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IMPORTANCE OF IN-CANOPY TRANSFER: 

In canopy cycling of nitrogen (ammonia) 
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IMPORTANCE OF IN-CANOPY TRANSFER: 

In-canopy fluxes evolve quickly (large sources) 

Heat fluxes 

LE 

H 



IMPORTANCE OF IN-CANOPY TRANSFER: 

The role of in-canopy chemistry (NO2, O3) 



IMPORTANCE OF IN-CANOPY TRANSFER: 

The role of in-canopy chemistry: Secondary 

organic aerosols formation 

Delmas et al., 2005, Kammer et al. 2016 

VOC SVOC 

WVOC 



IMPORTANCE OF IN-CANOPY TRANSFER: 

The location of the sources and sinks: 

Secondary organic aerosols formation 

Kammer et al. 2016 



KEY CONCEPTS: TURBULENCE 
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KEY CONCEPTS: TURBULENCE 

• Atmospheric turbulence  

– Non-linear (Navier-Stokes equations) : Chaotic 

– Non-Gaussian : Skew and Kurtosis 

– 3-dimensional (vortex in 3 directions) 

– Dissipative : continuum motion -> internal and 

heat 

– Diffusive: efficient mixing 

– Multiple scales : from atmospheric layer to 

Kolmogorov scale 



KEY CONCEPTS: TURBULENCE 

• Reynolds number 

Ratio between 

momentum and 

viscous forces 

d : characteristic length 

u : wind velocity 

n : viscosity  



KEY CONCEPTS : TURBULENT 

SCALES 

Van der Hoven, 1957 
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• Kolmogorov microscale : h 

• Kinematic viscosity : n 

• Dissipation rate of kinetic energy : e 

 

KEY CONCEPTS : TURBULENT 

SCALES 

Maximum 

energy 

Kolmogorov scale 
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Frequency 



MOMENTUM FLUX TOWARDS THE 

SURFACE 

𝜏 = 𝑢′𝑤′ = −𝑢∗
2 

u’ and w’ : fluctuation around the mean of the  

horizontal and vertical wind velocity  components 

t : shear stress    - u* : friction velocity  



MOMENTUM FLUX DUE TO DRAG ON 

VEGETATION 

t : shear stress 

Cd : drag coefficient 

a : leaf area density 

U : wind velocity 

z : height 

h : canopy height 



WIND VELOCITY IN CANOPY 

• The exponential model 

u / uh 

z
 /

 h
 

h : canopy height 

z : height 

u : wind speed 

uh : wind speed at h 

Cd : drag coefficient 

a : leaf area density 



TURBULENT STATISTICS IN THE 

CANOPY 

Loubet, 2000 
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EVIDENCE OF NON-LOCAL 

TRANSPORT 

 



NON-LOCAL TRANSPORT SHOWN BY 

LARGE EDDY SIMULATIONS 

 



NON-LOCAL 

TRANSPORT 

SHOWN BY 

WAVELET 

ANALYSIS 

Night 

Day 

Brunet and Collineau, 1994 



NON-LOCAL TRANSPORT SHOWN BY 

PROFILE MEASUREMENTS 

 



DIFFUSIVE TRANSFER APPROXIMATION 

(K-THEORY) IN THE CANOPY 

𝜕𝑐 

𝜕𝑡
   +    𝑢𝑖 

𝜕𝑐 

𝜕𝑥𝑖
   =    −

𝜕𝐹𝑖
𝜕𝑥𝑖

    +    S 𝑥𝑖  

𝐹𝑖 = −𝐾𝑖
𝜕𝑐 

𝜕𝑥𝑖
 

Analogy to  

molecular diffusion 

Sources Advection Flux 

divergence 

Storage 



RESISTANCE ANALOGY 

C1 C2 

R(Dx) 

R(Dx)  ~ Dx / K 

F 

Integration with a 

constant flux hypothesis 

Fick 

Ohm 

𝐹𝑖 = −𝐾𝑖
𝜕𝑐 

𝜕𝑥𝑖
 

𝐹𝑖 = −
𝑐2 − 𝑐1 

𝑅 ∆𝑥𝑖
 



z 

z0
 

Ra = aerodynamic resistance 

Rb = boundary layer resistance 

Rc = canopy resistance 

Cc 

C(z) 

Rc 

Rb 

0 

Ra 

Deposition only 

 

Vd = 1 / (Ra(z) + Rb + Rc) 

 

F = - C(z) Vd(z) 

 

Vmax = 1 / (Ra(z) + Rb) 

F 

RESISTANCE ANALOGY:  

THE BIG LEAF MODEL EXAMPLE 



TRANSPORT TIME: A key in chemical 

processes in the canopy 

Personne et al. 2009 
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TRANSPORT TIME 

• The transport time concept 

z 

z0
 

d 

𝑇𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 = 𝑅 × ∆𝑧 



TRANSPORT TIME: A key in chemical 

processes in the canopy 

• The transport time above the canopy 

 

 

 

 

 

 

• The transport time in a canopy of height h 

 

Stella et al. (2011) 

𝑇𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 = 𝑅𝑎𝑐 × ℎ 



TRANSPORT TIME: A key in chemical 

processes in the canopy 

• The chemical time scale  

Loubet et al. 2011 



http://www.biogeosciences-discuss.net/bg-2016-199/ 



http://www.biogeosciences-discuss.net/bg-2016-199/ 
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IN CANOPY LAGRANGIAN 

STOCHASTIC DISPERSION MODELS 

Settling velocity Vertical wind 

velocity w 

Particle trajectory  

Differential  

equation Random  

acceleration 

𝑑𝑤 = −𝑤 𝜏𝐿 𝑑𝑡 + 𝑏 × 𝑑𝜀 𝑡  

𝑑z = 𝑤 −𝑤𝑠 𝑑𝑡 

Jarosz et al. 2004-2006 

Non-local and non-

diffusive transport 



IN CANOPY RANDOM WALK MODELS 

Particle trajectory  

Differential  

equation 

Jarosz et al. 2004-2006 

dz = (W + dKz / dz) dt + (2Kz)1/2 dqz(t) 

dx = (U + dKx / dz) dt + (2Kx)1/2 dqz(t) 

Diffusivity 
Velocity 

Analog to diffusive 

transport 



RANDOM WALK MODELS 

• Differential stochastic equation (DSE) 

dx = q (x,t) dt + d (x,t) dq (t) 

 

dq (t) is a Wiener process 

0q

dtq)var(



dx = q (x,t) dt + d (x,t) dq (t) 

What do the different terms mean? 

)(),(),( tdtxdtxq
dt

dx
q

q(x,t) = average particle velocity 

= dispersion around the mean 

 

RANDOM WALK MODELS 



The case of particle transport: accounting for settling and inertia 

dZp = (W – Vs)dt + (2Kp)1/2d 

Jarosz et al. 2003 

RANDOM WALK MODELS FOR 

PARTICLES 

Inertia Settling 



RANDOM WALK MODELS : 

APPLICATION FOR INFERRING 

SOURCES IN THE CANOPY 

𝑐𝑧𝑖 − 𝑐𝑟𝑒𝑓 = 𝐷𝑖𝑗 × 𝑆𝑧𝑗 
𝑆𝑧𝑗 𝑐𝑧𝑖 

𝐷𝑖𝑗 

𝐷𝑖𝑗 

Retreive Sz from cz 

implies inverting the 

equation 



APPLICATION FOR INFERRING 

SOURCES IN THE CANOPY : EXAMPLE 

https://www6.inra.fr/cov3er  

https://www6.inra.fr/cov3er
https://www6.inra.fr/cov3er


In canopy concentrations 

Sources attribution in the canopy 

Ongoing project : Master 2 studentship 



CONCLUSIONS 

• In-canopy turbulence essential for 

surface-atmosphere transfer 

 

• Non-local transport is an important 

feature 

 

• Lagrangian stochastic models and LES 

useful in this context 
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Differential stochastic calculation is specific : 
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« Since the variance of an infinitesimal increase is dt 

instead of dt2, this results in a differing differentiation 

scheme » 

RANDOM WALK MODELS : TO GO 

BEYOND 

Rodean et al., 1996 



Calculating a plume width 

²),( xtxg 

dtddxdqxdtdtdx ²220² q

q dxddtdqxdx 2²)2(²

q ddxdtdqxxd 2²)2(²

=0 

RANDOM WALK MODELS : TO GO 

BEYOND 



Application to calculating a plume width: x 

²2² dqx
dt

d x 

If no drift 

tdx ²² 

d2 is hence proportional to a diffusivity 

RANDOM WALK MODELS : TO GO 

BEYOND 



p

t
  =  - 

qip

xi
  + 

1
2
 
²dikdjkp

xixj
 

Fokker-Planck equation: probability of presence of air parcels 

dxi = qi (x,t) dt + dij (x,t) dqj (t) 

RANDOM WALK MODELS : TO GO 

BEYOND 



p

t
  =  - 

qip

xi
  + 

1
2
 
²dikdjkp

xixj
 

Analogy between advection-diffusion equation: 

identifying qi et dij 

dz = (W + dKz / dz) dt + (2Kz)1/2 dqz(t) 

dx = U dt 

𝜕𝑐 

𝜕𝑡
   +   𝑢𝑖 

𝜕𝑐 

𝜕𝑥𝑖
   =    −

𝜕𝐾𝑖𝑐

𝜕𝑥𝑖
    +    S 𝑥𝑖  

RANDOM WALK MODELS : TO GO 

BEYOND 



IMPORTANCE OF IN-CANOPY TRANSFER: 

The role of in-canopy chemistry (NO2, O3) 

Arthur Enguehard, 2018 



TRANSPORT TIME: EQUIVALENT 

CONDUCTANCE TO CHEMICAL 

TRANSFER 

 

loubet B. (2011) 


