
How	do	we	sum	fluxes	from	the	scale	of	leaves	to	plant	canopies,	to	landscapes	and	the	
globe	it	the	quest	of	this	set	of	lectures	
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Can	we	apply	principles	learned	in	this	class	to	chase	problems	at	the	landscape,	region,	
con@nent	and	global	scales?	
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We	have	a	great	challenge	because	the	problem	we	are	dealing	with	can	span	13	to	14	
orders	of	magnitude	
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We	are	also	interested	in	integra@ng	fluxes	with	regards	to	@me,	star@ng	with	short	term,	
hourly	averages,	integreing	them	to	days,	seasons	and	years.	
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Why	are	these	scales	of	interest	and	necessary	to	span?	They	relate	to	the	problems	we	
want	to	solve	the	the	incorpora@on	of	addi@onal	suites	of	processes	as	we	move	up	in	
scale.		A	key	lesson	is	that	these	are	complex	systems	and	they	experience	scale	emergent	
proper@es	as	we	transcend	scales.		Biophysical	models	work	well	on	short	@me	scales	given	
meteorological	condi@ons	and	state	of	the	vegeta@on,	like	leaf	area	index,	albedo,	
roughness	length.		But	as	we	go	out	to	longer	@me	scales	we	need	to	consider	
biogeochemical	and	ecophysiological	factors	that	will	govern	phenology,	photosynthe@c	
capacity,	stomatal	conductance.		And	as	we	move	out	to	climate	condi@ons,	we	need	
informa@on	on	how	the	dynamics	of	the	landscape	is	changing.	
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What	about	the	skep@cs	who	worry	about	garbage	in	and	garbage	out?		Can	we	even	
consider	these	problems	across	scales.		When	deWit	wrote	his	famous	quote	we	did	not	
have	gridded	informa@on	from	satellites	and	weather	reanalysis,	so	he	was	right.		Yet	over	
@me	we	have	been	able	to	cross	this	impediment	with	good	success,	as	with	the	advent	of	
global	ecology	and	development	of	the	SIB	model	by	Sellers	and	colleagues.	
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Applica@on	of	bio	meteorological	principles	to	global	scale	fluxes	of	water,	energy	and	
carbon,	with	the	SIB	model,	forced	by	satellite	remote	sensing	inputs	helped	push	us	pass	
deWit’s	barrier.	
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This	figure	helps	show	why	we	need	to	couple	carbon,	water,	energy	and	nitrogen	to	
produce	flux	es@mates	across	different	ecosystems,	land	management,	etc.	
	
These	mul@ple	constraints	help	produce	more	defensible	model	computa@ons	of	
ecosystem	scale	fluxes	than	before	with	highly	parameterized	models,	like	the	Jarvis	
siomatal	conductance	model	
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Many	coupled	processes;	They	operate	across	a	number	of	@me	scales;	involve	a	number	
of	‘spheres’.	Key	points	are	feedbacks,	scale	emergent	proper@es,	coupling	of	
biometeorology	with	ecology	and	biogeochemistry.	This	is	why	this	course	is	so	broad	and	
why	I	challenge	you,	and	me,	to	read	and	think	broadly.	
	
Future	direc@on	is	to	combine	models	like	ED2,	the	ecosystem	dynamics	model	with	
mesoscale	models	like	WRF,	RAMS	and	OLAM.	

11	



We	cant	forget	below	ground,	too,	in	terms	of	feedbacks	between	plants,	water,	roots..	
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Philosophically	different	levels	of	model	detail	may	be	needed	to	predict	fluxes	with	
success	in	different	ecosystems	and	climate	spaces.	
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How do we integrate fluxes from leaves to canopies. What are our options. Here is 
a hierarchy of models used by the community, trending from simple to greater detail. 
Some models are too simple and others are too complex to be of practical use. 
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Since all models are wrong the scientist cannot obtain a "correct" one by excessive 
elaboration. On the contrary following William of Occam he should seek an 
economical description of natural phenomena. Just as the ability to devise simple 
but evocative models is the signature of the great scientist so overelaboration and 
overparameterization is often the mark of mediocrity.  Below we describe the pros 
and cons of the hierarchy of models and depending on your application which one 
is most applicable. 
 
George E. P. Box (1976) Science and Statistics Journal of the American Statistical 
Association, Vol. 71, No. 356. (Dec., 1976), pp. 791-799	
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Collec@ng	real	data	
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Model	data	fusion	has	made	some	advances	in	the	past	decade	and	is	quite	popular	among	
certain	groups.		It	has	good	u@lity	for	gap	filling	by	integra@ng	in	@me	and	space.		Though	
oben	the	model	parameters	may	be	overly	tuned	and	not	have	biophysical	meaning,	so	
there	should	be	care	in	using	such	models	to	project	far	into	the	future.	For	this	reason	
much	of	this	class	focuses	on	mechanis@c	models	that	have	links	to	biophysical	processes	
and	can	be	parameterized	by	field	measurements	at	the	leaf	scale.	
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Simple	big	leaf	model.	One	used	by	many	climate,	weather	models,	though	its	use	is	fading	
in	terms	of	more	complex	and	Beder	algorithms	
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One	should	use	at	least	a	dual	source,	dual	patch	model	that	treats	fluxes	for	plants	and	
soil	and	sun	and	shade	frac@ons.	We	will	discuss	why	in	later	slides.	
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Mul@-layer	models	allow	us	to	compute	fluxes	at	mul@ple	layers	in	a	canopy	to	deal	with	
strong	gradients	in	light	and	turbulent	mixing.		These	are	among	the	more	rigorous	
methods	
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This	equa@on	is	at	the	heart	of	mul@layer	models	and	outlines	the	coupled	biophysical	
processes	that	must	be	considered.	Over	my	career	this	is	the	equa@on	that	has	guided	
much	of	my	work,	experiments	and	thinking.		We	need	to	know	canopy	structure	and	lai	to	
assess	a,	wind	and	turbulence	to	assess	rb	and	C(z),	physiology	and	soil	moisture	to	assess	
rs	and	biochemistry	to	asses	Ci.	
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With	this	simple	case	you	see	the	addi@on	of	a	higher	order	term	
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Many	of	the	equa@ons	are	very	non	linear	so	we	need	to	apply	these	models	by	
considering	the	sun	(psun)	and	shade	(pshade)	frac@ons,	which	we	will	discuss	below.	
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This paper by Chen clearly shows how wrong one may be using a big leaf model vs 
one that considers sun shade fractions. Clearly the sun shade model has better 
performance. 
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This	paper	is	a	more	thorough	analysis	using	flux	data	from	numerous	canopies	

32	



How	do	we	apply	a	sun	shade	model.		Here	is	a	simple	case	for	stomatal	conductane	and	
models	to	compute	the	leaf	area	of	the	sun	and	shade	leaves	from	light	transfer	theory.	L	is	
leaf	area	index	and	k	is	the	ex@nc@on	coefficient.	

33	



A	vegetated	landscape	can	be	quite	complex.		What	are	our	op@ons	for	trying	to	model	this	
system.	We	use	sta@s@cal	representa@ons	rather	than	relying	on	the	Cartesian	loca@on	of	
each	and	every	leaf;	though	the	later	is	becoming	possible	with	new	ground	base	lidar	
measurements	of	canopy	structure	and	the	applica@on	of	Monte	Carlo	3d	ray	tracing	
models	for	compu@ng	radia@ve	transfer.	
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With	terrestrial	LIDAR	we	can	now	visualize	trees	in	great	detail	and	look	at	ray	transfer	
through	voxels.	
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We	use	sta@s@cal	theory	to	simulate	light	transfer	through	vegeta@on.	It	makes	the	
endeavor	tractable	
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We	start	with	a	form	of	Beer’s	law	which	is	used	to	compute	the	probabilty	of	beam	
penetra@on	or	the	probability	of	zero	lights,	P0.	It	is	a	func@on	of	the	angle	of	the	source	
and	the	angle	of	the	leaves	
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Here	is	a	family	of	curves	for	different	sun	angles	and	cumula@ve	leaf	area	index,	L.		Typical	
over	90%	of	incoming	radia@on	is	adtenuated	by	the	@me	L	reaches	5.	
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Probability	of	Beam	is	a	func@on	of	the	deriva@ve	of	P0	with	respect	to	L,	adjusted	for	the	
sun	and	leaf	angles.		It	tells	us	what	fac@on	of	leaves	are	sunlit.		Its	complement	is	the	
frac@on	of	leaves	are	shaded.		Ironically	for	randomly	popula@ons	of	leaves	Pb	and	P0	are	
iden@cal.	
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Sunit	leaf	area	is	related	to	the	integral	of	P	beam	
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Depending	on	the	sun	angle	the	amount	of	area	that	can	be	sunlit	is	greater	than	one	and	
reaches	an	asymptote	near	2.	
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If	leaves	are	clumped,	we	apply	the	clumping	factor,	omega.	And	by	solving	analy@cally	for	
Pb,	we	learn	in	this	case	that	Pb	does	not	equal	P0.		This	is	important	lesson	in	applying	
these	ideas	to	models.		It	is	important	to	understand	the	deriva@on	and	source	of	
equa@ons	we	use	and	not	plug	and	chug	
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What	is	the	G	func@on.		It	is	essen@ally	the	cosine	of	the	angle	between	the	beam	and	the	
leaf	normal.		We	weight	it	for	all	the	angles	of	the	leaf	distribu@on	and	integrate	it	across	
the	hemisphere.		We		can	use	spherical	geometry	to	assess	cos	(n	nleaf)	
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For	many	prac@cal	applica@ons	G	is	about	0.5,	especially	if	the	leaves	possess	a	spherical	
distribu@on.	
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We	can	beder	understand	G	by	thinking	about	ex@nc@on	coefficients,	which	is	related	to	
the	area	of	leaves,	A,	projected	on	the	horizontal,	Ah	
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Ex@nc@on	coefficients	are	another	way	to	look	at	light	transfer	through	vegeta@on.	Here	is	
how	k	varies	with	solar	zenith	angle	
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These	are	some	of	the	key	limits	for	k	depending	on	angle	of	leaves	and	sun	
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Here	is	a	deriva@on	rela@ng	k	and	G	and	cos	(n	nl)	
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Simple	algorithms	for	different	leaf	angle	classes	
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Simple	scheme	for	light	transfer	for	1D	canopy,	implemented	by	Norman.	This	is	the	
scheme	I	use	in	CanVeg	
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How do we integrate fluxes from leaves to canopies. What are our options. Here is 
a hierarchy of models used by the community, trending from simple to greater detail. 
Some models are too simple and others are too complex to be of practical use. 
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