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advection of heat particle transport by the flow
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collisional growth
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∂t(ρd r) +∇ · (~vρd r) = ρd ṙ ṙ =
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. . .

∂t(ρdθ) +∇ · (~vρdθ) = ρd θ̇ θ̇ =
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. . .

advection of trace gases in-particle aqueous chemistry
. . . . . .

challenges:
scalability (cost vs. number of particles),

super-particles “conservation” (coalescence!)
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libcloudph++: summary & some technicalities
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key features (as of v1.0):

three schemes (all written from scratch):
1-moment: Kessler
2-moment: Morrison & Grabowski 2008
Lagrangian: Shima et al. 2009 (Monte-Carlo coalescence)

Lagrangian scheme optionally GPU-resident (via Thrust)

compact code (500 / 1000 / 4500 LOC)

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



libcloudph++: summary & some technicalities

Super-droplet simulations with libcloudph++ and PySDM 11/31

key features (as of v1.0):

three schemes (all written from scratch):
1-moment: Kessler
2-moment: Morrison & Grabowski 2008
Lagrangian: Shima et al. 2009 (Monte-Carlo coalescence)

Lagrangian scheme optionally GPU-resident (via Thrust)

compact code (500 / 1000 / 4500 LOC)

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



libcloudph++: summary & some technicalities

Super-droplet simulations with libcloudph++ and PySDM 11/31

key features (as of v1.0):

three schemes (all written from scratch):
1-moment: Kessler
2-moment: Morrison & Grabowski 2008
Lagrangian: Shima et al. 2009 (Monte-Carlo coalescence)

Lagrangian scheme optionally GPU-resident (via Thrust)

compact code (500 / 1000 / 4500 LOC)

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



libcloudph++: summary & some technicalities

Super-droplet simulations with libcloudph++ and PySDM 11/31

key features (as of v1.0):

three schemes (all written from scratch):
1-moment: Kessler
2-moment: Morrison & Grabowski 2008
Lagrangian: Shima et al. 2009 (Monte-Carlo coalescence)

Lagrangian scheme optionally GPU-resident (via Thrust)

compact code (500 / 1000 / 4500 LOC)

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



libcloudph++: summary & some technicalities

Super-droplet simulations with libcloudph++ and PySDM 11/31

key features (as of v1.0):

three schemes (all written from scratch):
1-moment: Kessler
2-moment: Morrison & Grabowski 2008
Lagrangian: Shima et al. 2009 (Monte-Carlo coalescence)

Lagrangian scheme optionally GPU-resident (via Thrust)

compact code (500 / 1000 / 4500 LOC)

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



libcloudph++: example simulation (Arabas et al. 2015)

Super-droplet simulations with libcloudph++ and PySDM 12/31



libcloudph++: example simulation (Arabas et al. 2015)

Super-droplet simulations with libcloudph++ and PySDM 12/31



libcloudph++: example simulation (Arabas et al. 2015)
x

x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140



libcloudph++: example simulation (Arabas et al. 2015)
x x

x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x

x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x

x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x

x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x

x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x

x x x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x

x x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x

x x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x

x x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x

x x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x

x x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x

x x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x

x x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x x x x x

x x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x x x x x x

x x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x x x x x x x

x x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x x x x x x x x

x x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
x x x x x x x x x x x x x x x x x x x x x x x x x x x

x x x x x x x x x o o o o o o o o o

Super-droplet simulations with libcloudph++ and PySDM 13/31

cloud water mixing ratio [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cloud water mixing ratio rc [g/kg]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

rain drop spec. conc. [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

rain drop specific concentration nr [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0.01

0.1

1

10

aerosol concentration [mg-1]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

x [km]

0.
0

0.
3

0.
6

0.
9

1.
2

1.
5

z 
[k

m
]

0

20

40

60

80

100

120

140

2-moment bulk scheme
(Morrison & Grabowski 2007)

Lagrangian/Monte-Carlo scheme 
(Shima et al. 2009)



libcloudph++: example simulation (Arabas et al. 2015)
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Figure 9: Plots of dry and wet size spectra for ten location within the simulation domain. The locations
and their labels (a–j) are overlaid on plots in Figure 8. The vertical bars at 0.5 µm and 25 µm indicate the
range of particle wet radii which is associated with cloud droplets. See section 5.4 for discussion.
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libcloudph++ 2.0: Jaruga and Pawlowska 2018, GMD
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Hoppel-gap resolving aqueous chemistry in particle-based µ-physics



UWLCM: LES with libcloudph++ µ-physics
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Dziekan, Waruszewski and Pawlowska 2019



UWLCM - DYCOMS example
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https://www.youtube.com/watch?v=BEidkhpw-MA

https://www.youtube.com/watch?v=BEidkhpw-MA


libcloudph++: summary
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references

Arabas, Jaruga, Pawlowska & Grabowski 2015 (GMD): “libcloudph++ 1.0:
single-moment bulk, double-moment bulk, and particle-based warm-rain microphysics. . . ”

Dziekan & Pawlowska 2017 (ACP): “Stochastic coalescence in Lagrangian cloud
microphysics”

Grabowski, Dziekan & Pawlowska 2018 (GMD): “Lagrangian condensation
microphysics with Twomey CCN activation”

Jaruga & Pawlowska 2018 (GMD): “libcloudph++ 2.0: aqueous phase chemistry
extension of the Lagrangian cloud microphysics scheme”

Dziekan, Waruszewski & Pawlowska 2019 (GMD): “University of Warsaw Lagrangian
Cloud Model (UWLCM)...”

highlights

GPU-resident (or multi-threaded) microphysics in C++

Hoppel-gap resolving aqueous chemistry

used for representing cloud µ-physics in the UWLCM LES
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news: postdoc offer @ University of Warsaw (UWLCM)
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met-jobs@lists.reading.ac.uk
August 2019
Message 15

[Met-jobs] Postdoc position at the Institute of Geophysics, University of Warsaw

From Gustavo Abade <Gustavo.Abade@fuw.edu.pl>

To Met Jobs <met-jobs@lists.reading.ac.uk>

Date Tue, 06 Aug 2019 16:03:32 +0200

Dear colleagues,

The cloud-modeling group at the Institute of Geophysics, Faculty of
Physics, University of Warsaw, invites applications for a full-time
postdoctoral position. The post holder is expected to join our team
for 24 months. The successful candidate will work on the project
entitled "Turbulent dynamics and microphysics in a Stochastic
Lagrangian Cloud Model" funded by the Polish National Science
Centre. The project investigates by numerical simulations the role of
turbulence in the microphysical processes that shape the droplet
spectrum in convective clouds. The candidate should be ready to start
not later than January 2020.

Applications are due on 30 September 2019.

For further details visit:

https://www.igf.fuw.edu.pl/en/articles/oferty-pracy-i-stypendia-f/oferta-pracy-post-doc-w-insty-q2019-08-06/



open-source projects @ IGFUW
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https://github.com/igfuw

https://github.com/igfuw


open-source projects @ atmos-cloud-sim-uj
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https://github.com/atmos-cloud-sim-uj

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



SDM: Monte-Carlo scheme of Shima et al. 2009
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PySDM: high-performance Python
implementation of SDM



SDM: Monte-Carlo scheme of Shima et al. 2009
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PySDM: high-performance Python
implementation of SDM



motivation: journal/scientific method requirements
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new 2019 GMD journal policy, doi:10.5194/gmd-12-2215-2019

„everything required to run the experiment must be provided, apart
from the model itself”

„ensure that there is no manual processing of the data: models are
run by a script, and all pre- and post-processing is scripted”

„All figures and tables must be scientifically reproducible from the
scripts”

„It is the opinion of the GMD editors that if the code is not ready,
then neither is the manuscript”

„During the review process, the ease of model download,
compilation, and running of test cases may be assessed”

https://doi.org/10.5194/gmd-12-2215-2019
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PySDM: aims
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Explore tools from the Python ecosystem to simultaneously address:

code readibility  maintainability

performance (incl. ability to leverage modern hardware)

automation (incl. analysis and figure generation)

dissemination (incl. ease of setting up the environment)



acceleration with Numba (JIT, multi-threading)
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https://numba.pydata.org/

PySDM/SDM/backends/numba.py

https://numba.pydata.org/


acceleration with ThrustRTC and CURandRTC (GPU)
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https://github.com/thrust/ (C++)
https://fynv.github.io/ (Python/C++/C#/Java)

PySDM/SDM/backends/thrustRTC.py

https://github.com/thrust/
https://fynv.github.io/


Pythran: ahead-of-time compilation, OpenMP
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https://pythran.readthedocs.io/

PySDM/SDM/backends/pythran.py

https://pythran.readthedocs.io/


Pythran vs. Numba vs. Fortran ...
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Mohanan et al. 2019, doi:10.5334/jors.238

https://doi.org/10.5334/jors.238


demo (github.com/atmos-cloud-sim-uj/PySDM)
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demo (mybinder.org)
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demo (ipywidgets)
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Thank you for your attention!
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