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Why atmospheric sciences? 

Eleven City Ice Skating Race ~ 200 km 

Need extremely cold weather conditions 

Organized in 1909, 1912, 1917, 1929, 1933, 
1940, 1941, 1942, 1947, 1954, 1956, 1963, ... 

1963 

-180C at the start, storm 
129 finished (out of 10000) 

and 1985, 1986, 1997 (and almost in 1984) 



How do large-scale conditions control cloud amount and cloud type? 

deep	  convec)on	   shallow	  cumulus	   stratocumulus	  

~	  5	  mm/s	  



How do large-scale conditions control cloud amount and cloud type? 
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The atmospheric boundary layer 

Photograph:	  Adriaan	  Schuitmaker	  
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Assume eddy entrains air from above and vertically redistributes it  
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 θ+dθ	
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Budget equation for the boundary layer depth h 
including large-scale subsidence 
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Schematic of the CBL: "the first-order jump model" 

Van	  Zanten	  et	  al.,	  1999	  
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Schematic of the CBL: The zeroth-order jump model 
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TKE (E), buoyancy fluxes and viscous dissipation 
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Steady-‐state	  ver)cally	  integrated	  TKE	  equa)on	  	  

• 	  consider	  a	  situa)on	  without	  mean	  wind	  
• 	  turbulent	  transport	  terms	  vanish	  	  

(fluxes	  are	  zero	  at	  surface	  and	  just	  above	  the	  turbulent	  layer)	  	  
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How large is the entrainment rate? 
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Evolution of the convective boundary layer (Cabauw, The Netherlands) 

Courtesy	  Henk	  Klein	  BalBnk	  (KNMI)	  
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Steady-state CBL height 
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	  Strong	  large-‐scale	  divergence	  

	  Small	  surface	  buoyancy	  flux	  

	  Strong	  thermal	  inversion	  

Los	  Angeles	  



Entrainment parameterization for the clear convective boundary layer 
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Relevant	  scales	  

Length	  scale	  

Convec)ve	  velocity	  scale 	   	   	   	   	   	   	  	  
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Also	  in	  Monthly	  Weather	  Review	  1917	  



Longwave radiative cooling in stratocumulus 

ASTEX	  Flight	  A209,	  Duynkerke	  et	  al.	  (1995)	  



Top-driven convection: 
the smoke cloud (“stratocumulus” without latent heating effects) 

RadiaCve	  cooling	  	  
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Non-dimensional entrainment parameterization 
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Convec)ve	  velocity	  scale	  

modify	  to	  take	  into	  account	  forcings	  at	  different	  heights	  	  € 
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factor	  2.5	  to	  keep	  consistency	  
with	  original	  CBL	  formula)on	  

does	  it	  work	  for	  stratocumulus?	  



Entrainment rates in stratocumulus 
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A=0.2	  
A=1	  

De	  Roode	  and	  Duynkerke	  (1997)	   Faloona	  et	  al.	  (2005)	  



Fluxes of conserved variables φ = {θl , qt} 
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Express θv‘ as a function of θl‘ and qt‘ 
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Saturated case, ql>0 
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Fluxes of conserved variables φ = {θl , qt} 
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Stratocumulus buoyancy flux 

(1)	  entrainment	  (including	  effect	  of	  radia)ve	  cooling)	  
(2)	  cloud-‐top	  radia)ve	  cooling	  
(3)	  latent	  hea)ng	  (condensa)on)	  
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