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Aerosol-cloud interactions: as seen from space

NASA/MODIS (27 Jan 2003 – Bay of Biscay; 17 Apr 2010 – off the coast of Peru)
http://visibleearth.nasa.gov/view.php?id=64992

http://earthobservatory.nasa.gov/IOTD/view.php?id=43795
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Lagrangian µ-physics in 2D (prescribed-flow model)

2.1. 2D kinematic framework

The formulation is inspired by the 2D kine-
matic framework described in Szumowski et al.
(1998); Morrison and Grabowski (2007); Rasin-
ski et al. (2011). A simple 2D kinematic frame-
work mimicking air motion in a cloud allows
(and limits) one to study cloud microphysical
processes decoupled from cloud dynamics. In
fact, the di↵erences between simulations when
feedback on the dynamics is taken out can lead
to better understanding of the role of flow dy-
namics (e.g. Slawinska et al., 2009). Such ap-
proach results in a computationally cheap yet
still insightful set-up of potential use in: (i) de-
velopment and testing of cloud-processes param-
eterisations for larger scale models; (ii) studying
such processes as cloud processing of aerosols;
and (iii) developing remote-sensing retrieval pro-
cedures involving detailed treatment of cloud mi-
crophysics.
The primary constituting assumption is the

stationarity of the dry-air density (here, a ver-
tical profile ⇢

d

(z) is used) which allows to pre-
scribe the 2D velocity field using a streamfunc-
tion:

(
⇢

d

· u = �@
z

 

⇢

d

· w = @

x

 

(1)

where  =  (x, z; t) is the streamfunction and
u and w denote horizontal and vertical compo-
nents of the velocity field ~u.
As a side note, one may notice that the sta-

tionarity of the dry-air density field together
with phase-change-related variations in time of
temperature and water vapour mixing ratio im-
ply time variations of the pressure profile. The
deviations from the initial (hydrostatic) profile
are insignificant.

2.2. 8th ICMW VOCALS set-up

Sample simulations presented in the follow-
ing sections are based on a modelling set-up
designed for the 8th International Cloud Mod-
elling Workshop (ICMWMuhlbauer et al., 2013,
case 1). It was designed as a simplest scenario
applicable for benchmarking model capabilities
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Figure 1. The constant-in-time velocity field
used in the presented 2D simulations. See dis-

cussion of equations 1 and 2.

for research on aerosol processing by clouds. The
cloud depth and aerosol characteristics are cho-
sen to allow precipitation to develop over time
and to mimic a drizzling stratocumulus cloud.
The set-up uses a kinematic framework of the

type defined in the preceding subsection. The
definition of  (x, z) is the same as in Rasinski
et al. (2011, Eq. 2):

 (x, z) = �w

max

X

⇡

sin
⇣
⇡

z

Z

⌘
cos

⇣
2⇡

x

X

⌘
(2)

with w

max

= 0.6m s-1, domain width X =
1.5 km and domain height Z = 1.5 km. The
resulting velocity field (depicted in Figure 1)
mimics an eddy spanning the whole domain, and
thus covering an updraught and a downdraught
region. The domain is periodic in horizontal. To
maintain flow incompressibility up to round-o↵
error, velocity components (cf. eq. 1) are de-
rived from (2) using numerical di↵erentiation
formulæ for a given grid type (Arakawa-C grid
is used in the examples presented in the paper).
The initial profiles of liquid-water potential

temperature ✓
l

and the total water mixing ra-
tio r

t

are defined as constant with altitude (✓
l

=
289 K; r

t

= 7.5 g kg-1). The initial air-density

4



Lagrangian µ-physics in 2D (prescribed-flow model)
cloud droplet effective radius [�m]

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

y 
[k

m
]

2

4

6

8

10

12

14

16

18

20
a b

c d
e fg h

i j

aerosol concentration [cm-3]

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

y 
[k

m
]

0

20

40

60

80

100

120

140a b

c d
e fg h

i j

Figure 8. Example results from a 2D kinematic simulation using the particle-based scheme. All
panels depict model state after 30 minutes simulation time (excluding the spin-up period). The black
overlaid squares mark grid cells for which the dry and wet size spectra are shown in Figure 9. See

section 5.4 for discussion.
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Lagrangian µ-physics in 3D: simulations vs. aircraft data

Arabas & Shima 2013, JAS Arabas, Pawlowska, Grabowski 2009, GRL

cases in ACE-2 [Pawlowska et al., 2006, Figure 2]). It
increases slightly at higher levels, with typical values
between 0.2 and 0.4. However, the range of values of d
observed during RICO is relatively wide (from 0.1 to 0.8),
while the spread of d reported for ACE-2 was significantly
smaller [cf. Pawlowska et al., 2006, Figures 2 and 3].
[14] A closer analysis of the rf07 data suggests that the

aircraft probed two separate layers of clouds. On that day,
the lower cloud layer was capped by a shallow layer of
stratiform clouds (described in the report of the flight crew
and visible on the images from the aircraft-cockpit camera).
This seems to explain structures suggesting a second cloud
base around 900 m in the plots of r and sr in Figure 1. Such
multi-layer situation might be an example of a difficult case
for the retrieval procedure applied to the remote-sensing
data presented by McFarlane and Grabowski [2007] where
a wide bimodal shape of effective radius frequency distri-
bution was reported at higher parts of the clouds.
[15] Figure 2 presents results of the analysis of the

effective radius reff (Figure 2, top) and the adiabatic fraction
AF (Figure 2, bottom) in the format similar to Figure 1 (with
histogram bin widths of 0.5 mm for reff and 0.025 for AF)
and for the same four flights. As by McFarlane and
Grabowski [2007], an adiabatic parcel model was used to
obtain the adiabatic liquid water content above the cloud
base (assumed to be constant throughout the flight). The
ratio between the observed water content (obtained from the
Fast-FSSP measurements) and the adiabatic limit, the adi-
abatic fraction AF, describes the local dilution of a probed
cloud volume. Figure 2 should be compared to McFarlane
and Grabowski [2007, Figures 1 and 2] (bearing in mind the
six-month long period of measurements represented by the
remote sensing statistics). In agreement with many previous
observations, RICO clouds are significantly diluted by en-
trainment [see, e.g., Gerber et al., 2008]. However, the
dilution is not as strong as that ofMcFarlane and Grabowski
[2007]. One needs to keep in mind, however, that the values

of AF depend on the choice of the cloud-base altitude. Since
the analysis presented here assumes a constant cloud-base
height, the AF values are characterized by additional uncer-
tainties, especially near the cloud base.
[16] The most striking is the difference in the statistics of

the effective radius obtained in the current study and those
presented by McFarlane and Grabowski [2007]. In partic-
ular, the distributions here are monomodal (except for the
flight rf07 which featured two separate cloud layers as
discussed above), with the maximum frequency of values
roughly corresponding to the larger reff values ofMcFarlane
and Grabowski [2007, Figure 2].

4. Summary

[17] This paper presents results of aircraft data analysis
from four selected flights in RICO. The goal is to obtain
relationships that are needed in cloud model microphysical
parameterizations, for instance, in the two-moment bulk
microphysics scheme of Morrison and Grabowski [2007,
2008] where the width of the cloud droplet spectrum has
to be prescribed. In addition, the width of the spectrum has
been shown to affect the relationship between the effective
radius and the mean volume radius [Martin et al., 1994;
Liu and Daum, 2000]. The values of the relative disper-
sion observed in RICO cumuli are larger than those in
ACE-2 and in previous stratocumulus observations [e.g.,
Martin et al., 1994].
[18] As for the frequency distribution of the effective

radius, there are significant differences between results
presented here and those of McFarlane and Grabowski
[2007, Figure 2]. In particular, the aircraft data show much
narrower distributions, approximately corresponding to the
peak at larger droplet sizes of McFarlane and Grabowski
[2007, Figure 2]; that is, those a few micrometers smaller
than the adiabatic size. The bimodality of the effective
radius frequency distribution is not observed in the in-situ

Figure 2. Same as Figure 1, but for the effective radius reff and adiabatic fraction AF values. Effective radius for adiabatic
clouds with droplet concentrations of 50 and 100 cm!3 are shown by solid lines (larger reff values correspond to the
concentration of 50 cm!3).
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cases in ACE-2 [Pawlowska et al., 2006, Figure 2]). It
increases slightly at higher levels, with typical values
between 0.2 and 0.4. However, the range of values of d
observed during RICO is relatively wide (from 0.1 to 0.8),
while the spread of d reported for ACE-2 was significantly
smaller [cf. Pawlowska et al., 2006, Figures 2 and 3].
[14] A closer analysis of the rf07 data suggests that the

aircraft probed two separate layers of clouds. On that day,
the lower cloud layer was capped by a shallow layer of
stratiform clouds (described in the report of the flight crew
and visible on the images from the aircraft-cockpit camera).
This seems to explain structures suggesting a second cloud
base around 900 m in the plots of r and sr in Figure 1. Such
multi-layer situation might be an example of a difficult case
for the retrieval procedure applied to the remote-sensing
data presented by McFarlane and Grabowski [2007] where
a wide bimodal shape of effective radius frequency distri-
bution was reported at higher parts of the clouds.
[15] Figure 2 presents results of the analysis of the

effective radius reff (Figure 2, top) and the adiabatic fraction
AF (Figure 2, bottom) in the format similar to Figure 1 (with
histogram bin widths of 0.5 mm for reff and 0.025 for AF)
and for the same four flights. As by McFarlane and
Grabowski [2007], an adiabatic parcel model was used to
obtain the adiabatic liquid water content above the cloud
base (assumed to be constant throughout the flight). The
ratio between the observed water content (obtained from the
Fast-FSSP measurements) and the adiabatic limit, the adi-
abatic fraction AF, describes the local dilution of a probed
cloud volume. Figure 2 should be compared to McFarlane
and Grabowski [2007, Figures 1 and 2] (bearing in mind the
six-month long period of measurements represented by the
remote sensing statistics). In agreement with many previous
observations, RICO clouds are significantly diluted by en-
trainment [see, e.g., Gerber et al., 2008]. However, the
dilution is not as strong as that ofMcFarlane and Grabowski
[2007]. One needs to keep in mind, however, that the values

of AF depend on the choice of the cloud-base altitude. Since
the analysis presented here assumes a constant cloud-base
height, the AF values are characterized by additional uncer-
tainties, especially near the cloud base.
[16] The most striking is the difference in the statistics of

the effective radius obtained in the current study and those
presented by McFarlane and Grabowski [2007]. In partic-
ular, the distributions here are monomodal (except for the
flight rf07 which featured two separate cloud layers as
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I understand the code (succinct, documented)

I reuse the code (modular, reusable)

I continue the work (extendable, libre)
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code:
I libcloudph++: github.com/slayoo/libcloudphxx

I libmpdata++: github.com/slayoo/libmpdataxx

I icicle: github.com/slayoo/icicle

papers:
I 0D: Arabas & Pawlowska 2011 doi:10.5194/gmd-4-15-2011
I 3D: Arabas & Shima 2013 doi:10.1175/JAS-D-12-0295.1
I 2D: Arabas, Jaruga et al. 2013 arXiv:1310.1905
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Morin et al. 2012 doi:10.1126/science.1218263

„the inability to reproduce many published computational results or to
perform credible peer review in the absence of program source code has
contributed to a perceived “credibility crisis” for research computation”

Ince et al. 2012 doi:10.1038/nature10836

„anything less than the release of source programs is intolerable
for results that depend on computation”

GMD 6. Editorial 2013 doi:10.5194/gmd-6-1233-2013

[all papers] ”must be accompanied by the code, or means of
accessing the code, for the purpose of peer-review”, [while the
editors] ”strongly encourage referees to compile the code, and run
test cases supplied by the authors”
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Questions and comments sent by Graham Feingold



Q: Is the particle-based method moment conserving? If not,
how does moment conservation change with the number of superdroplets?

I initialisation: no (the more super droplets, the better)

I advection: all moments conserved for both dry and wet spectra

I sedimentation: no (as in reality)

I condensation: particle number conserved (0th moment)

I collisions: mass conserved (3rd moment of dry and wet spectra)
note: this may not always be the case for Smoluchowski
coagulation equation-based methods either due to discretisation
issuesa or due to gelationb

ae.g.: Tzivion, Reisin, Levin 1999, JCP
be.g.: Alfonso, Raga & Baumgardner 2008, 2010, 2013, ACP
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Q: How would you design a more rigorous
comparison of model output with observations?

I a wider synergy among analyses of macro- & micro-physics

I more error bars:

I simulations: more realisations (different grids, timesteps,
random seeds, ensembles of initial parameters, ensembles
of tuning parameters, different parameterisations)

I observations: propagation of instrumental error throughout
the data analysis procedures
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Q: Why C++ when modern fortran compilers are able to use GPUs?
Is it mostly the stability of the code (maintainability, compatibility)?
C++ has a reputation of requiring an extremely careful programming style.
Might this outweigh the advantages when the new modeling framework
proposed here becomes more of a community model?
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I re: C++ requiring extremely careful programming style:

It’s an exciting challenge!
It pays off!

I hardly any University teaches Fortran
(not mentioning software engineering or OOP with Fortran)
C++ ; easier access to trained personnel

I Fortran is domain-specific language ; no cross-domain benefits
(C++: gaming, banking, defense, CAD/CAM, telecom, . . . )
C++ ; easier access to reusable code, information resources
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the Khronos group or other institution related to OpenCL or Fortran.”

I CUDA (vendor-specific, neither open nor libre)
C/C++ CUDA compiler is free
Fortran CUDA compiler can be purchased from Portland group only

I High-level libs (where the user don’t have to know a single bit of
OpenCL/CUDA, and that allow to run the programs with no GPU):
Boost.compute, VexCL, ViennaCL, nVidia’s Thrust, AMD’s Bolt,
Microsoft’s AMP – all in C++
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Q: In many aspects of cloud modeling, we lack a basic understanding
of the processes themselves (e.g., collection kernels). How do you view
the balance in effort expended on modelling methods as opposed
to laboratory and theoretical descriptions of the physics?

I re: balance in effort on modelling, experiment and theory

I disproportionate efforts between software and instrument engineering?
(would aerosol/cloud models pass airworthiness or spaceworthines
tests of aerosol/cloud instruments?)

I a related remark

I open data needed as much as open code
(to foster transfer of knowledge between modellers and observationalists)



Q: In many aspects of cloud modeling, we lack a basic understanding
of the processes themselves (e.g., collection kernels). How do you view
the balance in effort expended on modelling methods as opposed
to laboratory and theoretical descriptions of the physics?

I re: balance in effort on modelling, experiment and theory

I disproportionate efforts between software and instrument engineering?
(would aerosol/cloud models pass airworthiness or spaceworthines
tests of aerosol/cloud instruments?)

I a related remark

I open data needed as much as open code
(to foster transfer of knowledge between modellers and observationalists)



Q: In many aspects of cloud modeling, we lack a basic understanding
of the processes themselves (e.g., collection kernels). How do you view
the balance in effort expended on modelling methods as opposed
to laboratory and theoretical descriptions of the physics?

I re: balance in effort on modelling, experiment and theory

I disproportionate efforts between software and instrument engineering?
(would aerosol/cloud models pass airworthiness or spaceworthines
tests of aerosol/cloud instruments?)

I a related remark

I open data needed as much as open code
(to foster transfer of knowledge between modellers and observationalists)



Q: Have you used the particle-based approach to investigate
where the raindrop embryos first form?

I no, thanks for suggestion



Q: How is supersaturation calculated in the particle-based method?
This was not clear from these papers.
Is it the semi-analytical method of Clark (1973)?

I explicitly, from dynamical tendencies alone

I but ¬ 1s timesteps and marine aerosol were used
I again: thanks for suggestion, will look into it

(starting off by implementing the scheme of Thouron et. al. 2013a)

a

O. Thouron, J.-L. Brenguier, and F. Burnet: Supersaturation calculation in
large eddy simulation models for prediction of the droplet number concentration
Geosci. Model Dev., 5, 761-772, 2012



Q: How is supersaturation calculated in the particle-based method?
This was not clear from these papers.
Is it the semi-analytical method of Clark (1973)?

I explicitly, from dynamical tendencies alone
I but ¬ 1s timesteps and marine aerosol were used

I again: thanks for suggestion, will look into it
(starting off by implementing the scheme of Thouron et. al. 2013a)

a

O. Thouron, J.-L. Brenguier, and F. Burnet: Supersaturation calculation in
large eddy simulation models for prediction of the droplet number concentration
Geosci. Model Dev., 5, 761-772, 2012



Q: How is supersaturation calculated in the particle-based method?
This was not clear from these papers.
Is it the semi-analytical method of Clark (1973)?

I explicitly, from dynamical tendencies alone
I but ¬ 1s timesteps and marine aerosol were used
I again: thanks for suggestion, will look into it

(starting off by implementing the scheme of Thouron et. al. 2013a)

a O. Thouron, J.-L. Brenguier, and F. Burnet: Supersaturation calculation in
large eddy simulation models for prediction of the droplet number concentration
Geosci. Model Dev., 5, 761-772, 2012



Q: Where do you view the bin microphysical schemes
in terms of their future application in the proposed modeling framework

I no experience yet with bin schemes

I reproduction of previously-published bin results
with the Lagrangian scheme (; validation of the implementation)

I quantification of some of the limitations of the Lagrangian method
(e.g. importance of regions that become void of particles)
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