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The Earth annual and global mean energy budget  



Clouds form when the air reaches saturation (water 
saturation for warm clouds). 

This is typically because of the vertical motion within the 
atmosphere. 

small Cumulus humilis clouds only 
mark tops of boundary-layer eddies… 

deeper Cumulus (mediocris or congestus) 
clouds have life (dynamics) of their own… 
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Gerber et al. (AMS Cloud Physics Conference, Madison, 
July 2006; published in JMSJ 2008) 



Shallow convective 
clouds are strongly 
diluted by entrainment… 

Siebesma et al. JAS 2003 



Turbulent entrainment is a fundamental 
feature of small convective clouds (and 
most of other clouds as well)…  



Blyth et al. (JAS 1988)  



Turbulent entrainment is a fundamental 
feature of small convective clouds (and 
most of other clouds as well)…  

Where are these 
structures 
coming from? 

Re = UL/! ~ 107"

U~1 ms-1"

L~100 m"
! ~ 10-5 m2s-1 



Cloud-environment 
interface instability 

Klaassen and Clark (JAS 1984) 
Grabowski (JAS 1989) 
Grabowski and Clark (JAS 1991, 1993a, 1993b) 



Brenguier and Grabowski (JAS  1993) 



Brenguier and Grabowski (JAS  1993) 



Brenguier and Grabowski (JAS  1993) 



Turbulent entrainment is a fundamental 
feature of small convective clouds (and 
most of other clouds as well)…  

…but its impact on 
the spectrum of 
cloud droplets is still 
poorly understood. 
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Fundamentals of 
(warm) cloud physics 



Maritime cumulus 

Continental cumulus 



Berry and Reinhardt JAS 1974 





Modeling moist processes in the atmosphere: 

!! Gas dynamics for the air with moisture (i.e., 

containing water vapor, suspended small cloud 

particles, falling larger precipitation particles);  

!! Thermodynamics for the air containing water 

vapor (i.e., phase changes, latent heating, etc). 



!! Water vapor is a minor constituent:  

     mass loading is typically smaller than 1%; thermodynamic properties (e.g., 
specific heats etc) only slightly modified; 

!! Suspended small particles (cloud droplets, cloud ice):  

     mass loading is typically smaller than a few tenths of 1%, particles are much 
smaller than the smallest scale of the flow; multiphase approach is not required, 
but sometimes used (e.g., DNS with suspended droplets)  

!! Precipitation (raindrops, snowflakes, graupel, hail):  

     mass loading can reach a few %, particles are larger than the smallest scale of 
the flow; multiphase approach needed only for very-small-scale modeling 



Continuous medium approach: apply density as 
the main field variable (density of water vapor, 
density of cloud water, density of rainwater, etc…) 

In practice, mixing ratios are typically used. Mixing 
ratio is the ratio between the density (of water 
vapor, cloud water…) and the air density. 



Mixing ratios 
versus 
specific 
humidities… 



Gas dynamics for the moist air: 



In the spirit of the 

Boussinesq approximation, 

moisture and condensate 

affect gas dynamics 

equations only though the 

buoyancy term 



T, q and Q – 

thermodynamics 

(and much more!) 



Thermodynamics: 

Moist air is treated as a perfect gas 

Phase changes lead to the release of latent heat and 

formation of condensed (liquid or solid) phase of the 

water substance (cloud droplets, raindrops, ice crystals, 

snow, etc) 

Condensed phase is treated as continuous medium, i.e., 

described as density (of cloud droplets, raindrops, etc). 







If only phase changes are included, then potential 
temperature equation is: 



Modeling of cloud microphysics: solving a system of PDEs 
(advection/diffusion type) coupled through the source terms: 



Modeling of warm-
rain  microphysics 





A very simple (but useful) model: rising adiabatic parcel… 

Take a parcel 
from the surface 
and move it up… 

… by solving 
these equations. 



qv 

qc 

Look not only on the patterns (i.e., processes), but also on 
specific numbers (e.g., temperature change, mixing ratios, etc). 



Invariant 
variables:  

total water,  

liquid water 
potential 
temperature,  

equivalent 
potential 
temperature. 



Adding 
rain or 
drizzle: 



We need something more complicated than a rising parcel as 
rain has to fall out. One possibility is to use the kinematic 
(prescribed flow) framework… 



Cloud water and 
rain (drizzle) fields 
after 2 hrs (almost 
quasi-
equilibrium…) 



So far we only had information about the mass 
of cloud and precipitation. Do we need to know 
something about droplet sizes? 
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Intergovernmental Panel on Climate Change (IPCC), Summary for Policymakers, 2007 





Figure from Bjorn Stevens!

 Stratocumulus topped boundary layer 



What determines the concentration of cloud 
droplets? 

To answer this, one needs to understand formation of 
cloud droplets, that is, the activation of cloud 
condensation nuclei (CCN) . 

This typically happens near the cloud base, when the 
rising air parcel approaches saturation. 



Surface tension (Kelvin) effect 

Solute (Raoult) effect 

Saturated water vapor 
pressure over an 
aqueous solution 
droplet with radius r 

Saturated water vapor 
pressure over plain 
water surface 

Saturation ratio: 
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activation radius 

activation saturation ratio (or supersaturation) 



CCN, soluble salt particles, have different sizes. 

Large CCN are nucleated first, activation of smaller ones 
follow as the supersaturation builds up. 

Once sufficient number of CCN is activated, these keep 
growing, supersaturation levels off, and activation is 
completed. 



CCN, soluble salt particles, have different sizes. 

Large CCN are nucleated first, activation of smaller ones 
follow as the supersaturation builds up. 

Once sufficient number of CCN is activated, 
supersaturation levels off, and activation is completed. 

These processes are typically considered in the context 
of detailed (bin) microphysics… 



Activation of CCN: 

N - total concentration of activated droplets 

S – supersaturation 

                             N = a Sb 

     a, b – parameters characterizing CCN 

               0 < b < 1  (typically, b=0.5) 

                a~100 cm-3          maritime/clean  

                 a~1,000 cm-3   continental/polluted 







Computational example: 

Nucleation and growth of cloud droplets in a parcel of 
air rising with vertical velocity of 1 m/s; 

60 bins used;  

1D flux-form advection applied in the radius space; 

Difference between continental/polluted and maritime/
pristine aerosols 



maritime 

a=100 cm-3  

continental 

a=1000 cm-3  



maritime  continental 



Note: DNS 2563 simulation applies gridlength of about 3 mm !!!  





Geometry for 
gravitational collisions 



Grazing 
trajectory 

Growth of water droplets by gravitational collision-coalescence: 

Droplet inertia is the key; without it, there will be no collisions. This is 
why collision efficiency for droplets smaller than 10 µm is very small.  

Collision efficiency: 



Hall (J. Atmos. Sci. 1980) 
(compilation of many theoretical studies and 
laboratory measurements) 
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Hall (J. Atmos. Sci. 1980) 
(compilation of many theoretical studies and 
laboratory measurements) 



Grabowski and Wang, Atmos. Chem. Phys. 2009 

Adiabatic parcel model 







Traditional bulk model is computationally efficient (just 
2 variables for condensed water). 

Traditional bin-resolving (detailed) microphysics is 
computationally demanding (~100 variables). 

Is there anything between?  

YES, a two-moment bulk scheme, i.e., predicting mass 
and number of cloud droplets and rain/drizzle drops 
(just 4 variables; e.g., Morrison and Grabowski JAS 
2007, 2008). This scheme also predicts supersaturation. 



- 

WARM-RAIN PHYSICS: 

cloud water:  qc , Nc 

drizzle/rain water:  qr , Nr 

Nucleation of cloud droplets: link to 
CCN characteristics 

Drizzle/rain development: link to 
mean droplet size 



Nc , qc – cloud water concentration and mixing ratio 
Nr , qr – drizzle/rain water concentration and mixing ratio 

concentration of activated CCN 



Kinematic (prescribed-flow) model of microphysical processes 
in Stratocumulus (2D: x-z)  

Vertical velocity  Horizontal velocity 

-500m 500m 

0

800m 

Run up to quasi-steady-state is obtained (typically couple hours)… 







Microphysical transformations  
during subgrid-scale mixing 

!! Flexibility to treat any mixing scenario from homogeneous to extremely 

inhomogeneous. 

!!  a = 1: extremely inhomogeneous 

!!  a = 0: homogeneous 

N – droplet concentration 

q – cloud water mixing ratio 

Ni , qi – initial (i.e., after advection 
and mixing) 

Nf , qf – final (i.e., after advection, 
mixing, and microphysical 
adjustment) 



Summary: 

Warm-rain microphysics: cloud droplet activation, comdensational growth, 
collisional growth. 

Entrainment and mixing; impact on cloud microphysics (and connection to indirect 
aerosol effects). 

Modeling warm-rain processes: 

     - bulk single-moment scheme: mixing ratios fpr cloud water and drizzle/rain 
water (activation irrelevant, no information about  spectral characteristics, model 
resolution can be low); 

     - detailed (bin) microphysics: concentration (per unit mass) of cloud and drizzle/
rain drop in each size (mass) category (~100 variables); supersaturation and 
droplet activation predicted, requires high spatial resolution (especially near  cloud 
base); can be even more complicated if detailed information about aerosols is 
added; 

     - double-moment microphysics: mixing ratios and concentrations of cloud and 
drizzle/rain drops, supersaturation does not have to be predicted (but it can be; 
e.g., MG scheme), activation either predicted (MG; high resolution needed) or 
parameterized (low resolution).  



…and there is part 2 – ice microphysics… 
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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 has thought to 

play some role… 

Turbulent entrainment and mixing affects 

the spectrum of cloud droplets as well.  



Condensational growth inside “adiabatic 

cores”: the problem of the width of cloud 

droplet spectrum. 



(Jensen et al. JAS 1985) 
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µm  
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observed, AF ! 0.8; 

"r=1.3 µm  

calculated adiabatic 

spectrum; "r=0.1 µm  

observed,  AF ! 

1; bimodal 

Observed cloud droplet spectra averaged over ~100m: 



Brenguier and Chaumat JAS 2001 

Cloud droplet spectra in near-adiabatic cores using Fast FSSP 



Brenguier and Chaumat JAS 2001 

Cloud droplet spectra in near-adiabatic cores using Fast FSSP 

Effect of 

small 

dilution 

Instrumental artifacts 

(coincidences), possibly 

some collisional growth 



Condensational growth inside “adiabatic 

cores”: the problem of the width of cloud 

droplet spectrum. 

Srivastava J. Atmos. Sci. 1989.  

macroscopic versus microscopic supersaturation 
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…but the supersaturation can change from one 

droplet to another locally. 

This is concept of microscopic supersaturation. 



My involvement started in early 1990ies with a 

PhD student from McGill University, Paul 

Vaillancourt, together with Peter Yau, a cloud 

physicist, and Peter Bartello, “a DNS guy”. 

The idea was to look at the effects of small-scale 

turbulence on growth of cloud droplets by the 

diffusion of water vapor in “an adiabatic core” of a 

convective cloud using DNS. 

The issue: why cloud droplet spectra often 

appear broader than predicted by the classical 

theory? 



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) 



Can DNS of droplets growing by the diffusion of 

water vapor be done? 

The issue is about the details of droplet growth and 

small-scale (~ 20 r) temperature and moisture fields 

that (almost intantaneously, milliseconds) develop 

near the growing droplet…  



Vaillancourt et al. 2001 

Detailed model of droplet growth  

Simple model of droplet growth: 

“macroscopic” model taken to the limit 
of a single droplet in the mean volume 

occupied by a droplet in a cloud.  



So the answer is YES… 



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? 



Chaumat and Brenguier JAS 2001 

Not really!.... 



Parameters describing interaction of cloud droplets with turbulence for the 

case with gravity: 

                Stokes number:  St =  !p / !" 

 !p- droplet response time 

 !" – Kolmogorov timescale  

       Nondimensional sedimentation velocity: Sv = vp / v" 

 vp -  droplet sedimentation velocity (g!p  for small droplets) 

 v" – Kolmogorov velocity scale 



Dissipation rate        Kologorov velocity scale      Kolmogorov 

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 ~ #3/4   (for Stokes limit: vp=g!p) 

Grabowski and Vaillancourt JAS 1999 



Flow: DNS model 

Droplets: position traced in time and space 

Size: growth in local conditions 
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Vaillancourt et al. JAS 2002 

DNS simulations with sedimenting droplets for conditions relevant to cloud 

physics (#=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 



Vaillancourt et al. JAS 2002 

…… 



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… 
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The break on supersaturation fluctuations: 

Latent 

heating!!! 



For me, as a cloud physicist, the story is finished. 

There might be some minor effects (perhaps worth 
exploring), but this would contribute little to the cloud 

physics. Not to mention that more recent observations 

do not support the broadening controversy concerning 

spectral broadening in “adiabatic cores”. 

Point that I made but is worth emphasizing here: 

studies without gravity and latent heating are irrelevant 

to cloud physics… 



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…  



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 



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 
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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 

(e.g., small-scale shears, fluid accelerations) 

- Turbulence modifies hydrodynamic interactions when two 

droplets approach each other 

collision efficiency 



Grazing trajectory 

Collision efficiency Ec for the gravitational case: 



…see Lian-Ping Wang for details how DNS 

can be extended to guide models of turbulent 

droplet collision enhancement… 



Enhancement factor for the collision kernel (the ratio between turbulent and 

gravitation collision kernel in still air) including turbulent collision efficiency; # = 
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 



Surface precipitation intensity evolution: turbulent collisions lead to 

earlier rain at the ground and higher peak intensity…  



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



Entrainment/mixing and the cloud droplet spectra 
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What is wrong with this picture?  





Extremely inhomogeneous: 

droplet evaporation much 

faster than turbulent mixing 

Homogeneous: turbulent 

mixing much faster than 

droplet evaporation 

Inhomogeneous; DNS 

simulations (Andrejczuk et al 

JAS 2004, 2006) 



 The mixing diagram 

Burnet and Brenguier (2007) 

Andrejczuk et al. (2006) 
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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. 

The percentage 

represents the initial 

volume fraction of 

cloudy air. 

Andrejczuk et al JAS 2006 







Andrejczuk et al. JAS 2009 
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Changes of the parameter ! with height 
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Vertical profiles of ! , droplet radius and TKE 
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Summary: 

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

(It plays some role when entrainment and mixing is considered, a 

subject I did not address). 

Small-scale turbulence appears to have significant effect on 

collisional growth. Not only rain forms earlier (an aspect 

emphasized by some…), but also turbulent clouds can rain more. 

More realistic studies are needed to quantify this aspect. 

Effects of entrainment and mixing on evaporation of cloud droplets 

(homogeneous versus inhomogeneous mixing)  - and its effect on 

albedo on the cloud field – can be quantified using the LES 

approach with the parameterization developed using DNS 

simulations. 


