

~ “ H21GO ‘
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clouds from a water isotopic point of view

-

-

water isotopologues (stable): HO (99.7%),
H,'%0 (0.2%), H2'70 (0.04%), HDO (0.03%), ...

condensation “favors” heavy over light isotopologues
(evaporation vice versa)

~> equilibrium fractionation

~~ more pronounced in colder temperatures

~ larger (x8) effect for H than O

differences in diffusivity in air

~ non-equilibrium (kinetic) fractionation

~> applies to sub- and super-saturated conditions (+ liq/ice)
~ more pronounced for O than H

€kin = N - cgir - (1 — RH)

€kin kinetic fractionation coeff.
n turbulence parameter

cgire diffusive fractionation coeff.

RH rel. humidity

3/14



clouds from a water isotopic point of view
-

-

precipitation sets in early
polar snow depleted of heavy water

cold climate

> cloud u—physnc; shgpes isotopic Fomposntlon of “meteoric water warm climate Fimibontiunin
~~ data for validation of p-physical models!
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clouds from a water isotopic point of view

= water isotopologues (stable): H,O (99.7%),
H,'%0 (0.2%), H2'70 (0.04%), HDO (0.03%), ...

= condensation “favors’ heavy over light isotopologues
(evaporation vice versa)
~> equilibrium fractionation
~~ more pronounced in colder temperatures
~ larger (x8) effect for H than O cold cimate preciptation sets i ealy

polar snow depleted of heavy water

= differences in diffusivity in air
~~ non-equilibrium (kinetic) fractionation
~ applies to sub- and super-saturated conditions (4 liq/ice)
~~ more pronounced for O than H

= cloud p-physics shapes isotopic composition of “meteoric water” warm climate precipitation sets in ater
. . . less depletion of heavy water
~ data for validation of p-physical models!

graphic: physics-in-a-nutshell.com

> freezing “freezes” the isotopic composition of water
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clouds from a water isotopic point of view
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~~ non-equilibrium (kinetic) fractionation
~ applies to sub- and super-saturated conditions (4 liq/ice)
~~ more pronounced for O than H

= cloud p-physics shapes isotopic composition of “meteoric water” warm climate precipitation sets in ater
. . . less depletion of heavy water
~ data for validation of p-physical models!

graphic: physics-in-a-nutshell.com

= freezing “freezes” the isotopic composition of water

- isotope-aware p-physics models in ice isotopic data analysis
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let's equip a particle-based p-physics package
with isotope fractionation model!
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PySDM: open-source particle-based p-physics modeling package

PySDM 2.40

pip install PysoM @

, parcel & 10/2D

Pythonic p: iper-dropl
prescribed-flow examples in Python, Julia and Matlab

Project description

PySDM
D Release history

[ oo 3 [ i RN cuon FRSSEREY 3 uoox B @ mocos B B s |
& Download fles [ [ o~ I o< 0= seamEsai0 oo Jos261zescss 1osis:: ]

[ curunsog by rie TR L runding by Now | us 00€ runding by Asa

[ucese o]

Project links

[0 e sroces o [pummna] @ b psasmal] coseco. Y

& Homepage [oipscage o] oo e ]
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PySDM: open-source particle-based p-physics modeling package

particle diffusional growth/evaporation

PySDM 2.40 (incl. CCN activation)

pip install PysoM @

Pythonic p: iper-dropl
prescribed-flow examples in Python, Julia and Matlab

, parcel & 10/2D

Project description

PySDM
S O Y (Y (S - (R - e
& Download il o] oo ]

TS ) E TR
[ o]

Project links

oo @ v e —cocco. Nl
A omepsse e G
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PySDM: open-source particle-based p-physics modeling package

PySDM 2.40

pip install PysoM @

collisional growth and breakup (Monte-Carlo, SDM)

Pythonic p: iper-dropl
prescribed-flow examples in Python, Julia and Matlab

, parcel & 10/2D

Project description

PySDM
S O Y (Y (S - (R - e
& Download il o] oo ]

TS ) E TR
[ o]

Project links

oo @ v e —cocco. Nl
A omepsse e G
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PySDM: open-source particle-based p-physics modeling package

PySDM 2.40

pip install PysoM @

Pythoniic p: P pl y , parcel & 10/2D
prescribed-flow examples in Python, Julia and Matlab . .
aqueous-phase oxidation of SO, by H,O;, and Os
Project description
PySDM
D Release history
[ oroen s [ o SR o FRRREY e B & mocos R B i I e B
& Download fles [ [ o~ I o< 0= seamEsai0 oo Jos261zescss 1osis:: ]
[ curunsog by rie TR L runding by Now | us 00€ runding by Asa
[ucese o]
Project links
[ CTm) e
& Homepage o1 pocioue 2aaT v oo ooec: ]

5/14



PySDM: open-source particle-based p-physics modeling package

PySDM 2.40

pip install PysoM @

Pythonic p: P Pl , parcel & 10/2D
prescribed-flow examples in Python, Julia and Matlab
Project description
pysom immersion freezing (Monte-Carlo, ABIFM)

D O - Y N ) O - e -

& Downlosdies
Project links

[ Yy W
& Homepage T (R
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PySDM: open-source particle-based p-physics modeling package

PySDM 2.40

pip install PysoM @

, parcel & 10/2D

Pythonic p: iper-dropl
prescribed-flow examples in Python, Julia and Matlab

Project description

: PySDM
D Release history
4 ot Ay features 0D, 1D and 2D example simulation setups
[ curunsog by rie TR L runding by Now | us 00€ runding by Asa
[ucese o]
Project links — — —
& Homepage ) CEs)
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PySDM: open-source particle-based p-physics modeling package

PySDM 2.40

pip install PysoM @

Pythonic p: iper-dropl y , parcel & 10/2D
prescribed-flow examples in Python, Julia and Matlab

Project description

PySDM

[ oo > [ o RO e EREY o B & s L s B~ o

& Download fles PR oRerTD
Pt - 100% Python code (LLVM via Numba + GPU)
& Homepage [oioscace BaoTom oo oo ]
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PySDM-examples

pypl.org

[
Slslulalsl 2] e
2 b & 2 a | 2 £
° < 9] =< 2 £ N
s 3 5 o © Q $
literature reference 8 8 2 5 = S = keywords
formulae-only
Pierchala et al. 2022 I X I [ #flab-experiment
OD box environment
Berry 1967 X Fkernels
Shima et al. 2009 X #analytic-solution
Alpert & Knopf 2016 X #ABIFM
Bieli et al. 2022 X X #ML
de Jong et al. 2023 X X F#analytic-solution
OD parcel environment
Rozanski & Sonntag 1982 X X Fiterative-parcel
Abdul-Razzak & Ghan 2000 X F£parameterisation
Kreidenweis et al. 2003 X X #Hoppel-gap
Arabas and Shima 2017 X #timescales
Jaruga & Pawlowska 2018 X X #Hoppel-gap
Yang et al. 2018 X Fripening
Lowe et al. 2019 X #£surfactants
Grabowski and Pawlowska 2023 X F#ripening
1D single-column kinematic env.
Shipway & Hill 2012 ‘ X X X ‘ ‘ #KiD
deJong et al. 2023 (figures 6-8) | x x x x | | #KiD
2D prescribed-flow environment
Arabas et al. 2015 [ x X X [ [ #GUl
Arabas et al. 2023 (figure 11) | x X x | x| #Paraview
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Pierchala et al. '22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

new PySDM “example” (incl. numerous automated tests) based on:

doi:10.1016/j.gca.2022.01.020

Geochimica et Cosmochimica Acta 322 (2022) 244-259
www.elsevier.com/locate/gca

Quantification the diffusion-induced fractionation of
"H170 isotopologue in air accompanying the process of
water evaporation

Anna Pierchala *, Kazimierz Rozanski, Marek Dulinski, Zbigniew Gorczyca

AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, al. Mickiewicza 30, 30-059 Krakow, Poland

Received 25 February 2021; accepted in revised form 15 January 2022; Available online 24 January 2022
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. 22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=1ab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Fig. 1 (paper): lab experiment setup

metal mesh

aaaaa

Gas supply
pipe

2.7am
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. 22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

fractionation upon evaporation

Fig. 1 (paper): lab experiment setup
(incl. kinetic effects)

metal mesh
maximum
water level
§|
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vials minimum &)l
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* for Experiment T
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. 22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Fig. 1 (paper): lab experiment setup

C
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e multi-day experiments
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. 22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Fig. 1 (paper): lab experiment setup

metal mesh

aaaaa

Gas supply
pipe

2.7am

Picarro L2140-i cavity ring-down laser
spectrometer (D, 20, 0)
(probing vaporized water)
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. 22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Fig. 1 (paper): lab experiment setup
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constant T/RH, variable T or variable
RH setups
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. 22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Fig. 1 (paper): lab experiment setup
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analysis against Rayleigh distillation +
Craig-Gordon RH-dependence
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. '22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Fig. 3 (paper): measurements + model
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. '22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Pierchala et al. '22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Fig. 4 (paper): RH varied
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Pierchala et al. '22 — triple isotope analysis, kinetic fractionation?

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022
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https://mybinder.org/v2/gh/open-atmos/PySDM.git/main?urlpath=lab/tree/examples/PySDM_examples/Pierchala_et_al_2022

Rozanski & Sonntag '82 — multibox cloud/precip column model®

?launch-in-the-cloud URL: https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=1ab/tree/examples/PySDM_examples

new PySDM “example” (work in progress):

doi:10.3402/tellusa.v34i2.10795

Tellus (1982), 34, 135-141
Vertical distribution of deuterium in atmospheric water

vapour

By K. ROZANSKI! and C. SONNTAG, Institute of Environmental Physics, University of Heidelberg,
Im Neuenheimer Feld 366, D-6900 Heidelberg, F. R. Germany

(Manuscript received September 26, 1980; in final form May 12, 1981)
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https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples

Rozanski & Sonntag '82 — multibox cloud/precip column model®

“launch-in-the-cloud URL: https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples

ToP(c1)

TEMPERATURE

FIRST RAM
LEVEL (FRU)

n
1
1
cLowo sase
o= (ca)

[RTR Y

Fig. 3. Schematic diagram of the multibox cloud model.
Input data: initial temperature, 7,; final temperature, T,;
initial pressure, P,; relative humidity, H; initial isotopic
composition of water vapour, Ry; cloud water mixing
ratio, N, ; temperature step, S; isotope exchange factor,
K.

Tellus 34 (1982), 2
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https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples

Rozanski & Sonntag 82 — multibox cloud/precip column model®

“launch-in-the-cloud URL: https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples

= hydrostatic/adiabatic rainshaft with precip removal
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Fig. 3. Schematic diagram of the multibox cloud model.
Input data: initial temperature, 7,; final temperature, 7';;
initial pressure, P,; relative humidity, H; initial isotopic
composition of water vapour, Ry; cloud water mixing
ratio, N, ; temperature step, S; isotope exchange factor,

Tellus 34 (1982), 2
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Rozanski & Sonntag 82 — multibox cloud/precip column model®

“launch-in-the-cloud URL: https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples

-

- condensation: saturation adjustment
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[RTR Y

Fig. 3. Schematic diagram of the multibox cloud model.
Input data: initial temperature, 7,; final temperature, 7';;
initial pressure, P,; relative humidity, H; initial isotopic
composition of water vapour, Ry; cloud water mixing
ratio, N, ; temperature step, S; isotope exchange factor,

Tellus 34 (1982), 2
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https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples

Rozanski & Sonntag 82 — multibox cloud/precip column model®

“launch-in-the-cloud URL: https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples
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Fig. 3. Schematic diagram of the multibox cloud model.
Input data: initial temperature, 7,; final temperature, 7';;
initial pressure, P,; relative humidity, H; initial isotopic
composition of water vapour, Ry; cloud water mixing
ratio, N, ; temperature step, S; isotope exchange factor,

Tellus 34 (1982), 2
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Rozanski & Sonntag 82 — multibox cloud/precip column model®

“launch-in-the-cloud URL: https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples
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Fig. 3. Schematic diagram of the multibox cloud model.
Input data: initial temperature, 7,; final temperature, 7';;
initial pressure, P,; relative humidity, H; initial isotopic
composition of water vapour, Ry; cloud water mixing
ratio, N, ; temperature step, S; isotope exchange factor,

Tellus 34 (1982), 2
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https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples

Rozanski & Sonntag 82 — multibox cloud/precip column model®

“launch-in-the-cloud URL: https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples
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-~ TEMPERATURE
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Fig. 3. Schematic diagram of the multibox cloud model.
Input data: initial temperature, 7,; final temperature, 7';;
initial pressure, P,; relative humidity, H; initial isotopic
composition of water vapour, Ry; cloud water mixing
ratio, N, ; temperature step, S; isotope exchange factor,
K.

Tellus 34 (1982), 2

-
-
-
-

-

minimal model for capturing isotope exchange
between precip, ambient vapor and cloud water
(~~ hypothesis explaining observed steep §’H
profile gradients beyond condensation-only effects)
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https://mybinder.org/v2/gh/slayoo/PySDM.git/isotopes_rozanski_and_sonntag_example?urlpath=lab/tree/examples/PySDM_examples

Rozanski & Sonntag '82 — multibox cloud/precip column model®
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Thank you for your attention!

N NATIONAL SCIENCE CENTRE
AN POLAND
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