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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)
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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 /gmd-8-1005-2015

libcloudph++ aerosol/cloud p-physics algorithm collection

» http://libcloudphxx.igf.fuw.edu.pl/
» doi:10.5194/gmdd-7-8275-2014
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» CCN activation » collisional growth > precipitation
> condensational > aqueous chemistry > wet deposition
growth » droplet deactivation



Eulerian vs. Lagrangian p-physics

1
1
||:||i

—
!

T

[}

!

T
T



Eulerian vs. Lagrangian p-physics




Eulerian vs. Lagrangian p-physics

l l l l l
P '- -1— single-moment bulk
no influence of aerosol on cloud

) T
1T multi-moment bulk,
1D-bin
aerosol may influence cloud
no "memory" of drop nuclei



Eulerian vs. Lagrangian p-physics

L

single-moment bulk
no influence of aerosol on cloud

multi-moment bulk,

1D-bin
aerosol may influence cloud
no "memory" of drop nuclei

"dry radius" (nucleus)

"wet radius" (solution drop)



Eulerian vs. Lagrangian p-physics

-
Q‘t—

ﬂr

!'1'?'1_

single-moment bulk

2D-bin )
no influence of aerosol on cloud

Eulerian

multi-moment bulk,

1D-bin
aerosol may influence cloud
no "memory" of drop nuclei

"dry radius" (nucleus)

"wet radius" (solution drop)



Eulerian vs. Lagrangian p-physics

| L

2D-bin
Eulerian

Lagrangian

A

<

v

A

"dry radius" (nucleus)

"wet radius" (solution drop)



Plan

of the talk

design choices and their rationale

example results with 2D kinematic set-up

validation of libcloudph++'s Super-Droplet scheme

summary & future plans



Plan of the talk

e example results with 2D kinematic set-up



libcloudph-++: VOCALS-inspired aerosol processing set-up

aerosol concentration [mg™]

s

single-eddy velocity field

2o
=
IS
8

1.5 % L
=
E° v 80
~ -
/A— © I 60
1.2 A
,‘ 40
o 4 s By
o : -y 20
A %
0.9 Qg T T T 0
—_ S &l o S v ©
E ) ) ) o ~ ~
X x [km]
N

0.6

> set-up: Grabowski &
Lebo (ICMW 2012)

» 2D prescribed flow

1.2 1.5 > advection: libmpdata++
y (2-pass FCT)

» u-physics: libcloudph++

0.3

iz

f




libcloudph+-+:
X

cloud water mixing ratio [g/kg]

VOCALS-inspired aerosol processing set-up

rain drop spec. conc. [mg'l]

© .
&

aerosol concentration [mg™]

140
v 120
N
100
=]
5 80
~
7 o
40
Qﬂ" 1
20
o T S T T T T )
< <
3
LI A S
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ ~ &1 (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 &1
Y 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
. 4__/
S T T T T
i < S < o o v
S & & S N2 o S o o ~
x [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up
XX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
~ 140
v 120
N
100
= —~ 21
£ & 8
~ ~
& 60
40
Qﬂ" 1
20
S +to K T T T T 0
S NS & NS ':," :’ N & N N Ng
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
R (Shima et al. 2009)
T 08 €
£ <
N ~
06 &1
04 2-moment bulk scheme
! & (Morrison & Grabowski 2007)
N 4__/
S T T T T
) < S < o o v
S & & S N2 o S o o ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

o
“' 140
v 120
N
100
= —~ Q1
£ & 2
~ ~
S o0
40
Qﬂ" 1
20
S +to K T T T T 0
S & & Qe ¥ ¥ S & e @ W
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
R (Shima et al. 2009)
T 08 E
£ <
] ~
06 &1
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v
S & & S 2 o S o 5 ~
x [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

o
“' 140
v 120
N
100
= —~ Q1
£ & 2
~ ~
S o0
40
Qﬂ" 1
20
S +to K T T T T 0
S & & Qe ¥ ¥ S & e @ W
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
R (Shima et al. 2009)
T 08 E
£ <
] ~
06 &1
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v
S & & S 2 o S o 5 ~
x [km] X [km]




libcloudph+-+:

XXXXX

cloud water mixing ratio [g/kg]

VOCALS-inspired aerosol processing set-up

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
& 140
v 120
N
100
=& = =
£ & 13 8
N N =
S L
40
Qﬂ" 1
20
o T S T T T T )
< <
o
LI A S ¢ s e
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ ~ &1 (Shima et al. 2009)
€ 0.8 €
£ <
~ ~
06 &1
Y 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. S S < o o v o
S & & S 2 Sy S 5 o ~ ~
x [km] X [km]




libcloudph+-+:

XXXXXX

cloud water mixing ratio [g/kg]

2 [km]

VOCALS-inspired aerosol processing set-up

S el o o v
o o o ~

&
X [km]

25 4

rain drop spec. conc. [mg'l]

T T T
o © 3
S o o

X [km]

T
Vv
N,

aerosol concentration [mg™]

cloud water mixing ratio r; [g/kg]

z [km]

x [km]

0.8

0.6

0.4

0.2

rain drop specific concentration n, [mg’l]

%

0‘9 4
06 1
0 -

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

o
“' 140
v 120
N
100
= —~ Q1
£ & 2
~ ~
S o0
40
Qﬂ" 1
20
S +to K T T T T 0
S & & Qe ¥ ¥ S & e @ W
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
R (Shima et al. 2009)
T 08 E
£ <
] ~
06 &1
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v
S & & S 2 o S o 5 ~
x [km] X [km]




libcloudph+-+:

XXXXXXXX

cloud water mixing ratio [g/kg]

2 [km]

S el o o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

o .
&

T
S o
o S

T T
© 3
o o

X [km]

T
Vv
N,

VOCALS-inspired aerosol processing set-up

aerosol concentration [mg™]

cloud water mixing ratio r; [g/kg]

0.8

z [km]

0.6

0.4

0.2

9 4
%
%9
22

0,

x [km]

rain drop specific concentration n, [mg’l]

© L
I

%
25

06
Q9

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph+-+:

XXX XXXXXX

cloud water mixing ratio [g/kg]

S el o o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

T
o
&

T T
© 3
o o

X [km]

T
Vv
N,

VOCALS-inspired aerosol processing set-up

aerosol concentration [mg™]

cloud water mixing ratio r; [g/kg]

0.8

z [km]

0.6
0.4

0.2

00 4
53
Q29
A

0,

x [km]

rain drop specific concentration n, [mg’l]

05 -

% +
Q29

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXXXXXX

cloud water mixing ratio [g/kg]

2 [km]

S el o o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

o .
&

T
S o
o S

T T
© 3
o o

X [km]

T
Vv
N,

aerosol concentration [mg™]

cloud water mixing ratio r; [g/kg]

0.8

z [km]

0.6

0.4

0.2

00 4
53
Q29
A

0,

x [km]

rain drop specific concentration n, [mg’l]

© L
I

%
25

06
Q9

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXXXXXXX

cloud water mixing ratio [g/kg]

2 [km]

S el o o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

o .
&

T
S o
o S

T T
© 3
o o

X [km]

T
Vv
N,

aerosol concentration [mg™]

cloud water mixing ratio r; [g/kg]

0.8

z [km]

0.6

0.4

0.2

00 4
53
Q29
A

0,

x [km]

rain drop specific concentration n, [mg’l]

© L
I

%
25

06
Q9

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXX XXXXXX

cloud water mixing ratio [g/kg]

2 [km]

o el o o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

& L
&

S o
o S

© >
o o

X [km]

Vv
&

aerosol concentration [mg™]

cloud water mixing ratio r; [g/kg]

0.8

z [km]

0.6

0.4

0.2

9 4
%
%9
22

0,

x [km]

rain drop specific concentration n, [mg’l]

© L
I

%
25

06
Q9

x [km]

25 4

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXX XXXXXXX

cloud water mixing ratio [g/kg] rain drop spec. conc. [mg™] aerosol concentration [mg™]

& L L L L
&

2 [km]

o © S > o 9 o

x [km] X [km]

cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]

© L
I

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

2

08 B

0.6 R

z [km]

%

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —

0.4

%

0.2

2

% A
%
0‘94
06
Q9 1
25
s

%
%
Q29
22

x [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXX XXX XXXXX

cloud water mixing ratio [g/kg]

2 [km]

S > © o
o o o

&
X [km]

&y 2
~ ~

rain drop spec. conc. [mg'l]

& L
&

S o
o S

© °
o o

X [km]

Vv
)

aerosol concentration [mg™]

cloud water mixing ratio r. [g/kg]

z [km]
29

%

%

2
[
%2
%
29

x [km]

22

rain drop specific concentration n, [mg’l]

© L
I

%
25

06
09

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXX XXXXXXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
“' 140
v 120
N
100
=& =& =
£ & 13 8
N N b~
7 o0
40
Qﬂ" 1
20
o+ + 0 S T T T T 0
< <
N < 3 X v
S & & Qe ¥ ¥ S & e @I
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
o
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_o R (Shima et al. 2009)
£ 0.8 5
£ <
~ ~
© 0.6 £9
o o
04 2-moment bulk scheme
S : &1 (Morrison & Grabowski 2007)
S 0.2 4__/
ST % o & o & &
§ Q‘b ch_w @ ,:’\/ Sy S o o 5 &7
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXX XXX XXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

© .
4 140
v 120
N
100
=]
5 80
~
7 o
40
Qﬂ" 1
20
S - ) T T T T 0
S & & e ¥ ¥ e T & @V
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
> ~ &1 (Shima et al. 2009)
EC 0.8 5
£ <
~ ~
© 0.6 &
&
Y 2-moment bulk scheme
S : &1 (Morrison & Grabowski 2007)
o 0.2 4—_/
ST % o & o o
QQ le Q"o QQ ':’\l ) Q o Sl ~

x [km]

x [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXX XXX XXX XXXXX

cloud water mixing ratio [g/kg] rain drop spec. conc. [mg™] aerosol concentration [mg™]
14 ~ 140
12 o 120
N
1 100
- 21
E o8 | EC 80
~ ~
06 & 60
04 40
Qﬂ" 1
02 20
o+ 0 ) T T ' ' 0
< <
N < 3 X v
S & & Qe ¥ ¥ S & e @I
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 08 £
£ <
~ ~
06 &1
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
02
K T T T T
S & & Q& v S g & & V¥
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXX XXX XXX XXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

o
“' 140
v 120
N
100
= —~ 21
£ & 2
~ ~
7 o0
40
Qﬂ" 1
20
o+ + 0 S T T T T 0
< <
3
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ R (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 &1
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v
QQ Q“’ ) Qo S) Sl ~

0,
29
22

x [km]

x [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXX XXX XXX XXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
“' 140
v 120
N
100
=]
€ 80
~
7 o0
40
Qﬂ" 1
20
o+ + 0 S T T T T 0
< <
3
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ R (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 &1
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. S S < o o v
QQ Q“’ ) Qo S) Sl ~

0,
29
A

x [km]

x [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXX XXX XXXXX XXX XXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
“' 140
v 120
N
100
=]
€ 80
~
7 o0
40
Qﬂ" 1
20
o+ + 9 T T T T 0
< <
3
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 &1
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. S S < o o v o
S & & S N2 o o o o ~ ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXX XXX XXX XXX XXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
& 140
v 120
N
100
= —~ 21
£ & &
~ ~
S o
40
Qﬂ" 1
20
S+ T 0 9 T T T T 0
< <
S & & e ¥ ¥ e ¢ & @V
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ —~ &1 (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
Y 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
. 4__/
S T T T T
i < S < o o v
S & 5 o o o ~

0,
29
A

x [km]

x [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXX XX XXX XXX XXXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
s 140
v 120
N
100
=S| =
& 5 L
N ~
S o0
40
Qﬂ" 1
20
o+ + 0 S T T T T 0
< <
o
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ R (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. S S < o o v o
§ Q“) < o o S ~ ~

22

0,
29

x [km]

x [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXX XX XXXXX XXX XXX X XXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
& 140
v 120
N
100
= —~ 21
£ & &
~ ~
S o
40
Qﬂ" 1
20
o T S T T T T )
< <
o
LI A S ¢ s oW
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
P
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ —~ &1 (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
Y 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
. 4__/
S T T T T
i S S < o o v
S & & S N2 o o o o ~
x [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXX XXXXXXKXXXKXXXXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
s 140
v 120
N
100
= —~ 21
£ & 2
~ ~
S o0
40
Qﬂ" 1
20
o+ + 9 T T T T 0
o o
o
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
P
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
< S < o o v
S & & S N2 o o o o ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXKXXXKXXXXXKXXXXX XXX XXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

o
& 140
v 120
N
100
=S|
5 80
~
S o
40
Qﬂ" 1
20
S+ T 0 9 T T T T 0
< <
o
LI A S ¢ s oW
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ —~ &1 (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
Y 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
. 4__/
S T T T T
i S S < o o v
QQ Q“’ ) Q o Sl ~

0,
29
22

x [km]

x [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXX XXXXKX XXX XXX XX XXXXX

cloud water mixing ratio [g/kg]

S > © o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

o
&

© °
o o

X [km]

Vv
N,

aerosol concentration [mg™]

cloud water mixing ratio r. [g/kg]

z [km]

00 4
2
Q29
A

0,

x [km]

rain drop specific concentration n, [mg’l]

05 -

% +
Q9

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXX XKXXXKXXKXXXKXXXXX XXX XX

cloud water mixing ratio [g/kg]

2 [km]

S > © o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

o © )
S o o

X [km]

Vv
N,

aerosol concentration [mg™]

z [km]

cloud water mixing ratio r. [g/kg]

z [km]

x [km]

rain drop specific concentration n, [mg’l]

Q9

%
25
06

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXX XXX XX XXX XKXXXKXXXX XXX XXX X

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
14 ~
12 x
N
1
- 21
5 0.8 E°
~ ~
06 &
04
3
02 ©
§ + + 0 QQ' T T T T
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v o
S & & S N2 o o o o ~ ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXXXXXXXXKXXXXXKXXXX XXX XXX XX

cloud water mixing ratio [g/kg]

2 [km]

S > © o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

& L L L
&

9 ” © )
< o o 53

X [km]

Vv
N,

aerosol concentration [mg™]

cloud water mixing ratio r. [g/kg]

z [km]

x [km]

rain drop specific concentration n, [mg’l]

© L
..,

%

0‘9 4
06 1
0 -

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XX XXX XKXXXKXXXKXXKXXXKXXXKX XXX XXX XXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
14 ~
12 x
N
1
- 21
5 0.8 E°
~ ~
06 &
04
3
02 ©
§ + + 0 QQ' T T T T
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v o
S & & S N2 o o o o ~ ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XKXXXXXKXXXKXXXKXXXXXXXXXXXXXX

cloud water mixing ratio [g/kg]

2 [km]

S > © o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

& L
&

) o
o S

© °
o o

X [km]

Vv
N,

aerosol concentration [mg™]

cloud water mixing ratio r. [g/kg]

z [km]

x [km]

rain drop specific concentration n, [mg’l]

© L
..,

%
25

06
Q9

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXKXXXX XXX XKXXXKXXXXXXXXXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
&
o
N
= —~ 21
£ &
~ ~
S
o
&
§ + + QQ' T T T T
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v o
S & & S N2 o o o o ~ ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXXKXXXKXXXKXXKXXXKXXXKX XXX XXX XXXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
14 ~
12 x
N
1
=& = =
B 08 B g
~ 06 ~ o ~
04
3
02 ©
§ + + 0 QQ' T T T T
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v o
S & & S N2 o o o o ~ ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XX XXXXKXXXKXXXXXKXXXXXXX XXX XXX XXX X

cloud water mixing ratio [g/kg]

2 [km]

S el o o v
o o o ~

&
X [km]

25 4

rain drop spec. conc. [mg'l]

o © )
S o o

X [km]

Vv
N,

aerosol concentration [mg™]

cloud water mixing ratio r. [g/kg]

z [km]

x [km]

rain drop specific concentration n, [mg’l]

%

0‘9 4
06 1
0 -

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXKXXXKXXXKXXXXXKXXXKXXXKX XXX XXX XXXXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

P
&
o
N
= —~ 21
£ &
~ ~
S
o
&
§ + + QQ' T T T T
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. < S < o o v o
S & & S N2 o o o o ~ ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXKXXXKXXKXXXKXXXKXXXXXKXXXXXXXX XXX

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

o
&
o
N
=S|
£
~
o
&
o
&
§ + + QQ' T T T T
o
O I $ ¢ & @ ¥
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14 ~
12 3
a Lagrangian/Monte-Carlo scheme
_ _ o (Shima et al. 2009)
E 0.8 E
£ <
~ ~
06 K
04 2-moment bulk scheme
: &1 (Morrison & Grabowski 2007)
N 4__/
S T T T T
. S S < o o v o
S & & S N2 o o o o ~ ~
X [km] L)




libcloudph++: VOCALS-inspired aerosol processing set-up

XXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXO

cloud water mixing ratio [g/kg]

2 [km]

S > © o v o
o o o ~ ~

&
X [km]

rain drop spec. conc. [mg'l]

s

o
&

©

X [km]

Vv
o o ~

>

aerosol concentration [mg™]

cloud water mixing ratio r. [g/kg]

z [km]

rain drop specific concentration n, [mg’l]

01

0.01

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXO0O0

cloud water mixing ratio [g/kg] rain drop spec. conc. [mg™}] aerosol concentration [mg™]
KR s = _x‘. -
o
N
= =& =
£ & £
~ = =
©d
&
&4
&
Q@ T T 0 QQ_ T T T T
©
N & & N NG N N & i N N
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
14
12
a Lagrangian/Monte-Carlo scheme
_ — (Shima et al. 2009)
E 08 €
3 £
5 ~
06
04 2-moment bulk scheme
! (Morrison & Grabowski 2007)
02

00 4
2
Q29
A

0,

x [km] X [km]

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXO000

cloud water mixing ratio [g/kg] rain drop spec. conc. [mg™}] aerosol concentration [mg™]
o . 10
i e 140
v 120
N
1 100
=& — &1 _
£ & 13 L
~ N ~
o 60
© 0.1
40
Qﬂ" 1
20
| | S 001
SN 5 5 oo o0 oo ]l T £ L B & :
N & > N ~ ~ 5} o Qo o ~
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
10
14
12
1 1 Lagrangian/Monte-Carlo scheme
_ — (Shima et al. 2009)
E o8 | E
3 £
5 N
06
o4 oL 2-moment bulk scheme
! (Morrison & Grabowski 2007)
02
| 001
o e o v
i o o o ~
X [km] X [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX0000

cloud water mixing ratio [g/kg]

2 [km]

o v ©
o ~ 57

x [km]

%
%
%

rain drop spec. conc. [mg'l]

[

T
Vv
o o ~

X [km]

T T T
o © )
&

aerosol concentration [mg™]

cloud water mixing ratio r. [g/kg]

z [km]

%
%2
0,

29
22

x [km]

rain drop specific concentration n, [mg’l]

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX00000

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

© s . : .
N BT 40
AL
s 1
v D 1 120
N
100
= —~ 21
£ & &
~ ~
& 60
40
Qﬂ"-
20
o T S T T T )
o <
S < o K
$ & e e 3 $ & &
x [km] X [km]

cloud water mixing ratio r. [g/kg]

z [km]

%
%2
0,

29
22

x [km]

rain drop specific concentration n, [mg’l]

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX000000

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

14 140
12 120
1 100
E° 0.8 80
~
06 60
0.4 40
0.2 20
S +to & T T T T 0
S < o K v
9 & & @ YooY S e e @ 9
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]

z [km]

9 +

%

0,

x [km]

29

22

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX0000000

cloud water mixing ratio [g/kg]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

© R
14 ~ e o
;l. 4 W’, ik 140
12 v, | i 3 120
3 i
1 i 100
& o ::
3 08 | EC [+ w
~ 06 ~ 5
- & i 60
0.4 40
Qﬂ" 1
02 20
S+ T 0 9 T T T T 0
o o
S < o K v
§ & & @ ¥ EERE AR A
x [km] X [km]

z [km]

cloud water mixing ratio r. [g/kg]

9 +

%

0,

29

x [km]

22

rain drop specific concentration n, [mg’l]

x [km]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX00000000

cloud water mixing ratio [g/kg]

2 [km]

rain drop spec. conc. [mg'l]

aerosol concentration [mg™]

o

02 ©
o+ Lo S T T : : 001
s 5 o o 4 o s & o o o
N & > N ~ ~ 5} o Qo o ~
x [km] X [km]
cloud water mixing ratio r, [g/kg] rain drop specific concentration n, [mg™]
10

14
12
1 1 Lagrangian/Monte-Carlo scheme

_ (Shima et al. 2009)

E 08

=

~
06
o4 oL 2-moment bulk scheme

! (Morrison & Grabowski 2007)

02
o 001

x [km]




libcloudph++: VOCALS-inspired aerosol processing set-up

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX000000000

cloud water mixing ratio [g/kg]

2 [km]

S el o o v o
o o o o ~ ~

x [km]

rain drop spec. conc. [mg'l]

° L L :

~ o s
e Gy

hé i

ol

Q

o

&

o

&

° T T T T

s & o o
S S o o ~

X [km]

aerosol concentration [mg™]

z [km]

cloud water mixing ratio ., [g/kg]

z [km]

x [km]

z [km]

rain drop specific concentration n, [mg'1]

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

2-moment bulk scheme
(Morrison & Grabowski 2007)

- —




2x2 cell particle-derived spectra
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e validation of libcloudph++'s Super-Droplet scheme



Coalescence module - current status

> implemented kernels

» Golovin
» Geometric

» Hall

» Hall and Davis

» terminal velocity formulas

» Beard
» Khvorostyanov

» execution policies

» CPU (serial or OpenMP for multi-core CPUs)
» GPU (CUDA for nVidia hardware)



tests following Shima et al. 2009 (section. 6)
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Coalescence validation - Golovin kernel (GPU)
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Coalescence validation - Hall kernel (CPU)
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Coalescence module - current status

> implemented kernels

» Golovin
» Geometric

» Hall

» Hall and Davis

» terminal velocity formulas

» Beard
» Khvorostyanov

» execution policies

» CPU (serial or OpenMP for multi-core CPUs)
» GPU (CUDA for nVidia hardware)



Coalescence validation - Hall kernel (GPU)
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libcloudph++: summary

» 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 lines of code)

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




near-future plans

maintenance (Sylwester)

> unit test automation

» 1.0.0 release (May 20157)

coalescence (Piotr)

» implement additional kernels (Pinsky, Vohl,...)

» include turbulence effects
(AW kernel, may require modification of the method)

» include effect of van der Waals forces (Rogers, 1990)

aqueous chemistry (Ania)

» finalise implementation (proof-of-concept simulations done)

» chemistry-coalescence aerosol-processing study



Thank you for your attention!

> http://arxiv.org/abs/1310.1905
> http://geosci-model-dev-discuss.net/7/8275/


http://arxiv.org/abs/1310.1905
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