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Key aspects for horizontally�
   homogeneous canopies

•  Spatially distributed canopy elements
- Absorb momentum by form and viscous drag
- Absorb, reflect, and emit radiation
- Exchange heat and other scalar properties like water 

vapor and trace gases with the flow

• Organized, coherent structures dominate the 
exchange of momentum and scalar properties



Key aspects for horizontally�
   homogeneous canopies

• Canopy elements generate turbulent wakes with 
length scales typical of the elements themselves

• Most plants wave in the wind thereby storing 
kinetic energy as potential energy to be released 
later in the waving cycle  (Honami)



Form and viscous drag



Equations of motion



Because pressure is not constant at the element surface, 

So, the averaging and differentiation do not commute!

Form drag

and, but, by 
definition

Raupach and Shaw (1982)



Viscous drag
Raupach and Shaw (1982)

•  Velocity goes to zero at the leaf surface
•  Velocity gradient is not constant at the surface

So, the averaging and differentiation do not commute!



Canopy-induced form and viscous drag

Raupach and Shaw (1982)

Thom (1968) found:



Radiation



Vertically distributed radiation absorption

Solar angle
Canopy density
Leaf angle
Scattering
Clumping
Sunlit vs. Shaded



Temperature profiles



Biological aspects



Roots



Leaf energy balance





Chemical sources 
and sinks

•  Strong dependence on
- leaf temperature
- photosynthetically 

available radiation 
(PAR) 

•  Both are regulated by 
atmospheric 
conditions

Guenther et al. (1993)



Turbulence within and above �
tall and dense vegetation



Spectral short-cut

Finnigan (2000)



Spectral short-cut

Cava and Katul (2008)



Stability influence functions

Raupach (1979)

Water vapor

Heat

Momentum



Counter-gradient fluxes

Denmead and Bradley (1987)



Vertical profiles of PBL turbulence statistics

Moeng and Sullivan(1994)



Vertical profiles of turbulence statistics �
  above and within plant canopies

Kaimal and Finnigan (1994)



Roughness sublayer and �
   zero-plane displacement

Harman and Finnigan (2007)

•  Roughness sublayer:
- The region of the 

atmosphere where the 
effects of the canopy are felt 
directly (z*)

• Displacement height (d)



Correlation of u′ and w′

Shaw and Patton (2003)

in the surface layer above canopy at the canopy top

1/2 hour time trace from Borden Forest, Ontario, Canada



Ratio of ejections/sweeps

Finnigan et  al. (2008, to be submitted)



Correlation coefficients

Raupach et. al (1996)



Skewness

Raupach et. al (1996)



TKE budget



Canopy-scale turbulence structure



Eddy structure in wall-bounded flows

Adrian (2007)



Time traces of temperature (daytime)
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Gao et al. (1989)



Time-height cross-sections

Gao et al. (1989)

mean wind



Interaction with PBL-scale structures

Gao et. al (1992)



The mixing-layer analogy

Raupach et. al (1996)



Finnigan (2000)



Canopy-resolving LES





Composite eddy structure from LES

Finnigan et  al. (2008, submitted)



de Langre (2008)

Structure-induced plant waving;�
 Implications for seed dispersal



Modeling canopy influence



Belcher et al. (2008)

Modified similarity functions accounting for the RSL

Harman and Finnigan (2007)

Modeling



Modeling roughness sublayer flows

Harman and Finnigan (2007)



Stratification



Decoupling

� 

Ri =
g θ 0( ) dθ dz
dU dz( )2

Richardson number:

Turbulent above canopy

Collapse of turbulence within canopy

Richardson Number Vs Z
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Model profiles

Wind tunnel
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Canopy-top waves

courtesy of Shane Mayor, NCAR



Summary

•  Vegetation is an extremely important component of and 
has profound effects on atmospheric/benthic boundary 
layer turbulence and its interaction with the surface

•  Spatially distributed canopy elements
- Absorb momentum by form and viscous drag
- Absorb, reflect, and emit radiation
- Exchange heat and other scalar properties with the flow

• Canopy elements short-circuit the energy cascade

• Organized, coherent structures dominate the exchange

• We’re on the trail towards better models


