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Clouds and climate: 
the range of scales... 
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Resolving such a  range of scales in numerical models will never 
be possible… 

Even for processes near each of the scale illustrated above, there 
are multiscale interactions that cannot be resolved by the “direct 
numerical simulation” approach… 

Significant progress may still be achieved using “multiscale” 
approaches. 

NB. “Multiscale” is used here in a loose sense: extending the range 
of scales directly simulated by the model (e.g., sophisticated 
subgrid-scale parameterizations?)… 



Modeling effects of turbulence on growth 
of cloud droplets by collision/coalescence 
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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 



Growth by collision/coalescence: nonuniform distribution 
of droplets in space affects droplet collisions… 
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-Turbulence modifies local droplet concentration 
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droplets (e.g., small-scale shears, fluid accelerations) 

- Turbulence modifies hydrodynamic interactions when 
two droplets approach each other 
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Grazing 
trajectory 

Collision efficiency Ec for the gravitational case: 
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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. 
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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 



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  



    Cloud turbulence seems to have appreciable effect 
on droplet growth by  collision/coalescence. This is 
a combination of the impact on the number of 
geometric collisions and on the collision efficiency. 

    In a single cloud, not only rain tends to form earlier, 
but also a turbulent cloud seem to rain more. More 
realistic numerical studies are needed to quantify 
this aspect – work in progress. 



Simulation of boundary layer clouds with 
double-moment microphysics and 
microphysics-oriented subgrid-scale 
modeling 
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Turbulent cloud-environment mixing 

 Microphysical transformations due to subgrid-scale 
mixing are not instantaneous… 



Modified model with λ approach: 
homogenization delayed until 
turbulent stirring reduces the 
filament width λ to the value 
corresponding to the microscale 
homogenization scale λ0 

Bulk model: 
immediate 
homogenization 

mixing event 



λ - spatial scale of the cloudy filaments 
during turbulent mixing 

Broadwell and Breidenthal (1982); Grabowski (2006) 

Λ - the model gridlength;  
 λ0 - the homogenization scale (~ 1 mm).    

γ  ~ 1 
ε – the dissipation rate of TKE 

λ0 ≤ λ ≤ Λ 

Broadwell and Breidenthal (1982); Grabowski (2007) 



 Grabowski (2007) 



Turbulent cloud-environment mixing 

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

homogeneous 
mixing  

extremely  
inhomogeneous 
mixing  



2-moment microphysics - mixing scenarios 

α = 0  
homogeneous 
mixing 

α = 1   
extremely  
inhomogeneous 
mixing 

 Previews studies (Slawinska et al. 2010): α=const for entire 
simulation to contrast results with different mixing scenarios. 



Using DNS results for predicting α   

α = f(λ,TKE,RHd,r) 

We can calculate α locally as a 
function of these parameters !!  

Andrejczuk et al. (2009) 

α -> 0 

α -> 1 



Model and model setup 

3D numerical model EULAG www.mmm.ucar.edu/eulag/ 
     with the 2-moment warm-rain microphysics scheme  
     (Morrison and Grabowski 2007, 2008)  

Simulation setup - BOMEX (Siebesma et al. 2003) 
• Domain: 6.4km, 6.4km, 3km 
• Grid size: 50m, 50m, 20m 
• Time step: 1s 
• Initial profiles from Siebesma et al. 2003  



Changes of the parameter α with height 

extremely 
inhomogeneous mixing 

homogeneous 
mixing 
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Vertical profiles of α , droplet radius and TKE 
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Predicting scale of cloudy filaments λ allows representing 
in a simple way progress of the turbulent mixing between 
cloudy air and entrained dry environmental air.  

Parameter α  (and thus the mixing scenario) can be 
predicted as a function of λ, TKE, RH, and droplet radius r.  

In BOMEX simulations, α decreases with height on 
average, i.e., the mixing becomes more homogeneous. This 
is consistent with both TKE and droplet radius increasing 
with height.  





Cloud-resolving modeling of GATE cloud systems 
(Grabowski et al. JAS 1996) 

2 Sept, 1800 Z 

4 Sept, 1800 Z 

7 Sept, 1800 Z 

400 x 400 km 
horizontal domain, 
doubly-periodic,  
2 km horizontal grid 
length 

Driven by observed 
large-scale conditions 



Grabowski et al. JAS 1998: 

“…low resolution two-dimensional simulations 
can be used as realizations of tropical cloud 
systems in the climate problem and for 
improving and/or testing cloud 
parameterizations for large-scale models…” 

- Can we use 2D cloud-resolving model (CRM) in all 
columns of a climate model to represent deep 
convection? 

- Can we move other parameterizations (radiative 
transfer, land surface model, etc) into 2D CRM to 
couple physical processes at their native scales?  



Cloud-Resolving Convection Parameterization (CRCP) 
 (super-parameterization, SP) 

Grabowski and Smolarkiewicz, Physica D 1999 
Grabowski, JAS 2001; Khairoutdinov and Randall GRL 2001; 

Randall et al., BAMS 2003 

    The idea is to represent subgrid scales of the 3D large-
scale model (horizontal resolution of 100s km) by 
embedding periodic-domain 2D CRM (horizontal resolution 
around 1 km) in each column of the large-scale model 

    Another (better?) way to think about CRCP: CRCP involves 
hundreds or thousands of 2D CRMs interacting in a 
manner consistent with the large-scale dynamics 



Original CRCP proposal 



  CRCP is a “parameterization” because scale separation 
between large-scale dynamics and cloud-scale processes is 
assumed; cloud models have periodic horizontal domains and 
they communicate only through large scales. 

  CRCP is “embarrassingly parallel”: a climate model with 
CRCP can run efficiently on 1000s of processors. 

  CRCP is a physics coupler: most (if not all) of physical (and 
chemical, biological, etc.) processes that are parameterized in 
the climate model can be included into CRCP framework. 







maritime (“clean”) continental (“polluted”) 

cloud 
base 
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updraft 









SUMMARY: 

Resolving the entire range of spatial scales - from cloud 
microscale to climate - will never be possible in numerical 
models. 

For processes near each of the scale discussed here, there are 
multiscale interactions that still cannot be resolved by the 
“direct numerical simulation” approach.  



SUMMARY, cont: 

Knowledge developed at one scale can be subsequently used in 
modeling larger scales. For instance, the impact of small-scale 
turbulence on droplet growth can be parameterized in LES 
models, where small-scale turbulent motions are not resolved.  
LES studies can guide development of subgrid-scale 
parameterizations that need to be included in lower-spatial-
resolution models.  

This is the concept of “hierarchical” approach, the only hope to 
cover the entire range of scales relevant to climate. 




