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Outline 
1.  Motivation (GCM sensitivity to boundary layer mixing) 
2.  Bulk vs. Direct measures of entrainment and detrainment 

in simulated, tracked clouds 
3.  Direct entrainment/detrainment and environmental 

properties 
4.  Entrainment and mixing in a large-scale simulation in 

GATE 
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Papers, posters and animations at http://www.cafc.ubc.ca  
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Zhang et al. James, 2013 

Cloud radiative effect in SCMs 
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Zhang et al. James, 2013 

Battle between 
enhanced moisture 
supply and increased 
drying due to shallow 
convection 

Warmer climate has 
higher SST and lower 
subsdence. 

drying vs. moistening 



Entrainment and detrainment rates 
(entrainment into what?) 
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E (kgm−3s−1) = − 1

A

!

n̂·(u−ui)<0
ρn̂ · (u− ui)dl

D (kgm−3s−1) =
1

A

!

n̂·(u−ui)>0
ρn̂ · (u− ui)dl

with these definitions the approximate continuity equation is: 

dM

dz
= E −D



Fractional entrainment/detrainment 
and the cloud mass flux 
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Define: 

Then we can write budgets for the steady state plume mass flux 
M and tracer concentration φc as: 
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M

dM

dz
=� � �

d�c

dz
=�(�e � �c)

where φe is the mean environmental tracer concentration.   
Need two of M, ε, and δ 

ϵ (m−1) = E/M, δ (m−1) = D/M



LES: Vertical cross section through a 
trade cumulus cloud field 
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Red: cloud core 
Yellow: cloud 
Grey: sub-cloud plume 
(decaying surface tracer) 



9 km x 9km x 4km,   15 minutes 
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Vlad Popa, 2015 



Estimating bulk entrainment 
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Use an LES to measure the terms on the RHS and the 
average tracer concentrations φcore and φenvironment 
 
This  yields Eφ and Dφ  profiles as residuals  

Siebesma and Cuipers (1995) 



Estimating direct entrainment 
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Romps 2010:  Run the LES diagnosing a special tracer called the 
activity: which has a value of 1 for the cloud core and is zero elsewhere: 

Direct entrainment ~ 2 x larger than bulk entrainment 



An alternative: tetrahedral interpolation 

Dawe and Austin, MWR 2011 
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Tetrahedral E and D 
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romps vs. tetrahedral 
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Entrainment is heterogeneous 
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Dawe and Austin, 2011 



Entrainment varies inversely with w 
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Dawe and Austin, 2013  



Detrainment driven by χc 
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Dawe and Austin (2013)  



GigaLes 
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Domain: 205 x 205 km x 22 km with 
Δx=Δy=100m 
24 hour simulation, 9 hour spin-up 

Domain: 86 x 86 km x 22 km with 
Δx=Δy=50m 
12 hour simulation, 9 hour spin-up 

Entrainment rerun: 

Khairoutidnov et al., 2010 

Oh, 2015 



Direct entrainment rate, cross section 
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Loh and Austin, in prep. 

x (km) 

ε (m
-1) 



Detrainment rate  
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GigaLes: local entrainment rate  
independent of cloud area, varies as 1/w 

20 



Moist static energy mixing in the 
GigaLes 
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Glenn and Krueger, 2014 

ε=0.7 km-1 ε=0.4 km-1 ε=0.1  km-1 



Summary 
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•  Getting entrainment and detrainment right is important to correctly 
represent mass flux, cloud top height, cloud variability 

•  LES are now capable of simultaneously representing mixing at 50 m 
scales and cloud organization at 100 km scales 

•  Direct entrainment is highly variable, sensitive to buoyancy, vertical 
velocity, independent of cloud size.  Consistent with a constant mixing 
time scale. 

•  Detrainment depends on critical mixing fraction in shallow convection, 
consistent with buoyancy sorting arguments 

•  The properties of the cloud shell determine the relationship between 
direct entrainment and its bulk thermodynamic counterpart 


