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Warm!Clouds!

•  Rain produced in warm 
clouds 30% of the total 
planet rainfall 

•  70% of total rain in tropics 

•  Important for Earth climate 
and climate changes 

•  Droplet size distribution 
affects albedo and cloud 
fraction! substantial 
climate effects 



Rain!forma0on!

•  Activation of Cloud Condensation 
Nuclei (CCN) 

•  Growth by condensation 

•  Growth by mixing/collision due to 
turbulence 

•  Growth by gravitational collision 



The!bo5leneck!problem!

●  A broad droplet size 
distribution necessary for 
rain formation 

●  From CCN to final 
distribution in few minutes 
(15/20 minutes) 

 

-  droplet growth should take hours according to current theories 

-  nobody knows how rains drops form so quickly, a problem 
known as the condensation-coalescence bottleneck  



Role!of!turbulence/1!
●  Clouds) are) considered) the) largest) source) of) uncertainty) in) climate) predicHon)

(Shiogama)&)Ogura,)Nature)2014)))

●  it) is) very)difficult) to)parameterize) the) smallSscale)dynamics) and) turbulence)effects)
(microphysics)) s) in) a) global) climate)model) where) grid) boxes) are) typically) 250) km)
wide)and)1)km)high)

●  Turbulence)affects)cloud)microphysics)by)entrainment,)sHrring,)and)mixing,)resulHng)
in) strong) fluctuaHons) and) intermiYency) in) temperature,) humidity,) aerosol)
concentraHon,) and) cloud) parHcle) growth) and) decay) (Bodenschatz) et) al.,) Science)
2010))

 



Role!of!turbulence/2!
●  Turbulence enhances droplets collision rate! sling effect 

(Falkovich et al., Nature 2002) 
●  Tangling clustering instability in stratified turbulence (Elperin et 

al, PoF 2013) ! see next talk 
●  Turbulence affects growth by condensation (Vaillancourt et al., 

JAS 2001, Lanotte et al., JAS 2009) 

 



Turbulence!and!droplet!!
condensa0on:!a!Brief!Excursus!

 

 
 

●  turbulence)has)been)indicated)as)the)key)missing)link)to)solve)the)boYleneck)
problem)

●  first) DNS) of) turbulence/cloud) interacHons) done) by) Vaillancourt) et) al.) 2002.)
Domain) 10cm,) resoluHon) 803) grid) points,) droplets) 50000!) Conclusion:)
negligible)effect)of)the)smallSscale)turbulence)on)droplet)spectra)broadening)

●  Celani) et) al.) 2007,) resolving) largeSscale) fluctuaHons) 2D) cloud!) Conclusion:)
dramaHc)increase)in)the)width)of)the)droplet)spectrum)is)qualitaHvely)found)
although)the)dynamics)of)the)small)scales)is)not)resolved)

●  Paolo)&)Sharif,)2009,)same)conclusions)but)3D)simulaHon)obtained)adding)an)
arbitrary)largeSscale)forcing)on)the)supersaturaHon)equaHon)field.)

●  Current)state)of)the)art:)LanoYe)et)al)2009,)3D)DNS)simulaHons)increasing)size)
of) the) cloud) up) to) 70) cm!) turbulence) affects) droplet) spectra) broadening)
mechanism)by)increasing)the)cloud)size.)

 



Spectral!broadening!!
due!to!turbulence!

●  Increase of standard deviation with 

Reynolds number : Importance of large 

scales! 

●  Upper limit   

●  Lower limit 

Lanotte, Seminara, Toschi, JAS 2009 

TL < ⌧s

TL > ⌧s

�R2 / A3A1v⌘⌧
2
⌘Re5/2�

�R2 / A3A1v⌘⌧⌘⌧sRe3/2�



Our!objec0ves!
1)  We focus just on droplet growth by 

condensation (we neglect growth by 
collisions at the moment) in 
homogeneous isotropic turbulence 

2)  Can small-scale turbulence and 
condensational growth "alone" solve the 
bottleneck problem?  

3)  Has Droplet spectra variance in warm 
cloud been correctly evaluated so far? 

4)  Metodologies: -Direct Numerical 
Simulation DNS, -Large Eddy Simulation 
LES 

5)  Description of a new Multiscale Tool 



Complicated!Mul0scale!Problem!

●  Direct numerical simulations: 
resolving all the details of the 
flow 

●  Limited value of Reynolds 
number also with massive 
supercomputers 

●  Largest simulation so far: 
5123, 108 droplets 
(cube of 70 cm), Lanotte et al 
2009  

●  Ideal simulation of 
homogeneous cloud: 655363, 
1015 droplets (100 m) 

 
 

www.sciencemag.org    SCIENCE    VOL 327    19 FEBRUARY 2010 971

PERSPECTIVES

affect cloud dynamical processes up to 

the largest scales ( 5– 7).

To a large extent, understanding of 

clouds has come through the study of two 

phenomena: cloud microphysical pro-

cesses in nonturbulent fl uids, and large-

scale cloud circulation and dynamics. At 

the same time, understanding of the phys-

ics of fully developed turbulent fl ows has 

advanced rapidly. For example, sophisti-

cated laboratory apparatus now allows the 

study of nucleation and growth of cloud 

particles under well-controlled condi-

tions ( 8). Computational models ranging 

from the cloud to the global scale eluci-

date detailed interactions between aerosols 

and cloud dynamics ( 9). And three-dimen-

sional particle tracking and fully resolved 

turbulence simulations have substantially 

advanced our understanding of turbulent 

transport and mixing ( 10).

The frontier in cloud physics, and the 

challenge in understanding cloud pro-

cesses, lies at the intersection of these two 

fi elds ( 11). For example, high-resolution 

measurements of temperature, liquid water 

content, aerosol properties, and airflow 

reveal fascinating small-scale cloud struc-

tures, invisible with earlier technology ( 3, 

 12). Laboratory experiments and numeri-

cal simulations are providing detailed 

information on cloud microphysics ( 8), 

turbulent dynamics ( 13), and interactions 

and collisions between droplets ( 14,  15). 

Scale-resolving simulations that merge 

methods from the cloud and turbulence 

communities are elucidating the wide vari-

ety of circulation regimes ( 16). These tools 

allow the full complexity of microphysical 

and fl uid-dynamical interactions in clouds 

to be explored (see the fi gure).

Two examples illustrate this further. 

First, computational, laboratory, and fi eld 

studies ( 17,  18) have explored two funda-

mentally different regimes for the inter-

play between turbulent mixing and droplet 

growth and evaporation. At large scales, 

mixing occurs at sharp fronts and fi elds are 

inhomogeneous, whereas at small scales, 

mixing is smooth and homogeneous. These 

regimes strongly affect spatiotemporal 

droplet growth and evaporation, with impli-

cations for precipitation initiation and radia-

tive properties of clouds.

Second, recent research has changed our 

understanding of rain formation. Rain forma-

tion has long been attributed to collisions and 

subsequent coalescence resulting from cloud 

particles falling at different terminal speeds in 

a quiescent fl uid. This view neglected the fact 

that clouds are turbulent. Turbulence provides 

a random acceleration term to compete with 

the gravitational sedimentation, resulting in 

complex particle trajectories that cross fl uid 

streamlines and lead to spatially clustered par-

ticle distributions (see the fi gure). This process 

substantially enhances collision rates, thus 

reducing the time required to form precipita-

tion in clouds ( 15,  19).

With these advances we can better address 

some of Houghton’s persistent questions ( 1). 

Laboratory facilities are being developed for 

studying droplet activation, ice nucleation, 

and condensational growth in fl ows with real-

istic turbulence and thermodynamics condi-

tions. Lagrangian particle tracking can elu-

cidate cloud particle dynamics in the labora-

tory as well as in real clouds. Scale-resolving 

numerical simulations have begun to capture 

the interplay of turbulent mixing and nonlin-

ear phase transitions. The resulting insights 

will enable the development of hierarchies of 

models for predicting how small-scale pro-

cesses couple to the larger scales and how this 

coupling affects weather and climate.  
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A matter of scale. Turbulence on scales from hun-
dreds of meters to fractions of millimeters affects 
the formation and dynamics of clouds, with con-
sequences extending to the scale of weather and 
global climate. CCN, cloud condensation nuclei.
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affect cloud dynamical processes up to 

the largest scales ( 5– 7).

To a large extent, understanding of 

clouds has come through the study of two 

phenomena: cloud microphysical pro-

cesses in nonturbulent fl uids, and large-

scale cloud circulation and dynamics. At 

the same time, understanding of the phys-

ics of fully developed turbulent fl ows has 

advanced rapidly. For example, sophisti-

cated laboratory apparatus now allows the 

study of nucleation and growth of cloud 

particles under well-controlled condi-

tions ( 8). Computational models ranging 

from the cloud to the global scale eluci-

date detailed interactions between aerosols 

and cloud dynamics ( 9). And three-dimen-

sional particle tracking and fully resolved 

turbulence simulations have substantially 

advanced our understanding of turbulent 

transport and mixing ( 10).

The frontier in cloud physics, and the 

challenge in understanding cloud pro-

cesses, lies at the intersection of these two 

fi elds ( 11). For example, high-resolution 

measurements of temperature, liquid water 

content, aerosol properties, and airflow 

reveal fascinating small-scale cloud struc-

tures, invisible with earlier technology ( 3, 

 12). Laboratory experiments and numeri-

cal simulations are providing detailed 

information on cloud microphysics ( 8), 

turbulent dynamics ( 13), and interactions 

and collisions between droplets ( 14,  15). 

Scale-resolving simulations that merge 

methods from the cloud and turbulence 

communities are elucidating the wide vari-

ety of circulation regimes ( 16). These tools 

allow the full complexity of microphysical 

and fl uid-dynamical interactions in clouds 

to be explored (see the fi gure).

Two examples illustrate this further. 

First, computational, laboratory, and fi eld 

studies ( 17,  18) have explored two funda-

mentally different regimes for the inter-

play between turbulent mixing and droplet 

growth and evaporation. At large scales, 

mixing occurs at sharp fronts and fi elds are 

inhomogeneous, whereas at small scales, 

mixing is smooth and homogeneous. These 

regimes strongly affect spatiotemporal 

droplet growth and evaporation, with impli-

cations for precipitation initiation and radia-

tive properties of clouds.

Second, recent research has changed our 

understanding of rain formation. Rain forma-

tion has long been attributed to collisions and 

subsequent coalescence resulting from cloud 

particles falling at different terminal speeds in 

a quiescent fl uid. This view neglected the fact 

that clouds are turbulent. Turbulence provides 

a random acceleration term to compete with 

the gravitational sedimentation, resulting in 

complex particle trajectories that cross fl uid 

streamlines and lead to spatially clustered par-

ticle distributions (see the fi gure). This process 

substantially enhances collision rates, thus 

reducing the time required to form precipita-

tion in clouds ( 15,  19).

With these advances we can better address 

some of Houghton’s persistent questions ( 1). 

Laboratory facilities are being developed for 

studying droplet activation, ice nucleation, 

and condensational growth in fl ows with real-

istic turbulence and thermodynamics condi-

tions. Lagrangian particle tracking can elu-

cidate cloud particle dynamics in the labora-

tory as well as in real clouds. Scale-resolving 

numerical simulations have begun to capture 

the interplay of turbulent mixing and nonlin-

ear phase transitions. The resulting insights 

will enable the development of hierarchies of 

models for predicting how small-scale pro-

cesses couple to the larger scales and how this 

coupling affects weather and climate.  
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GLOBAL))
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MODELS)

Pictures)taken)from)Bodenschatz)et)al.,)Science)2010)



Turbulence!and!condensa0on:!
mathema0cal!model!

Eulerian framework: Navier-Stokes + supersaturation field s 
! s>0 condensation s<0 evaporation 

@tu+ u ·ru = �1

⇢
rp+ ⌫r2u+ f , r · u = 0

@ts+ u ·rs = r2s+A1w � s

⌧s
⌧�1
s =

4⇡⇢wA2A3

V

NX

i=1

Ri

Phase relaxation time scale 

Lagrangian framework: droplet dynamics 
dVi(t)

dt
= �Vi � vi[Xi(t), t]

⌧d
+ gz

dXi(t)

dt
= Vi(t)

dRi(t)

dt
= A3

s[Xi(t), t]

Ri(t)

Droplet modeled as point 
particles 
 
Force acting on droplets: Stokes 
drag and gravity 

 

+fs
Possible)large)scale)forcing)of)supersaturaHon)

Same formulation of Lanotte et al., JAS 2009 



Numerical!Methodology!
● Combined)Eulerian/Lagrangian)Solver)
● PseudoSspectral)code)
● 2/3)rule)for)dealiasing)
● TriSlinear)interpolaHon)to)evaluate)fluid)velocity)
and)saturaHon)field)at)the)droplet)posiHon)
● TriSlinear) extrapolaHon) to) calculate) droplet)
feedback)on)the)saturaHon)field)
● Full) MPI) parallelizaHon) for) both) carrier) and)
dispersed)phase)
● ComputaHonal) Hme) step) linearly) scales) up) to)
10000)cores)!)huge)simulaHons)

 

 



New!enlarged!DNS!simula0on!
DNS with 10243 grid point resolution corresponding  
to a domain length of 1.5 meters 109 droplets evolved 

First DNS with cloud size order meter 

●  Parameters 

●  Dissipation rate: 

●  Kolmogorov scale: 

●  Kolmogorov time: 

●  Velocity rms: 

●  Taylor Reynolds number: 

●  Initial Radius:                                       Stokes number:  

●  Phase relaxation time: 

●  Integral time scale:     

 

 

" = 10�3 m2s�3

⌘ = 1 mm
⌧⌘ = 0.1 s

Re� = 400
R0 = 13 µm

⌧s = 2.5 s
TL > ⌧s

vrms = 0.11 m/s

TL = 13.6 s

St⌘ = 0.0075



New!DNS!Results!

Reλ

σ
R
2
[m

µ
2
]

100 200 300 400
10

-4

10
-3

10
-2

10
-1

10
0

DATA
Upper Fit
Lower Fit

t[s]

σ
R
2[µ
m
2 ]

0 5 10 15 20 250

0.02

0.04

0.06

0.08

0.1

0.12

DNS 1024

 

 

●  State)of)the)art)of)cloud)DNS)simulaHons)

●  Approaching)lower)limit)regime)and)droplet)spectra)steady)state)since)))))))))))))))))))))))))))))))))))))))))))

●  Droplet)spectra)variance)conHnues)to)increase)with)the)cloud)size)(1.5)meters))

●  Physics)not)different)from)previous)small)domain)cases)(0.7)meters))

●  We)need)to)grow)with)cloud)sizes)and)Taylor)Reynolds)number!)Nowadays)computaHonally)impossible)

 

 

TL > ⌧s



Large!Eddy!Simula0on/!
LargeMscale!DNS!!!

!
● We)want)to)see)the)effects)of)the)large)scale)on)
droplet)condensaHon)
● Maximum) cloud) size) in) homogeneous)
condiHons)order)100)meters)
● Classic)Smagorinsky)model)for)the)fluid)velocity)
and)supersaturaHon)field)
● Droplet)number:)order)1015 ! unfeaseable! use 

of renormalization as described in Lanotte et al., 2009)
● Parameters)
 

 

" = 10�3 m2s�3

TL = 150 s vrms = 0.7 m/s
Re� = 5000



LES!VALIDATION/1!

k[m
-1
]

E
[m

3
s-2
]

10
1

10
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10
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LES 256

LES 128

k[m
-1
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E
s[
m
]

10
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3
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-11

10
-10

10
-9

DNS 1024

LES 256

LES 128

● ValidaHon)against)our)resolved)DNS)
● Smagorinsky) model) is) enough) to) accurately)
capture) large) scale) dynamics) for) both) fluid)
velocity)and)supersaturaHon))

 

 



LES!VALIDATION/2!

t[s]

σ
R
2
[µ
m

2
]

0 5 10 15 20 25

0.04

0.06

0.08

0.1

0.12

DNS 1024

LES 64 1 DPC

LES 64 2 DPC

LES 64 4 DPC

LES 64 8 DPC

t[s]

σ
R
2
[µ
m

2
]

0 5 10 15 20 25
0

0.02

0.04

0.06

0.08

0.1

0.12

DNS 1024

LES 64

LES 32

LES 16

t[s]

<
s2
>

0 5 10 15 20 25

0.0001

0.0002

0.0003
DNS 1024

LES 64

LES 32

LES 16

●  Renormalization with 1/2 droplets 
per cell is sufficient 

●  Coarsest LES simulations 
overestimate droplet radius variance 
for long times! lack of saturation 

●  Supersaturation is driven by large 
scale and droplets are outside 
equilibrium  

 

Large)scale)dynamics)well)resolved)
as)shown)in)the)plot)for)supersaturaHon)

variance)

643 �! �/⌘ ' 25

323 �! �/⌘ ' 50

163 �! �/⌘ ' 100



Cloud!size!100!meters!

t[s]

σ
R
2
[µ
m

2
]

200 400 600 800 1000 1200

5

10

15

20

25

LES 512

●  Resolution 5123 

●  Grid space 

●  Simulation time up to 20 
minutes! rain formation time 

●  After 1 integral time scale, 
150 s,                                           
same order found in large 
scale DNS Lanotte et al. 
2009 

●  As seen before, variance 
does not saturate at longer 
times! possible LES artifact  

 
 

� = 20 cm
�/⌘ = 200

�R2 ' 8µm2



DNS!vs!LES!
DNS 

●  No models 
●  Realistic simulation of small 

scale turbulence dynamics 
●  Disadvantages: huge 

computational 
time!impossibility to 
simulate clouds more than 1 
meter size 

LES 
●  Small scales are modelled 
●  Good simulation of large 

scale turbulence dynamics 
●  Disadvantages: Droplets 

radius distribution seems to 
be affected by the model at 
large scale separation and 
long times  

 
�/⌘ > 50

We)propose)a)new)numerical)simulaHon)technique)able)to)
mimic)the)advantages)of)both)DNS)and)LES)at)a)reasonable)
computaHonal)cost.)
We)name)the)new)methodology)as)“Chinese)Box)SimulaHon”)



Chinese!Box!Simula0on!

●  1))Cloud)Large)scales)solved)by)LES)in)a)volume)size))
●  2))PorHon)of)the)cloud)with)detailed)dynamics)of)small)scales)solved)

by)DNS)
●  3))need)of)a)forcing)at)DNS)larger)scale)
●  4)) forcing) proporHonal) to) LES) large) scale) quanHHes) calculated) by)

following)different)tracers)trajectories))
)
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Forcing!of!supersatura0on!field!
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●  Usual) large) scale) forcing) for) the)fluid) velocity)field) is) enough) to) correctly) take) in)account) turbulent)

kineHc)energy)cascade)

●  )))))))))))))))))))))))))))no)effects)of)the)large)scale)supersaturaHon)producHon)towards)the)small)scales)

●  Our)model)

●  Model) well) reproduce) the) small) scale) dynamics) of) the) supersaturaHon) field) of) the) largest) domain)

simulaHon.)The)forcing)amplitude)is)not)arbitrary)as)in)Pauli)&)Sharif)2009)

●  New)methodology)!counterpart)of)LES!)small)scales)resolved)while)large)scale)modeled)

 

 

10243 �! Llarge = 1.5m

1283 �! Lsmall = 18cm

963 �! Lsmall = 9cm

643 �! Lsmall = 4.5cm

fs = 0
fs = (urs(Lsmall), k = kLsmall)



Valida0on!
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●  ValidaHon)against)largest)DNS)case)

●  10)Lagrangian)trajectories)followed)in)the)10243)DNS)and)supersaturaHon)gradients)Hme)series)

●  In)the)10)small)DNS)cases,)the)droplet)radius)variance)well)reproduces)the)behavior)of)the)largest)case)

in)contrast)with)the)not)forced)case)

●  Very) good) agreement) by)measuring) the) droplet) variance) in) the) largest) DNS) along) a) box) of) 4.5) cm)

centered)in)a)Lagrangian)trajectory)(right)plot))

●  Huge)droplet)radius)variance)variaHon)in)correspondence)of)large)supersaturaHon)gradientsSS>)forcing)

model)reproduces)a)physical)behavior)

)

 

 



Preliminary!results!100!m!cloud!
●  Domain sizes: 

●  LES supersaturation 
gradients on particle 
trajectories estimated as K41: 

●  10 small DNS boxes 
●  First impression: steady state 

regime and smaller variances 
in with respect to LES 

Llarge = 100m

Lsmall = 40cm

rs(Lsmall) = �s/r / r�2/3
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Conclusions!and!perspec0ves!

● New) numerical) method) to) study) droplet)
condensaHon) evaporaHon) in) large) size) warm)
clouds)
● Full) resoluHon) of) the) small) turbulent) scales)
(DNS)/)large)scales)resolved)by)LES)
●  Importance)of)gradients)of)supersaturaHon)field)
● Export) the) method) in) nonhomogeneous) and)
larger) size) clouds) (Km))by)using) LES) codes) and)
quanHfy) a) more) realisHc) droplet) size)
distribuHon)
●  Implement)in)the)model)the)growth)by)droplet/
droplet)collisions)induced)by)turbulence)

)

 

 


