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Introduction  

The first section (S1) provides the complete set of modified equations for the Norman model 
presented in the main paper, which includes radiation absorption by wood and a modification to 
clumped layers scattering coefficient to account for multiple scattering. 

The second section presents additional figures (S1 – S12) comparing model outputs for all 
variables and all sites complementing those presented in the paper. 

 
 

S1. Mathematical formulation of Norman’s model modified for wood absorption and 
recollision probability. Tridiagonal solution equations adapted from Bonan (2019) 

 
The cumulative transmittance of direct beam radiation in layer i is:  

 

 
And the direct beam radiation transmittance through layer i+1 is:  
 

 

 
The diIuse radiation transmittance through layer i is: 
 

	

	



The	fractions	of	intercepted diIuse radiation by leaves and wood in layer i are respectively: 
 

	

Equation 1	

	
And	

	

Equation 2	

	
Where	k	represents	the	numerical	approximation	for	90	sky	zones	from	where	radiation	is	
incident,	Zk	are	the	individual	sky	zones,	and	ΔZ	is	π	/	180.	The	cumulative	effective	
element	area	index	is:	
	

	
	
And	the	fraction	of	sunlit	leaf	area	and	wood	area	in	layer	i	(which	are	the	same	for	a	given	
layer)	is:	

	

	
The	terms	of	the	tridiagonal	system	presented	in	Bonan (2019) become: 
 

 
 

 
	
With	

	

And	



	

	
Where	𝜏’l	and	ρ’l	are	respectively	the	leaf	transmittance	and	reLlectance	modiLied	to	account	
for	the	decreased	scattering	of	clumped	leaf	shoots	following	increased	recollision	
probability	(see	section	2.3).	ρw	is	the	wood	reLlectance,	here	divided	by	2	assuming	half	of	
the	reLlectance	is	directed	upward	and	half	downward.		
	
Other	tridiagonal	terms	are:	
	

	

	
and	

	

	
Where	𝐼!"#,%↓ 	is	the	incident	direct	beam	radiation	at	the	top	of	the	canopy.		
	
The diIuse and direct beam fluxes absorbed by leaves per ground area in layer i are 
respectively:  
 

 

 
And 

 

 
And the diIuse and direct beam fluxes absorbed by wood in layer i are:  
 

 

 
And 

 

 
For longwave radiation leaf emissivity is 0.98, leaf forward scattering ρl and forward 
scattering 𝜏l	were both set at 0.01.	For wood, emissivity is around 0.92 and we set 
reflectance and transmittance in equal proportion a 0.04:  

 

 



For longwave, fracl,i and fracw,i refer to fractions of intercepted diIuse radiation following 
Equation 1 and Equation 2 above. Again, starting from the equations developed in Bonan 
(2019), we have the longwave radiation emitted by layer i: 
 

 

 
And the tridiagonal terms: 

 
 

 
 
With  
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The net longwave fluxes per ground area for leaves and wood are : 

 

 

  

         
 
 
In this study, we indirectly accounted for multiple scattering within clumped shoots in the 
Norman model by modifying a clumped layer’s scattering coeIicient following the 
approximation proposed in Smolander and Stenberg (2003). This approach is based on the 
assumptions that (1) the shoot clumping index as defined in Béland and Baldocchi (2020) 
for broadleaf shoots is equivalent to the needleleaf shoot shading factor as defined in 
Smolander and Stenberg (2003), and (2) the relation between shoot clumping index and 
recollision probability (recollision probability being equal to one minus the clumping index) 
is a good enough approximation to account for multiple scattering within a clumped 



element volume. The eIect of the recollision probability on the radiative transfer can then 
be accounted for by modifying the absorptance of a clumped area (Ash) using:  

 

Equation 3 

Where ω is the leaf-level scattering (𝜌+𝜏, where 𝜌 is leaf reflectance, and 𝜏 leaf 
transmittance), and Ω is the layer leaf clumping index which changes vertically in the 
canopy. The scattering coeIicient for a clumped layer (⍵’) is 1-Ash. Since the Norman 
model does not enable multiple scattering within a layer, the leaf-level reflectance and 
transmittance are here modified to account for the decreased scattering of clumped leaf 
shoots following: 𝜌’= (𝜌 / ω) · ⍵’ and 𝜏’= (𝜏 / ω) · ⍵’.  
 
  



Comparison between models 
 

 

 
Figure S 1: Budget for the propor-ons of NIR reflected, and absorbed by sunlit and shaded leaves, by wood and soil, simulated 
using the Norman model with four different configura-ons and the FLiESvox 3D ray tracing model. 

 



 
Figure S 2: Budget for the propor-ons of PAR reflected, and absorbed by sunlit and shaded leaves, by wood and soil, simulated 
using the Norman model with four different configura-ons and the FLiESvox 3D ray tracing model. 



 
 

 
Figure S 3: Vertical profiles of PAR absorbed by sunlit leaves for the modified Norman (all modifications presented in 
paper) and FLiESvox models 



 

 
Figure S 4: Vertical profiles of NIR absorbed by sunlit leaves for the modified Norman (all modifications presented in 
paper) and FLiESvox models 

 



 

 
Figure S 5: Vertical profiles of PAR absorbed by shaded leaves for the modified Norman (all modifications presented in 
paper) and FLiESvox models  



 

Figure S 6: Vertical profiles of NIR absorbed by shaded leaves for the modified Norman (all modifications presented in 
paper) and FLiESvox models 

 



 

 
Figure S 7: Vertical profiles of PAR absorbed by wood for the modified Norman (all modifications presented in paper) and 
FLiESvox models 



 

 
Figure S 8: Vertical profiles of NIR absorbed by wood for the modified Norman (all modifications presented in paper) and 
FLiESvox models 

 



 

 
Figure S 9: Evaluation of the addition of leaf clumping to the Norman model by comparison to the 3D ray tracing model 
estimates for all sites. Both models do not consider wood nor recollision probability. Shown here is NIR absorbed by 
shaded leaves. 

 



 
Figure S 10: Evaluation of the addition of leaf clumping to the Norman model by comparison to the 3D ray tracing model 
estimates for all sites. Both models do not consider wood nor recollision probability. Shown here is PAR absorbed by 
sunlit leaves. 

 



 

 
Figure S 11 Evaluation of the addition of leaf clumping to the Norman model by comparison to the 3D ray tracing model 
estimates for all sites. Both models do not consider wood nor recollision probability. Shown here is NIR absorbed by sunlit 
leaves. 



 

 
Figure S 12: Evaluation of the addition of leaf clumping to the Norman model by comparison to the 3D ray tracing model 
estimates for all sites. Both models do not consider wood nor recollision probability. Shown here is PAR absorbed by 
shaded leaves. 

 



 
 
Figure S 13: Vertical profiles of PAR absorbed by wood for the modified Norman (all modifications presented in paper) and 
FLiESvox models in the particular case where there are no leaves in the canopy. 1000 W/m2 of incoming radiation 

 

 
 



 
Figure S 14: Vertical profiles of NIR absorbed by wood for the modified Norman (all modifications presented in paper) and 
FLiESvox models in the particular case where there are no leaves in the canopy. 1000 W/m2 of incoming radiation 

 



 
Figure S 15: Model sensitivity to wood clumping factor and incoming radiation diWuse fraction. Figure shows the budgets at 
each site for the propor-ons of NIR reflected, and absorbed by sunlit and shaded leaves, by wood and soil, simulated using the 
Norman model with five different configura-ons, including varia-ons in wood clumping factor and diffuse frac-on. 



 
Figure S 16: Model sensitivity to wood clumping factor and incoming radiation diWuse fraction. Figure shows the budgets at 
each site for the propor-ons of PAR reflected, and absorbed by sunlit and shaded leaves, by wood and soil, simulated using the 
Norman model with five different configura-ons, including varia-ons in wood clumping factor and diffuse frac-on. 
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