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Cloud droplets grow by the diffusion of 
water vapor (i.e., by condensation) and by 
collision/coalescence.  

For both cloud turbulence is thought to play 
some role. 

Turbulent entrainment and mixing affects 
the spectrum of cloud droplets as well.  



Elementary facts about cloud droplets: 

Radius r : 5-30 microns (r << Kolmogorov length scale) 

Concentration: 50-2,000 cm-3 ( mean separation distance >> r) 

Mass loading: 0.5-5 g kg-1 ( << 1; no effects on turbulence) 

Fall terminal velocity vt:  vt ~ r2 ;  vt ≈ 1 cm/s  for  r = 10 µm 



initial conditions               solution at a later time 

Kolmogorov 
scale 

Clustering of nonsedimenting particles for St ~ 1 

Shaw et al. JAS 1998 



initial conditions               solution at a later time 

Kolmogorov 
scale 

Clustering of nonsedimenting particles for St ~ 1 

Is this how cloud microscale looks like? 



Analysis of aircraft observations; Chaumat and Brenguier JAS 2001. 

Not really!.... 



Parameters describing interaction of cloud droplets with turbulence for the 
case with gravity: 

                Stokes number:  St =  τp / τη 

 τp- droplet response time 

 τη – Kolmogorov timescale  

       Nondimensional sedimentation velocity: Sv = vp / vη 

 vp -  droplet sedimentation velocity (gτp  for small droplets) 

 vη – Kolmogorov velocity scale 



Dissipation rate        Kologorov                           Kolmogorov     
       velocity scale        time scale 

droplet radius          sedimentation velocity       response time  

Nondimensional parameters (St and Sv) for 
typical cloud conditions: St << Sv 

Grabowski and Vaillancourt JAS 1999 



Nondimensional parameters (St and Sv) for 
typical engineering applications: St >> Sv 

St / Sv ~ ε3/4   (for Stokes limit: vp=gτp) 

Grabowski and Vaillancourt JAS 1999 



The key point: turbulence in clouds is 
significantly weaker than in laboratory 
experiments. This makes droplet 
sedimentation significantly more important.  



Vaillancourt et al. JAS 2002 

DNS simulations with sedimenting droplets for conditions relevant to cloud 
physics (ε=160 cm2s-3) 

Vorticity 

(contour  15 s-1) 

r=15 micron 

r=20 micron 

r=10 micron 



Main conclusion: small-scale turbulence has a 
very small effect…  

Vaillancourt et al. JAS 2002 



What about those DNS limitations? 

Argument: if Re increases (i.e., the 
range of scales involved increases), can 
supersaturation fluctuation increase as 
well? 

Yes, but only to some point… 



� 

dS
dt

= αw −
S
τ qe

τ qe ~ 1sec

dS
dt

≡ 0→ Sqe = αwτ qe

The brake on supersaturation fluctuations: 

Politovich and Cooper, JAS 1988 

For eddies with time-scale 
larger than τqe, S is limited 
to Sqe !!! 



So within a uniform cloud (e.g., the adiabatic 
core), fluctuations of the supersaturation have a 
small effect. 



Another way to think about this problem: 

Condensational growth is reversible: droplets grow 
more in higher S, and then less in lower S, and the two 
situations change rapidly… 

But if you think about the collisional growth, then the 
story is different: growth is not reversible…  



So within a uniform cloud (e.g., the adiabatic 
core), fluctuations of the supersaturation have a 
small effect. But what about the impact of 
mixing with the dry air from cloud environment 
(entrainment)? 



cloud base 
(activation of 
cloud droplets) 

airflow 

interfacial 
instabilities 

calm (low-
turbulence) 
environment 

turbulent 
cloud 



Entrainment/mixing and the cloud droplet spectra: 

1. Entrainment/mixing typically leads to partial 
evaporation of cloud water. How this evaporation 
affects the spectrum of cloud droplets? 

2. Entrainment/mixing may lead to activation of cloud 
droplets above the cloud base. 

3. Entrainment/mixing provides large-scale source of 
cloud turbulence (this may seem irrelevant…). 
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Turbulent mixing 

 Microphysical 
transformations due to 
subgrid-scale mixing 
cover a wide range of 
mixing scenarios. 

homogeneous 
mixing  

extremely  
inhomogeneous 
mixing  



Homogeneity of mixing depends on the ratio of 
two relevant time scales: 

- Droplet evaporation time scale: 

- Turbulent mixing time scale  





(Austin et al. JAS 1985) 

droplet  
spectra 

vertical and 
along-track 
velocity 

liquid water 
content 



Evolution of the number of droplets N and their mean 
volume radius rv, both normalized by the initial values 

DNS simulations of microscale homogenization of initially separate 
filaments of cloudy and cloud-free air (decaying turbulence setup). 

The percentage 
represents the initial 
volume fraction of 
cloudy air. 

Andrejczuk et al JAS 2006 



close to  
homogeneous 
mixing  

close to extremely  
inhomogeneous 
mixing  

Andrejczuk et al JAS 2009 



Andrejczuk et al JAS 2009 



Entrainment/mixing and the cloud droplet spectra: 

1. Entrainment/mixing typically leads to partial 
evaporation of cloud water. How this evaporation 
affects the spectrum of cloud droplets? 

2. Entrainment/mixing may lead to activation of cloud 
droplets above the cloud base. 

3. Entrainment/mixing provides large-scale source of 
cloud turbulence (this may seem irrelevant…). 



Gerber et al. JMSJ 2008 

Arabas et al. GRL 2009 



How is it possible that the dilution of the 
cloud water content is NOT accompanied by 
the dilution of the droplet concentration?  



How is it possible that the dilution of the 
cloud water content is NOT accompanied by 
the dilution of the droplet concentration?  

In-cloud activation (i.e., activation 
above the cloud base)! 

Slawinska et al. (J. Atmos. Sci.; in review) 
Wyszogrodzki et al. (Acta Geophysica; in review) 



JAS 
2003 

The Barbados Oceanographic and Meteorological Experiment 
(BOMEX) case (Holland and Rasmusson 1973) 



Activation 
always on 

Activation not 
allowed above 
700m 

gray – cloud water; dark gray – positive activation tendency 



Activation not 
allowed above 
700m 

Activation 
always on 

Conditionally-sampled activation tendency 



Brenguier and Grabowski (JAS  1993) 



Brenguier and Grabowski (JAS  1993) 



Brenguier and Grabowski (JAS  1993) 



Activation not 
allowed above 
700m 

Activation 
always on 



traditional view 
 view suggested by 
model simulations 



Entrainment/mixing and the cloud droplet spectra: 

1. Entrainment/mixing typically leads to partial 
evaporation of cloud water. How this evaporation 
affects the spectrum of cloud droplets? 

2. Entrainment/mixing may lead to activation of cloud 
droplets above the cloud base. 

3. Entrainment/mixing provides large-scale source of 
cloud turbulence (this may seem irrelevant…). 



“Large-eddy hopping”  
(Al Cooper, NCAR; Sonia Lasher-Trapp, Purdue; Alan Blyth, Leeds): 

Droplets observed in a single location within a cloud 
arrive along variety of fluid trajectories: 

- large scales are needed to provide different 
droplet activation/growth histories; 

- small scales needed to allow hopping from one 
large eddy to another. 

[see also Sidin et al. (Phys. Fluids 2009) for idealized 
2D synthetic turbulence simulations] 



courtesy of Al Cooper, NCAR 



courtesy of Al Cooper, NCAR 



courtesy of Al Cooper, NCAR 



courtesy of Al Cooper, NCAR 



courtesy of Al Cooper, NCAR 



Condensational growth is reversible: droplets grow more 
in higher S, and then less in lower S, and the two 
situations change rapidly… 

… but entrainment/mixing and the “large-eddy hopping” 
provides additional effects contributing to spectral width. 

But if you think about the collisional growth, then the 
story is different: growth is not reversible…  

The impact on collisional growth is being studied in a joint 
project with Prof. Lian-Ping Wang (U. of Delaware). 



Growth by collision/coalescence: nonuniform distribution 
of droplets in space affects droplet collisions… 



Three basic mechanisms of turbulent enhancement of 
gravitational collision/coalescence: 

-Turbulence modifies local droplet concentration (preferential 
concentration effect) 

-Turbulence modifies relative velocity between colliding droplets 
(e.g., small-scale shears, fluid accelerations) 

- Turbulence modifies hydrodynamic interactions when two 
droplets approach each other 
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geometric collisions (no 
hydrodynamic interactions)  



Three basic mechanisms of turbulent enhancement of 
gravitational collision/coalescence: 

-Turbulence modifies local droplet concentration (preferential 
concentration effect) 

-Turbulence modifies relative velocity between colliding droplets 
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collision efficiency 



Grazing trajectory 

Collision efficiency Ec for the gravitational case: 



4/29/11 54 



Enhancement factor for the collision kernel (the ratio between turbulent and 
gravitation collision kernel in still air) including turbulent collision efficiency; ε = 
100 and 400 cm2 s–3. 



2D simulation of a small precipitating cloud:  t=16 min 

no turbulence 

with turbulence – Ayala kernel with 100 cm2s-3 



2D simulation of a small precipitating cloud:  t=20 min 

no turbulence 

with turbulence – Ayala kernel with 100 cm2s-3 

no turbulence 

with turbulence – Ayala kernel with 100 cm2s-3 



2D simulation of a small precipitating cloud:  t=26 min 

no turbulence 

with turbulence – Ayala kernel with 100 cm2s-3 

no turbulence 

with turbulence – Ayala kernel with 100 cm2s-3 



Time evolution of the surface precipitation intensity: turbulent collisions 
lead to earlier rain at the ground and higher peak intensity…  

ε = 0  

ε = 100  



…but also to more rain at the surface. This implies higher precipitation efficiency! 

ε =100  

ε = 0  



Summary: 

Small-scale turbulence seems to have an insignificant effect on 
diffusional growth of cloud droplets. 

Turbulence seems to plays a significant role when entrainment 
and mixing is considered through “large-eddy hopping”, local 
heterogeneity of mixing, and in-cloud activation. 

Small-scale turbulence appears to have a significant effect on 
collisional growth. Not only rain tends to form earlier in a single 
cloud, but also turbulent clouds seem to rain more. More 
realistic numerical studies are needed to quantify this aspect. 


