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why not to develop everything from scratch:

> have to wait 3 years before tackling scientific problems
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project target

LES-type tool featuring:
» robust numerics (MPDATA)

» particle-based aerosol/warm-rain u-physics (super-droplet)

current “products” — C++ libraries

libmpdata++ parallel solvers for systems of transport equations

> http://libmpdataxx.igf.fuw.edu.pl/
» doi:10.5194/gmdd-7-8179-2014

libcloudph++ aerosol/cloud p-physics algorithm collection

» http://libcloudphxx.igf.fuw.edu.pl/
» doi:10.5194/gmdd-7-8275-2014
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> structure the code into “standalone” libraries

~ easier to document, to test and to contribute to

~~ easier to be reused by others (in various contexts)
> |everage existing reusable software

~> save time, benefit from state-of-the-art components

icicle
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(program_options,
/\ A spr
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> condensational > aqueous chemistry > wet deposition
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» each particle (aka super-droplet) ~~ many "similar” real-world particles
» attributes: multiplicity, dry radius, wet radius, nucleus type, ...
» aerosol, cloud, precip. particles not distinguished, subject to same processes

Eulerian / PDE Lagrangian / ODE
advection of heat particle transport by the flow
advection of moisture condensational growth

collisional growth
sedimentation

O(pr) + V(Vpr) = pi F= -
) _ particles € AV
O0(pf) + V(Vpl) = po 0= .
particles € AV
advection of trace gases in-particle aqueous chemistry

> recent examples in context of precipitating clouds:
> Shima et al. 2009, QJ
> Andrejczuk et al. 2010, JGR
» Riechelmann et al. 2012, NJP
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» for all n super-droplets in a grid box of volume AV in timestep At
» each representing £ real particles (aerosol/cloud/drizzle/rain)
> the probability of coalescence of i-th and j-th super-droplets is:
(n—1
Py = max(&. &) - E(riyry) - m(ri + 1) - |vi — v - R - n("2 }/ 3]

coalescence kernel

where r — drop radii, E(r;, r;) — collection efficiency, v — drop velocities
> coalescence takes place once in a number of timesteps (def. by Pj)

» all min(§;,¢;) droplets coalesce
~~ there's always a "bin" of the right size to store the collided particles

» collisions triggered by comparing a uniform random number with P;;
> extensive parameters summed (~ conserved), intensive averaged
» [n/2] random non-overlapping (i,j) pairs examined instead of all (i,j) pairs

cost: O(n?) ~» O(n), probability upscaled by ”'(nZ_l)/ (5]




libcloudph-++: VOCALS-inspired aerosol processing set-up
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» set-up: Grabowski &
Lebo (ICMW 2012)

» 2D prescribed flow

» advection: libmpdata++
(2-pass FCT)

» u-physics: libcloudph++
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libcloudph++: VOCALS-inspired aerosol processing set-up
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2x2 cell particle-derived spectra
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libcloudph++: summary & some technicalities

» three schemes (all written from scratch):

» 1-moment: Kessler
» 2-moment: Morrison & Grabowski 2008
» Lagrangian: Shima et al. 2009 (Monte-Carlo coalescence)

v

Lagrangian scheme optionally GPU-resident (via Thrust)

v

compact code (500 / 1000 / 4500 LOC)

v

written using Boost.units — compile-time dimensional analysis

reusable:
» design: no assumptions on dimensionality or dyn-core type
» documentation: API described in the paper/manual
> legal/practical matters: open source, GPL, hosted on github

v




Plan of the talk

e "HARMONIA" project: goals and the team

e libcloudph++: design choices and their rationale

e libcloudph++4: Lagrangian “super-droplet” p-physics

e libcloudph++ / DALES coupling
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DALES/libcloudph++ coupling: technicalities

C++ Python Fortran
T |
main.py:
- store f-ction ptr
- dlopen(libdales4.so)
- call dales::main() > DALES @t=0:
- load f-ction ptr
- <«— | DALES @t>0:
libcloudph++: | <——— | def: micro(): - call Pythg@n f-ction
on CPU or GPU__|——> | - pass DALES data 5| ineachtimestep
“~——> |- output diagnostics |‘—’_’

Boost.Python

CFFI




DALES/libcloudph-++ coupling: technicalities

C++ Python Fortran

A
main.py:

- store f-ction ptr

- dlopen(libdales4.so)
- call dales::main()

—>| DALES @t=0:

- load f-ction ptr

- <«— | DALES @t>0:
libcloudph++: | «<—— | def: micro(): call Pythg t-ction
on CPU or GPU |—> |- pass DALES data

— 3| ineach timestep

l\w_al - output diagnostics |‘ ,l
Boost.Python CFFI

rationale:
» minimal changes to DALES
» no changes to libcloudph++
» interfacing C++ & Fortran from Python using pre-existing packages



DALES/libcloudph-++ coupling: technicalities

C++ Python Fortran

A

main.py:
- store f-ction ptr
- dlopen(libdales4.so)

- call dales::main()

—>| DALES @t=0:

- load f-ction ptr

- <«— | DALES @t>0:
libcloudph++: | «<—— | def: micro(): call Pythg t-ction
on CPU or GPU |— > | - pass DALES data

— 3| ineach timestep

l\w_al - output diagnostics |‘ ,l
Boost.Python CFFI

acknowledgement:

» the Python-Fortran coupling concept & code by Dorota Jarecka



DALES/libcloudph—++ coupling: “physics”

libcloudph++/Lagrangian: DALES /bulk:
> q/(tix,y,z) > qi(tix,y,2) = q, +q
> Ba(tix,y,2) = (m/p) > 0(tixy.2) =0t
> pal2) or pa(ti2) — 24 > pb(2) & p(t;2)/m(t:2)
> pi(t;x,y,2) > U(tix,y,z)

> supersaturation allowed (g, # gs) > g, diagnosed assuming q, = gs



DALES/libcloudph—++ coupling: “physics”
libcloudph++/Lagrangian: DALES /bulk:
> qV(t;Xay7Z) > qt(t;XayaZ):qvvq/
Rd/cp, . . L
a(tix,y,z) = (po/p[,) > O(tix,y,z) =0 —aqr;
pa(2) or pa(t:2) - po(2) & p(t: 2) /(1 2)
> p(t;x,y,2) i(t; x,y, z)
> supersaturation allowed (g, # gs) > g, diagnosed assuming q, = gs
> pd(z) = Pd (7T|t:07 af|t:0’ é"f:())
q
4 .3
> g, =q; _Zw ~+ No g, = gs assumption
i€cell v pd
v L Rd/cp
> 9d:(0/+ —3 >~(1+qv§”) d
s Cpd v
0
> pi u ~ consistent with heat/moisture advection



DALES/libcloudph—++ coupling:

“physics”

libcloudph++/Lagrangian: DALES /bulk:
> qu(tix,y,2) > qi(tix,y,z) = qu +q
d(t;Xay,Z):(pU/Pd) el %pa > 9/(t;X’Y7Z):()7Q/?Ld
pa(2) or pa(t:2) - > p6(2) & plt:2)/7(t:2)
> pii(t; x,y,z) i(t: x,y,z)
> supersaturation allowed (g, # gs) > g, diagnosed assuming q, = gs
> ,Od(Z) = Pd (7T|t:07 (_71'|t:07 él‘t:O)
q
4/3 .3
> qv=0qt —ZW ~~ NoO gy = gs assumption
iecell vV Pd
L Ra/c
> 9d:(9/+ 4 )'(1+q\/gv> "
™ pd v
0
> pl = ppl ~ consistent with heat/moisture advection



DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=17m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=19m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=20m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=21m) | off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=22m) | off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?] LWP [kg/m?] LWP [kg/m?] (scatter plot)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=23m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=24m) | off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=26m) || off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?2] LWP [kg/m?2] LWP [kg/m?] (scatter plot)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=27m) | off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?2] LWP [kg/m?2] LWP [kg/m?] (scatter plot)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=28m) || off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=29m) || off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?2] LWP [kg/m?2] LWP [kg/m?] (scatter plot)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=30m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=31m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?2] LWP [kg/m?2] LWP [kg/m?] (scatter plot)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=32m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?2] LWP [kg/m?2] LWP [kg/m?] (scatter plot)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=33m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?2] LWP [kg/m?2] LWP [kg/m?] (scatter plot)
1 1 1
o LA | FAr TR LA
6 [l ; 6 ;
1 -
IR L A A A /
5 k : 0.1 5 Y - 0.1 3 0.1
L 4¢ 1 r LA 4¢ 4 F
b " L [ ¥
4 4 B +
- (] H 18 o0.01 = ] B o.01 001 <
€ E s
< . 1' £ Lm L] O s
> 30t .' — > 3 L ‘ ' . 4. : TgJ
1 |8o0.001 ) M) 4 |8 o.001 o R 0.001 8
2 F 8 |imy 2 P ' B £
L [} . L] ] " r » . . ]:':
1 5 4 0.0001 1 | bl 1 0.0001 e 0.0001
T X a b ¥ owag A L i K
0 | NN 1 ol 0 L | ' 1 LN :
0o 1 2 3 4 5 6 o 1 2 3 4 5 6 0.0001 0.001 0.01 0.1 1
Y [km] Y [km] DALES
2D histogram (qc > 0.05) 2D histogram (regs > 1.5) 2D histogram (regs > 1.5)
1.2 1.2 1.2
11 — 11 11
‘ —— [ g v 8
1 & a 1 a
g g g
0.9 = = 0.9 =2
= g = g = g
£ £ § Eos g
N 5 N 5 N 5
8 g 0.7 g
8 8 8
5 5 0.6 5
o o o
g g g
mean = 0.5 H = 0.5 R =
ES mean sw— :libcloudph++ mean libcloudph++ mean
0.4 1 0.4 L 1 I
01 02 03 04 05 0.6 0.7 5 10 15 20 20 40 60 80 100 120 140 160
qc [g/kg] Fesf [um] ne [em™3)




DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=34m) | off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?2] LWP [kg/m?2] LWP [kg/m?] (scatter plot)
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DALES/libcloudph-++: proof-of-concept test (dtadqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=35m)
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DALES/libcloudph++: proof-of-concept test (dtaqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=36m) || off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?2] LWP [kg/m?2] LWP [kg/m?] (scatter plot)
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DALES/libcloudph++: proof-of-concept test (dtaqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=37m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?] LWP [kg/m?] LWP [kg/m?] (scatter plot)
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DALES/libcloudph++: proof-of-concept test (dtaqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=38m) || off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?] LWP [kg/m?] LWP [kg/m?] (scatter plot)
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DALES/libcloudph++: proof-of-concept test (dtaqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=39m) | off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
LWP [kg/m?] LWP [kg/m?] LWP [kg/m?] (scatter plot)
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DALES/libcloudph++: proof-of-concept test (dtaqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)

DALES (BOMEX, bulk p-physics, t=40m) ||off-line libcloduph++ Lagrangian/Monte-Carlo p-physics on a GPU
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DALES/libcloudph++: proof-of-concept test (dtaqy=20s, dtcona=0.5s, dz=40m, 10 SD /cell)
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Let's see what happens if we multiply
aerosol concentration by a factor of 10...
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DALES/libcloudph++ coupling: summary

» proof-of-concept off-line simulations done

v

challenge to the reusability of libcloudph-++:
» libcloudph++: no modifications
» DALES: ca. 10 LoC changed; ca. 100 LoC added in a new file
» coupling code: ca. 300 LoC in Python

v

next stages:
» clean-up and test the off-line code
» work on full bi-directional coupling

v

potential applications:
» aerosol-cloud interactions
» radiative transfer (incl. retrieval algorithms)
» validating the new "HARMONIA" LES code

v

current libcloudph++ limitations:
» only geometric collisions, no breakup
» explicit supersaturation scheme
» no distributed-memory parallelisation
> no aerosol sources
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