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•  Consider 3 TW US power consumption 

 

•  3x1012 / 300 x 106 = 10 kW per person in US 

 
   

Some thoughts on how much we (USA) consume: 

  (i.e. “a few solar collectors or little wind-mills simply won’t do”) 



 
•  Consider 3 TW US power consumption 

 

•  3x1012 / 300 x 106 = 10 kW per person in US 

•  That is the same as lifting 1 ton by 1 meter every second!!  
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Some thoughts on how much we (USA) consume: 

  (i.e. “a few solar collectors or little wind-mills simply won’t do”) 



100 m 

1 ton up 86 km up 
every day 

3.7 ×106 ×106

300 ×106
≈

 
•  Back to entire US (lower 48): 3.7 Million km2 

•                          
                             100 m 
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•  Back to entire US (lower 48): 3.7 Million km2 

•                          
                             100 m 
 

•  Need one 1MW WindTurbine  
for 100 people (100 x 10 kW) 

•  1 WindTurbine every 1km …. at 10D 

•  3 Million wind turbines (doable actually: 

       now US: 6 GW, av. power capacity, need 3 TW 

       factor 500 = 29   -  9x3 = 27 years) 

•  What can we say about land-atmosphere couplings in the 

presence of very large wind farms? 

1km 
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The windturbine-array boundary layer (WTABL)  

Arrays are getting bigger: when L > 10-20 H   (H: height of ABL),   

approach “fully developed”  FD-WTABL  



Effects of large wind farms on scalar fluxes: 
Heat and moisture  

Observations: increased fluxes 
(evaporation, drying, ??) 
Baidya-Roy & Traiteur PNAS 2010 
in San Gorgonio wind farm (CA) 

But: Farm increases turbulence in wakes and  
u*,hi is increased, but u*,lo is DECREASED. 
Net effect? 



Following in Brutsaert’s footsteps (via Marc)  

•  We need to develop “macroscopic” understandings of such 
ABL’s (WTABL), such as: 
 
o  Effective roughness length z0 for wind farms? 

 
o  Universal structure of flow (stability corrections for 

velocity and scalars such as latent and sensible heat) 
 

•  Scalar transport in WTABL – increased or decreased fluxes? 

 

  



Physics-based parameterizations for earth-system science 

J. Atmos. Sci  
1975 



Physics-based parameterizations for earth-system science 



H = 1000 −1500m,    Lx = πH − 2πH ,     Ly = πH
(Nx × Ny × Nz ) = 128 ×128 ×128

•  LES code: horizontal pseudo-spectral (periodic B.C.), vertical: centered 2nd 
order FD.  First version of LES code developed to study Brutsaert model of 
blending heights  over patches by Albertson & Parlange 1999, - then Porté-
Agel et al. 2000, Bou-Zeid et al. 2005, etc. 

•  Horizontal periodic boundary conditions  
  (only good for FD-WTABL) 

•  Top surface: zero stress, zero w 

•  Bottom surface B.C.:  Zero w +  
  Wall stress: Standard wall function  
  relating  wall stress to first grid-point velocity 

•  Scale-dependent dynamic Lagrangian model 
  - eddy-viscosity closure but (no adjustable parameters) 

•  More details: Calaf, Meneveau & Meyers, “Large eddy simulation   
  study of fully developed wind-turbine array boundary layers”  
  Phys. Fluids. 22 (2010) 015110  

Generating data using Large Eddy Simulations (LES)   



Instantaneous stream-wise velocity contours:!

top-view!side-view!

front-view!

Suite of LES cases,  
see Calaf et al. 2010, Phys. Fluids"



2 Log-laws! And measuring z0 from LES (horizontally averaged)"

 measure z0,hi from intercept!
!
!
!
(essentially the “Clauser plot” method)!
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“Effective roughness model” (update to Frandsen, 1992, 2006)!
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Effects of large wind farms on scalar fluxes: 
Heat and moisture  

Observations: increased fluxes 
(evaporation, drying, ??) 
Baidya-Roy & Traiteur PNAS 2010 
in San Gorgonio wind farm (CA) 

But: Farm increases turbulence in wakes and  
u*,hi is increased, but u*,lo is DECREASED. 
Net effect? 



Velocity 
(hub-height) 

Temperature 

First step: Passive scalar LES - NEUTRAL 
 (no Boussinesq term in momentum equations) 
(M. Calaf, Parlange & M, Physics of Fluids December 2011) 



Horizontally averaged scalar flux from LES 

10-15% increase, not strongly dependent on loading 



Horizontally averaged scalar balance: constant flux  



Horizontally averaged scalar balance: constant flux  

For imposed geostrophic wind,  
ratio of scalar flux with and without wind farm 

Term 1: increase due to 
increased turbulence in wake 

Term 2: decrease due to  
“dead water region” below WT 
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LES measured and model terms as function of loading 
(neutral stratification)  

For imposed geostrophic wind,  
ratio of scalar flux with and without wind farm (symbols=LES) 

10-15% increase now  
“better understood” 
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