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Canopy Reflectance, Photosynthesis,
and Transpiration. III. A Reanalysis Using
Improved Leaf Models and a New Canopy

Integration Scheme.
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The theoretical analyses of Sellers (1985, 1987),
whiach linked canopy spectral reflectance properties
to (unstressed) photosynthetic rates and conduc-
tances, are critically reviewed and significant
shortcomings are identified These are addressed
n this article principally through the incorporation
of a more sophisticated and realistic treatment of
leaf physiological processes within a new canopy
integration scheme It 1s assumed, based on eco-
physwlogical observations and arguments, that leaf
physiological properties vary throughout the plant
canopy tn response to the radation-weighted time-
mean profile of photosynthetically actwe radwation
(PAR) These modifications yield a simpler and
more robust theoretical relationship between can-
opy buwphysical rates (photosynthesis, conduc-
tance) and spectral vegetation indices (SVI) The
results wdicate that area-averaged SVI, as ob-
tained from coarse resolution satellite sensors, may
gwe good estimates of the area-integrals of photo-
synthesis and conductance even for spatially heter-
ogenous (though physwlogically unmiform) vegeta-
tion covers
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INTRODUCTION

Over the last 10 years, there have been some
important advances n our understanding of how
leaves assimilate carbon and control the simulta-
neous loss of water vapor through their stomata
Farquhar et al (1980) showed how a biochemical
model of leaf CO; assimilation based on rate con-
stants calculated from a consideration of the en-
zyme kinetics and electron transport properties
of chloroplasts could yield a realistic description
of photosynthesis for C; plants Collatz et al
(1991), following Ball (1988), used this work and
observations of stomatal conductance to construct
a robust semiempinical model of leaf stomatal
function which can reproduce the response of leaf
conductance to changes in ambient temperature,
humidity, CO; concentration, and assimilation
rate A number of investigators (Field, 1983, Ter-
ashima and Inoue, 1985, Hirose and Werger,
1987, Gutschick and Wiegel, 1988, Farquhar,
1989, Evans, 1989a) explored consequences of
the distnbution of photosynthetic capacity in leaves
and canopies with respect to hight and developed
crteria for identifying the distrnbution of any fixed
total capacity that maximizes photosynthetic CO,
assimlation

It would be useful to extend this knowledge
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of leaf-level processes up to the canopy scale
(meters and kilometers) Among other applica-
tions, this could lead to the calculation of carbon
fluxes and evapotranspiration rates on scales con-
sistent with global biogeochemical cycle studies,
see, for example, Tans et al (1990) To do this, 1t
1s necessary to quantify the relationships between
canopy function and spectral signatures because
satellite remote sensing offers the only practical
means of continuously and consistently monitor-
ing biospheric processes on a global scale

Sellers (1985, 1987) mvestigated methods of
integrating simple leaf-level models of ight scat-
tering, hight absorption, photosynthesis, and sto-
matal conductance over the depth of vegetation
canopies His analysis explored a theoretical basis
for analyzing the empirical connections between
spectral vegetation indices (SVI) and important
functional relationships that regulate canopy pho-
tosynthesis and transpiration A key result showed
that for horizontally uniform (plane-parallel) cano-
pies, there 1s a strong mechamstic basis for a
correlation between the fraction of photosyntheti-
cally active radiation absorbed by the vegetation
canopy (FPAR) and the associated simple ratio
vegetation index (SR) (near-infrared reflectance
divided by visible reflectance) The analysis also
showed that the bulk canopy photosynthetic ca-
pacity and the maximum canopy conductance
were near-linearly related to the SR However,
the leaf physiological models used in the analysis
of Sellers (1985, 1987) suffered from a number of
shortcomings

1 The leaf CO; assitmilation and stomatal con-
ductance models used simple empirical func-
tions which are hard to parametenze

n There was no hnkage between stomatal
function and leaf CO, assimilation

m Leaf physiological properties (photosynthetic
capacity, etc ) were assumed to be mvarnant
through the depth of the canopy

These 1ssues are addressed m the analysis
presented n this paper We demonstrate that the
mcorporation of a more sophisticated treatment
of physiological processes results m a simpler
and more robust relationship between canopy
biophysical rates (photosynthesis, conductance)
and spectral vegetation mdices (SVI)

THEORETICAL BACKGROUND

Summary of the Analysis of Sellers (1985; 1987)

Many researchers have utilized combmations of
spectral radiance observations acquired over veg-
etated surfaces by satellite or aircraft-mounted
sensors as indicators of the density, health, or
biomass of the vegetation These empirical apph-
cations of remote sensing take advantage of the
large difference between the hight scattering prop-
erties of green leaves in the visible and near-
mfrared wavelength ntervals

Sellers (1985, 1987) used a two-stream ap-
proximation model to describe radiative transfer
within vegetation canopies The equations ob-
tamned from the two-stream method may be used
to calculate the hemispheric reflectance of a plant
canopy as a function of a) the relative spectral
response function of the sensor, b) the radiation
field incident on the canopy, c) the soil or back-
ground reflectance, d) the scattering coeflicients
and geometric arrangement of the leaf elements,
and e) the amount of vegetation present, as speci-
fied by the leaf area index, for example A related
procedure was used to calculate the profiles of
radiation absorbed by leaves as a function of can-
opy depth

Sellers (1987) used these equations to show
that for 1deal conditions —uniform green canopy,
dark underlying surface —the spectral vegetation
mndices (SVI) should be proportional to the near-
infrared reflectance, a,, and to FPAR [referred
to as APAR m Sellers (1985, 1987)] The most
commonly used SVI are the simple ratio (SR)
and the normahized difference (ND) vegetation
mndices, defined as

SR=2, (1a)
a,

ND=2—5 (1b)
ay +da,

where

ay,a, = hemisphernc canopy reflectances for
near-infrared and visible wavelength
tervals, respectively (sensor-dependent)

Sellers (1987) showed that this useful relation-
ship between the SVI and FPAR holds because
the broad-band scattering coeflicients of green
leaves m the near-infrared (wy) and visible (w.)
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wavelength intervals are very different (Table 1),
this difference 1s such that

da. _ d(FPAR)
oc
aL, 9L,

where

, forall valuesof L;, (2)

L, =total leaf area index

when the extinction coeflicient for the flux of
PAR or visible rachation (k) 1s roughly double the
extinction coefficient for diffuse near-infrared flux
(hy) within the canopy, that 1s, when

k = 2hy, (3a)
which may be reexpressed as

% (1 — wv)l/z = 2( _ C0}\})1/2’

b
u (3b)

where

wy, Wy =leaf scattering coefficients i the

visible, near-infrared wavelength
mntervals, respectively (sensor-
dependent),

k =extinction coefficient for direct
(solar) beam flux within the canopy

=[G(u)/ 1)1 - @),

hy = extinction coeflicient for diffuse

near-infrared flux within the canopy

— (1 — N)1/2

Table 1 Parameters Used To Calculate Leaf
Photosynthesis and Conductance for the Models Used m
Sellers (1985, 1987)

Parameter Units Value
Photosynthesis

a umol m-2 57! 520

b pumol m~%2s-!, Wm~2 13800, 300 0
Conductance

as pumol mol-!, J m~3 1268 5, 13966 0

bs pmol m~2s"!, Wm~2 046,01

c2 (molm-2s 1! sm-! 055,280
Leaf properties

) - 05

w, — 02

Wx — 095
Soil reflectance

[OR — 01
Solar angle

u cos™! 05

¢ Adapted from Charles-Edwards and Ludwig (1974) and Jarvis
(1976), see Eq (1)

These parameters were obtained by curve fits to the PAR response
functions as given by the Farquhar et al (1980) and Collatz et al
(1991) models for stress-free (relative humidity = 1) conditions, see
Figure 6e, {

G(u) =relative projected area of leaves
in direction cos ! u,
4 = cosime of solar zemth angle

Simply put, Eq (2) holds because the near-
infrared reflectance ay 1s proportional to double
the pathlength of near-infrared radiation in the
canopy [e~ 7], as this radiation must enter and
leave the canopy, while FPAR 1s proportional to
only the one-way penetration and absorption of
PAR through the canopy [e %] The two parame-
ters, ay and FPAR, will be proportional to each
other if Eq (3) 1s satisfied

If the soil or background matenal underlying
the canopy 1s relatively dark, so that

da, 0,
dL.
we can write
9(SR) . 9 (4)
oL, OL,

It follows then that FPAR 1is proportional to SR

Figure la shows how the canopy visible and
near-infrared reflectances, a, and a,, the simple
ratio vegetation index SR, and FPAR vary with
leaf area index for the (almost 1deal) model canopy
described i Table 1 Figure 1b illustrates how
the nonlinear functions of leaf area index, SR and
FPAR, shown mm Figure la are almost linearly
related to each other because of the relationship
expressed in Eq (3)

The analysis summarized above provides a
theoretical foundation for the correlation between
the SR and FPAR established by empirical analysis
of remote sensing data, Eq (3) 15 normally a
reasonable approximation for canopies composed
of randomly distributed elements with identical
reflectance properties overlying dark soils It 1s
important to note, however, that the system of
equations given 1n Sellers (1987) provides a gen-
eral basis for relating hemispheric reflectance
measurements to canopy, leaf, and soil proper-
ties —regardless of whether the above approxima-
tion 1s true

Sellers (1985, 1987) also exammed the rela-
tionship between canopy reflectance and the use
of PAR by leaves for net photosynthesis A, and
the regulation of stomatal conductance g, This 1s
a more complex problem since these physiological
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Figure 1 a) Vaniation of canopy optical parameters with
leaf area index as calculated by the two-stream approxima-
tion model of Sellers (1985, 1987) with parameters taken
from Table 1 a,, ay=visible and near infrared (hemi-
spherically-integrated) reflectances, SR = simple ratio vege-
tation index, FPAR = fraction of PAR absorbed by the can-
opy b) Simple ratio vegetation mdex plotted agamnst
FPAR, replotted from Figure 1(a) Dots on the curve refer
to values of leaf area index, 01, 05,10,20,40, 80,
reading from left to rnght

processes are mfluenced by several other van-
ables (temperature, water vapor content of the
air, water potential of the leaf, and the prnor
history of the leaves n the canopy) i addition to
the absorbed flux of PAR

In the treatment of Sellers (1985, 1987), the
models of Charles-Edwards and Ludwig (1974)
and Jarvis (1976) were used to descnbe leaf pho-

tosynthesis and leal stomatal conductance, re-
spectively

A=[% ATef(de), (5)
bz +F n

g= AT eif(de),  (5b)

a+bc; +c:F n

where

A, =leat photosynthesis
(umol m~?2 s~
=P 1 Sellers (1985,1987),
ai.b, = species-dependent constants
(umol m=2 s™', or W m™?),
F = (vector) flux of PAR
(umol m~* s7% 57! or W m™?),
n=vector of leaf normal,
AD).fler).f(de) = adjustment factors to account
for the effects of temperature,
leaf water potential, and vapor
pressure deficit stress,
g, =leaf stomatal conductance for
water vapor, (mol m~% s~!
or m s™'),
as,by,c; = species-dependent constants
(mol mol™' or ] m~’,
mol m * s™' or W m~3,
(mol m>~*s )™ or s m ")

The formulation used m (5b) 1s consistent with
the nomenclature used 1n Sellers (1985, 1987) It
was assumed that all the leaves in the canopy
respond 1dentically to F n The constants a, b1,
az, by, and c; can be determined from curve fits
to data (see Table 1) The stress factors f(x) varv
from umty, under optimal conditions, to zero
when photosynthesis and transpiration are totally
suppressed by adverse environmental conditions
(see Jarvis, 1986, Sellers et al, 1989, Collatz et
al, 1991)

The combiation of the environmental stress
factors was assumed to operate more or less un-
formly throughout the canopy so that in estimat-
ing canopy photosynthesis and conductance 1t 1s
only necessary to integrate Eqs (5) with respect
to the vanation of intercepted PAR, F n, down
through the canopy The canopy ntegral forms of
(5) may then be written as

Ly

g, F'n
b1+F n

} dL, (6a)
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g =f¥) g

0 az+bgCg+C2 Fn

LT[ b2+F n ] dL, (6b)

where

A= canopy photosynthesis (umol m~2 s~!),
g. = canopy conductance

(mol m~% s7! or m s7),
fZ)=AT)wif(de)

The PAR flux vertical component 1s assumed
to be attenuated as 1t passes down through the
canopy following the semiempirical expression of
Goudrnaan (1977)

F,=Fpe™* )
where

F.=PAR flux at leaf area index L in the
canopy (umol m~2 s™! or W m™?),
Fo=PAR flux above the canopy
(umol m~2 s™! or W m~3),
L =cumulative leaf area index

Insertion of Eq (7) mto (6) allows evaluation
of A; and g (see Sellers, 1985, Tables 3 and 4)
[Note The combination of (6) and (7) only ac-
counts for the variation of PAR ntensity with canopy
depth, a mean leaf angle 1s assumed throughout
Sellers (1985) explored the impact of this simpli-
fication on the calculation of the bulk canopy
properties, Ac and g: Full integrations over leaf
angle and onentation were made pror to the
integration with canopy depth, the difference be-
tween the results obtammed with the full (leaf
angles and onentations, canopy depth) and simph-
fied (mean leaf angle / orientation, canopy depth)
integrations was found to be practically neghgible ]

We may now rewnte Eqs (6) as

A=A f(T), (8a)
g =gEf(x), (8b)

where A% and g* are the integrated kernels of
(6) and represent the canopy-scale values of the
unstressed photosynthetic rate and conductance

Figures 2a and 2b show how A,, A% and g,
g% vary with mcident PAR flux F,, according to
Egs (5) and (6) (Here A, and g refer to leaves
at the very top of the canopy, fully exposed to the
ambient PAR flux F;)

Figures 2c and 2d show how A% and g¥ vary
with total leaf area index For any given PAR flux,
there 1s a dimimishing increase in A* and g* for

further increments of leaf area index as more and
more of the canopy consists of shaded leaves
which have progressively lower rates of A, and g,
Now an nspection of the solutions to Eqs (6) or
(8) [see Tables 3 and 4 n Sellers (1985)] shows
that, for low values of the incident PAR flux F,,
the denvatives of A% and g% with respect to total
canopy leaf area index L, are proportional to the
denvative of FPAR with L, and to e %~

0At dgt_ ., O(FPAR)

oL, AL, ’ oL, ~’

Equation (9) holds because the PAR flux 1s
used to drnive photosynthesis and conductance as
1t 1s progressively absorbed through the canopy
Figures 2e and 2f show A* and g* plotted against
FPAR, and 1t can be seen that, for the lower values
of Fo, Eq (9) holds resonably well Thus 1s because,
at low values of Fo, all the leaves in the canopy
have approximately the same slope of A or g,
agamnst Fy (see Figs 2a and 2b) At higher values
of F,, however, the leaves at the top of the canopy
are saturated (no change m A or g, with F), but
the leaves lower down are still below saturation,
resulting 1n an increasingly nonlinear relationship
between A%, g% and FPAR with increasing F,
This effect can be seen more clearly in Figures
2g and 2h, where A%/F, and g%/F, are plotted
against FPAR The lines corresponding to the
lowest values of F, are the most nearly Lnear,
degrading to more nonlinear forms as F, increases

Comparing Egs (2), (4), and (9), we have the
chain of relationships

dA% dgt_O(FPAR) da, d(SR)
. « o« o« ,
oL, dL, 9L, L. OL,

as Fob—~>0 (9)

as Fob—~0
(10)

so that under the speaified conditions —uniform
canopy, dark underlying soil, low levels of Fy—
A% and g% should be proportional to SR and other
SVI However, on clear days F, values typically
reach 200-400 W m~2 and so this approximation
should be viewed with some caution Additionally,
further nonhnear effects are induced when the
vegetation within the field of view 1s clumped nto
spatially heterogenous units (see Fig 21 of Sellers
(1985)]

This apparent nonhneanty of canopy function
potentially degrades the prospects for realistic
estimation of CO; assimilation using remote sens-
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Figure 2 a,b) Unstressed leaf, A, and g, and canopy, (A% and g%), photosynthesis and conductance as functions of mnci-
dent PAR flux, Fo, calculated using Eqs (5) and (6) 1n text, parameters from Table 1 Total leaf area index for the canopy,
L:=8 c,d) Vanation of unstressed canopy photosynthesis, A%, and conductance, g%, with leaf area index and PAR flux, F,,
calculated using Eqs (6) Values of F, are marked on the curves

ing It results from the fact that, in the formulation
of Sellers (1985, 1987), leaves at different levels
in the canopy are saturating with respect to F n
at different levels of F, If photosynthetic capacity,
as represented by the values of a; and b, mn (5),
1s constant throughout the canopy, leaves near
the top of the canopy would usually be completely
light-saturated while leaves near the base would
still be on the linear portion of the light-response
curve and thus unsaturated This formulation cer-
tainly exaggerates any nonlineanty that occurs in

nature, because leaves 1n shaded habits tend to
have lower photosynthetic capacities and saturate
at lower hight levels (Bjorkman, 1981)

In the following sections, we extend the analy-
sis of Sellers (1985) by replacing the empirical
leaf models with more general, semimechanistic
models of photosynthesis and stomatal conduc-
tance In contrast to the uniform distribution of
canopy properties with depth assumed above, we
explore depth distnbutions of photosynthetic ca-
pacity and maximum stomatal conductance that
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Figure 2 (continued) e.f) Relationships between A%, g%, and FPAR for a range of PAR fluxes using Eqs (6) and the two-
stream approximation model described mn Sellers (1985, 1987) gh) Relationship between A%/ Fo, g%/ Fo and FPAR, A%/ F,
and g%/ F, can be considered as surrogates for dA%/ 8F, and dg%/ 8 F% The points on the curves refer to values of
L:=01,05,10,20, 40, 80, working from left to right The numbers on each curve refer to values of Fo in W m~2? The
canopy 1s assumed to be uniform and green, overlying a dark background Parameter values are given in Table 1, f{E)=1

parallel the depth distribution of photosyntheti-
cally active radiation. This arrangement 1s sup-
ported by both an expanding base of empirical
data and a number of theoretical assessments
that 1dentify an optimum depth distribution of
photosynthetic capacity for maximizing canopy
photosynthesis The results of this analysis are
simpler and more general than those from the
previous studies, and indicate that the relation-

ships among SR, FPAR, A;, and g. should be
almost independent of the spatial distribution of
the vegetation

Improved Leaf Physiological Models

Farquhar et al (1980) presented a biochemical
model of leaf photosynthesis (including photores-
piration), subsequently extended by von Caem-
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merer and Farquhar (1985) and other researchers,
which describes CO, assimilation, A, as rate-hmited
by enzyme kinetics, specifically the amount and
cycle time of the carboxylating enzyme Rubisco,
and electron transport, which 1s a function of
mcident PAR and the efliciency of the leaf’s hight-
intercepting apparatus (chlorophyll) In a recent
version of the model (Collatz et al, 1991), A 1s
given by A = min(w., w,, w,), where w,, w,, w, are
functions which desribe the assimilation rates as
hmited by the efficiency of the photosynthetic
enzyme system, the amount of PAR captured by
the leaf chlorophyll and the capacity of the leaf
to export or utihze the products of photosynthesis,
respectively

The ribulose-bisphosphate (RuBP) carboxylase-
oxygenase enzyme (Rubisco) limiting rate on as-
sitmilation, w,, 1s given by

C,-T*
C.+K/(1 +0:/K,)

(11)

w =V,

where

w, = Rubisco-hmited rate of assimilation
(umol m~=% s71),

V,,=maximum catalytic capacity of
Rubisco (umol m~* s~')

C, = concentration of CO,
m leaf interior (Pa),

O, =partial pressure O;
leaf mterior (Pa),

I'* =CO; compensation pomt (Pa),

K, = Michaelis-Menten constant for
CO,, (Pa),

K,=1mhibition constant for O, (Pa)

V. 1s given by the product of V,, and a
temperature-dependent function [see Appendix
of Collatz et al (1991) and Table 2] V. 15 a
property of the leaf (or chloroplast) and 1s propor-
tional to the Rubisco reserves of the leaf (or
chloroplast) and thus 1ts mtrogen content I'*,
K., and K, are all functions of temperature [see
Appendix of Collatz et al (1991) and Table 2 of
this article]

The light-limited rate of assimilation, w,, 1s
given by

w, = (F n)g(l —w‘){ C“FT (12)

C+2I'*

where

w, = hght-limited rate of assimilation
(umol m~% s,
e =mtrinsic quantum ethciency for
CO; uptake, (umol gmol~' or pmol J )

A third hmiting rate has been defined bv
Collatz et al (1991) w, 1s the capacity for the
export or utilization of the products of photosyn-
thesis and 1s estimated bv Collatz et al (1991) to
be

w,=V,/2 (13)

The simplest way to proceed 1s to assume that
the assimilation rate 1s the mmmimum of w,, w.,
and w, (cf Farquhar et al , 1980) However, obser-
vations mdicate that the transition from one lim-
1iting rate to another 1s not instantaneous and that
coupling between the three processes leads to
smooth curves rather than superpositioning of
straight ines Collatz et al (1991) describe this
effect by combining the rate terms nto two qua-
dratic equations, which are then solved for their
smaller roots

Ow; — wy(w + w,) + waw, =0, (14a)

BA? - A(w, +w) +waw, =0,  (14b)

where

A =assimilation rate (umol m~2 s7'),
0.8 = couphng coeflicients,
w, = “smoothed” mmmimum ofw, and
w, (umol m~* ¢
The coeflicients € and B can theoretically
range from 1 (no coupling effects) to 0 In nature,
these coeflicients assume values on the order of
08 to 099 (see Collatz et al, 1990) Figure 6a
shows an example of a sharp transition from w,
to w. (6, f=1), Figure 6e shows a more gradual
transition (6, =0 8)
Net assitmilation A, 15 then given by
An = A - R([» (15)
where
R, =leaf respiration rate (umol m ?* s ')

Collatz et al (1991) scaled R, to the leaf carboxyl-
ase content by

Ry=0 015V, (16)
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Table 2 Forcing Vanables, Leaf Parameters, and Derived Output Variables for the Coupled

Stomatal-Photosynthesis Leaf Physiology Models

A Forang Varubles

Symbol Varable Values Unats
C, CO; concentration m CAS' 34 Pa
Fo PAR flux above canopy 50, 100, 200, 400 W m~2
230, 460, 920, 1840 pmol m~2 57!
2 Leaf boundary layer conductance (H2O) 004 ms!
h, Relative humidity of CAS 01,025,05,075
0, O; concentration in CAS' 20,900 Pa
P Atmosphenc pressure’ 1013 x10° Pa
T, Leaf temperature 310 K
u Cosine of mcident angle of PAR flux 025,05 075,10
B Leaf Parameters
b Mmimum stomatal conductance’ 001 mol m~2 57!
G{u) Leaf angle distribution function 05 -
(replaces n)
K. Michaelis—-Menten coefficient for CO.' 30%2 1% Pa
Ko Inhibition coefficient for Oqf 30,0001 29 Pa
L, Total leaf area index 01,05,10, m? m~?
20,40,80

m Slope parameter’ 90 -
Q: Q1o temperature coefficient’ (T,—298)/10 -
S CO; / O spectficaty’ 2600%0 579 —
Vi Maxmum leaf catalytic capacity at T, Vinax* 29 pmol m-2¢-!
Vinax Maximum leaf catalytic capacity at 298 K 200 pmol m-2s-!

Vinato Vpnax for top leaves' 200 pmol m~2 5!
r* CO; photocompensation point’ 0./ (28) Pa
£ Quantum efficiency for CO; uptake' 008 mol mol !
W, Leaf scattering coeflicient for PAR 02 -
6,8 “Linkage” coefficients between 10,10, -

W, We, Ws 08,08
C Derwed Vanables

A Assimilation rate - pmol m~2s7!
C, Leaf intertor CO; concentration - Pa
C, Leaf surface CO. concentration — Pa
E Transprration rate - molm-2s5"!orms-!
& Leaf stomatal conductance (H:O) - mol m 257! orms!
h, Leaf surface specific humidity - -
Ry Respiration rate - pmol m~2 571

¢ Values of forcing vanables and leaf parameters used to test integration schemes were taken from Collatz et al (1991) when mdicated

by t CAS stands for canopy air space

Collatz et al (1991) went on to incorporate

the above photosynthesis model with the

Ball

(1988) semiempinical model for leaf stomatal re-

sistance
A
=m—hyp +b,
& C. P

where

g, = stomatal conductance for water
vapor (mol m~2 s™! or m s7%),
m = coeflicient from observations

=9 for C; plants,

(17)

b = coeficient from observations
= 001 for C; plants

(mol m~% s7! or m s7!),
hs=relative hurmdity at leaf
surface,

C,=CO; concentration at leaf
surface (Pa),
p = atmospheric pressure (Pa),
p,=standard atmospheric pressure
=1013x 10° (Pa),
T;=freezing temperature =273 16 K,

g (m s‘1)=00244z-’-’—sg? (mol m~2% s7)
Ip
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The leaf surface environment vanables, h, and
C,, are given by (see Fig 3)

(H-H)g=(H-H)g=E (18
We also see from Figure 3 that
H
h,={=1, 18b
? [ HJ (18b)
(CH_C&)&z(CS—Cl)é_=A", (18C)
p 14 p 16

where

H, H,, H,= water vapor concentration i the

external air, at the leaf surface
and mside the leaf, respectively
(mol mol™),

g, =leaf boundary layer conductance for
water vapor (mol m~? s~
or m s '),

E = transpiration rate (mol m~2 s~
or m s '),

C,, C,=carbon dioxide concentration i the
external air and at the leaf
surface, respectively (Pa),

14,1 6 =factors to account for different
diffusivities of H,O and CO,
in the leaf boundary layer and
stomatal pores, respectively

1

The system 1s then closed by calculating the
CO, concentration of the leaf interior

1 64,
&

C=C - p (19)

Figure 3 Coupled stomatal-photosynthesis models
as described by Collatz et al (1991) for canopy pho-
tosynthesis and transpiration System shows path-
ways for heat, CO. and water vapor flux

1
-« Stomate—ste— Leaf Boundary —»
Layer

(1/gp)

{1/gg}

Sensible
Heat

Water
Vapor

co,

Figure 3 shows how the fluxes of water vapor,
temperature, and heat from a leaf to the external
air are assumed to behave in this model Figure
4 shows how the system of equations 1s solved 1n
practice Table 2 hsts the required forcing van-
ables (environmental conditions), leaf parameters,
and the derived (output) variables given by the
solution of the equation set described n this
section and depicted in Figure 4

The Scaling of Leaf Physiology to
Canopy Position

Leaves in shaded microsites have lower photosyn-
thetic capacities and maximum stomatal conduc-
tances than leaves 1n exposed microsites (Bjork-
man, 1981) This extremely general pattern
applies to plants grown in controlled environ-
ments with high and low hght (Bjorkman and
Holmgren, 1963, Evans, 1989a), to lower and
upper leaves on a single plant (Field, 1983, Hirose
and Werger, 1987), and to mixed species assem-
blages with shade-tolerant understory species be-
neath a canopy of different species (Bazzaz, 1979,
Schimel et al, 1991) Species differ greatly in
their phenotypic plasticity (Seemann et al , 1987,

Figure 4 Iterative solution method for the
photosvnthesis-stomatal conductance model, after Collat,
et al (1991) equation set

Equation
Vin - f(Vmax T
(16) Ry = f(V,)
Ko Ko = f(T)
r« i f(T, Oy)
Estimate C,
(11 W, z flC, Vi I'™0 Ky, K
(12) w, = f(C, Fen, €, w ')
* Adjust
(13) Wy 1 V) C,
{14 15) A, = flw, w,wg O, 3)—Ry
(17,18) l
gs he C, = flA, m b, gy, C))
(19) New estimate,
C/ = fiC, A, gl
| Cr=c, >0

Y

. Exit
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Evans, 1989a), in response to growth m low or
high-hght habitats (Bjorkman and Holmgren,
1963), and 1n the extent to which stress factors
other than Light depress photosynthetic capacity
(Mooney, 1972) All of this intrinsic complexity
1s the raw matenal from which ecological and
evolutionary factors shape plant canopies, with
the result that the depth-distribution of photosyn-
thetic capacity n real canopies tends to be quite
predictable

Why does the shaping of plant canopies of
ecological and evolutionary factors constramn the
response of photosynthetic capacity to light avail-
abihity? Three factors appear to be critical First,
the basic mechanisms of photosynthesis are essen-
tially 1dentical 1n all C; plants (more than 85% of
all plant species), and differences 1n capacity are
largely driven by differences in mvestment n
the biochemical machinery of photosynthesis The
strong, linear relationship between photosyn-
thetic capacity and leaf mtrogen (Field and Moo-
ney, 1986, Evans, 1989b) attests to this linkage
between vestment and capacity Second, the
mvestments required to support photosynthesis
are expensive Nitrogen nutrition alone can con-
sume from 20% to 45% of the carbon fixed 1n
photosynthesis (Chapin et al, 1987) Third, any
plant that invests too much photosynthetic capac-
ity 1n any leaf should be at a competitive disadvan-
tage to a plant that matches ivestments to local
resource (especially hight) availability For a single
plant with leaves distributed through a canopy,
the cnterion for the most efficient distribution of
capacity 1s given by the solution to the 1soperime-
tric problem in dynamic control theory (see Intril-
igator, 1971, Bloom et al, 1985) Specifically, if
photosynthetic capacity 1s limited by some quan-
tity Z that 1s expensive for the plant to acquire,
then the returns on any fixed investment in Z are
greatest when

aAmt _
az

where A, 1s photosynthesis tegrated over an
approprnate spatial or temporal scale and A 1s an
undefined Lagrangian multipher In the analyses
to date, Z has been considered as transpiration in
a single leaf (Cowan and Farquhar, 1977), leaf
nitrogen 1n a canopy (Field, 1983), leaf mass in a
canopy (Gutschick and Wiegel, 1988), and photo-
synthetic capacity i a leaf (Farquhar, 1989) A,

A (20)

1s typically the instantaneous value of photosyn-
thesis for single leaf analyses but the single-leaf
daily integral for canopy analyses If the condition
in Eq (20) holds for mnstantaneous values, 1t also
holds for daily integrals The problem of optimal
resource allocation has no general solution when
a canopy 1s composed of many plants or species,
but the single plant solution may be approxi-
mately correct, as long as all plants tap a common
pool of below-ground resources and construct
tissues of similar composition and cost

PAR 1s also expensive to acquire, because
plants cannot capture 1t without mmvesting
leaves, stems, and branches Formally, the prob-
lem 1s 1dentical to those already solved As long
as

9%A

2
BIF n)(1 - @ &
for all A, then we can also write
JA
=A, 22
BE (1 -w)] (222)
which leads to
3A.
3(FPAR) A (22b)

where the value of 4 1s different for each quantity
(water, nitrogen, mass, or PAR) and also depends
on the level of each quantity invested as well as
on the status of the environmental vanables that
nfluence photosynthesis and transpiration

Equation (22) implies that, at all levels 1n the
canopy, leaves begin to saturate with respect to
(F n}1-w,) at the same F, In fact, the hight
response curves for leaves at all levels of the
canopy should be scaled versions of a single re-
sponse, with a scaling factor proportional to
[(F n)(1-w,)]/F, As long as dark respiration 1s
the same at all levels 1n the canopy or 1s propor-
tional to Vi [as 1 this analysis, see Eq (16)],
then the hght saturated photosynthetic rate, or
Amax, should also be proportional to [(F n)]
(1 ~w,)]/F, or to (F n)(1 - w,)

At any level in the canopy, the value of
[(F n)(1 —w,)]!/F, changes during the day, on a
time scale that changes m A,. are unlkely to
track Again, for optimum efficiency, adjustments
1N Anax are hikely to follow a moving time average
of the light regime An expanding body of empiri-
cal data, including the results of Field (1983),
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Walters and Field (1987), and Pons et al (1990),
directly supports the prediction that A, for each
leaf should be proportional to the time-averaged
or integrated PAR that that leaf expeniences Adds-
tional studies, mcluding DeJong and Doyle
(1985), Hirose and Werger (1987), Hirose et al
(1989), Kittel et al (1990), and Schimel et al
(1991), reported that leaf mtrogen, a strong corre-
late of A,..., parallels integrated PAR These stud-
1es extend the generality of the relationship, be-
cause they mvolve a multispecies prairie (Schimel
et al, 1991) and single-species swards in which
the leaf-age gradient places the youngest leaves at
either the top of the canopy (Hirose and Werger,
1987) or the bottom (Hirose et al, 1989) Over a
broad range of species and ecosystems, and with
few exceptions (e g, Leverenz and Jarvis, 1980),
the general pattern matches the prediction from
theory — A« and leaf mtrogen [N]—should scale
with the time-integral of the absorbed local PAR

These arguments and Eq (22) suggest that
the profile of leat mtrogen, [N], and V,.. down
through the canopy should follow some time aver-
age of the PAR flux, most lkely the radiation-
weighted, ime-mean F However, while this para-
digm describes the relative distribution of [N], 1t
does not say anything about the absolute values
of [N] and V., within the canopy, which are more
hkely to be constrained by the overall availabihity
of nutrients within the plants environment For
optimal efficiency, canopies can be expected to
allocate [N] such that for a specified hght regime
(F n) operating over a period T on the order of
several days to a few weeks

U, ETA dt+ UZET—A— dt, 23)

0 o [N]
1s maximzed for all L

U, and U, are cost-benefit weighting factors
which would be largely determined by the local
availability of mitrogen In a nitrogen-rich environ-
ment, where there 1s httle cost in maintaining
high values of V.. U, should be much greater
than U, and so maximizing photosynthesis [first
term mn Eq (23)] would have a higher prionty
than maximzing efliciency [second term in Eq
(23)] Conversely, in nutrient-poor environments,
we can expect U, to be greater than U, Whatever
the conditions, the value of V,,, arnved at from
(23) can be associated with a reference value of
PAR flux, F, which hight-saturates the leaves, that

1s, F=F when w,=w, Under most conditions,
when U, >>Us,, this reference value of F would be
close to, if not equal to, the radiation-weighted
time-mean value of F, F, for smoothly varying
fluxes for simphcity, we shall assume that F=F

from now on

INTEGRATING THE COUPLED LEAF
STOMATAL-PHOTOSYNTHESIS
MODEL OVER THE CANOPY

From the analysis and observations discussed in
the previous section, we propose that the profiles
of leaf mtrogen, [N], V..., and hence V,, within
the plant canopy are distributed according to the
radiation-weighted time-mean profile of PAR

(24a)

Vm = Vm()ﬂ )

where

Vo =maximum, that 1s, “top” leaf, value
of V,, m the canopy (umol m=2 s~
=product of V,,., and a temperature
mhibition function
___ (see Table 2),
f(L) = ime-averaged vanation of PAR
flux with LAI [eg, e ™™ Eq (7)]

Also, for most conditions where nutrients are
not 1n drastically short supply, that 1s, U >>U, in
Eq (23), the value of V,, will be determined by
the radiation-weighted time-mean flux of PAR,
Fo, at the top of the canopy, that 1s,

Vup =function of (w. =w,)
when F,=F,

To obtain V,, as defined n (24b), Fy 1s mserted
mto (12) and the derived value of w. used m place
of w, m (11) to calculate V,, (in this case V,,)
The overbar on f(L) in (24a) denotes
“rachation-weighted time-mean value ” Using the
example of Eq (7) to describe f{L), we then have

(24b)

fil)y=e". (25a)
F=Ff(L), (25b)
k=[G)/ (1 - w)" (25¢)

Note that Eq (25) also implies a time-mean zemth
angle 7 for the flux F

The nstantaneous hght-limited value of pho-
tosynthesis, w,, 1s given by Eq (12) A full treat-
ment of canopy photosynthesis would take into
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account the entire range of leaf angles and onen-
tations at every level on the canopy n addition
to carrying out the top-to-bottom integration (PAR
attenuation as described by Eq (7)), in other
words, the F n term would be subjected to full
azimuth and zenith integrations However, as dis-
cussed 1n Sellers (1985), the adoption of a single
mean leaf projection G(u) 1n place of n gives very
similar results numencally The expression (F n)
mn (12) can therefore be replaced by a simpler
function

F-n=FG('u)

u

G
= Fo-%f(L) (26)
We can now construct a canopy-scale model
of photosynthesis Equation (24) 1s combined with
Eq (11) to give an expression for the vanation of
w, with canopy depth

C,—T*
C.+K(1 +0,/K,)

we=aof(L), @o= Vm(,[ } (27a)

where

V.o=mean value of V, for the ensemble
of leaves at the top of the canopy
(umol m~% s71)

Equation (26) 1s combined with (12) to give an
equivalent expression for w,

27h)
The f(L) terms 1n (27a) and (27b) are different

1 In (27a), the profile of V,, within the canopy
1s given by the product of V,, at the top of
the canopy, V.., and the radiation-weighted
time-mean profile of PAR flux down through
the canopy, f(L) [V 1s related to Fo, the
reference or time-mean (overbar) PAR flux
as given by (24a)]

n In (27b), w. vanes with f(L), the nstanta-
neous (no overbar) attenuation function for
PAR down through a canopy, and Fy, both
of which vary with solar angle and cloud
conditions

In reality, leaves within a canopy are subject
to varnations 1n leaf surface relative humdity (h,),

leaf surface CO: concentration (C,), boundary
layer conductance (g;), leaf temperature (T,) and
a profile of temperature (T,), water vapor concen-
tration (H,), and carbon dioxide concentration (C,)
m the canopy air space The resulting resistance
network for this “real” situation 1s shown in Figure
5a Complete integration of Eq (27) over a canopy
15 fairly complex, requiring a numencally solved
multilayer model of the type described 1n Sellers
and Lockwood (1981) or Goudriaan (1977) In
most cases, however, 1t can be assumed that vana-
tions m leaf temperature (T;) and the canopy air
space profile gradients of T,, H,, and C, are small
so that the resistance network can be simphfied
to that shown in Figure 5b, where T,, T, e,
and C, are assumed to be mmvaniant with depth
Sensitivity studies by Sellers and Lockwood (1981)
mdicated that, for the case of modeled transpira-
tion from dry canopies, the difference between
results produced by the integration schemes rep-
resented by Figures 5a and 5b 1s relatively small

Following Figure 5b, the solution of the equa-
tion set for the entire canopy 1s now a relatively
simple matter of numerical integration, more or
less following the procedure used in Figure 4
Typical values of the forcing vanables and leaf
parameters hsted in Table 2 were extracted from
Collatz et al (1991) to construct a model copy It
will be remembered that V,, 1s given by the prod-
uct of a leaf physiological property, V., and a
temperature function (see Table 2) In this case,
the value of V., was taken to be equal to the
value of Vi 1n Collatz et al (1991) and the profile
of Vau was given by Eq (24) For this worked
example 1, G(f1) =0 5 This corresponds to a can-
opy of spherically distributed leaves exposed to a
time-mean flux of F, with direction of i=05
(solar zemth angle =60°) In Table 2, the quan-
tum efficiency coefficient € 1s assumed to be con-
stant with canopy depth, following the observa-
tions of Ehleringer and Bjorkman (1977) A
maximum leaf area index L, of 8 was chosen for
the study which represents a near maximum for
normal broad-leaf conditions and provides a se-
vere test of the integration schemes over the
depth-varying PAR regime In this and all subse-
quent calculations, the vegetation 1s assumed to
be free of soil mosture stress

Figure 6 shows the hight response curves for
leaves at different levels m the model canopy
note i Figures 6c and 6d how the leaves all
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saturate at one value of Fy, thus satisfying Eq
(22) [The curves for the uppermost leaves n
Figures 6e and 6f (6, =0 8) were used to fit Eqs
(5) and denve the parameters ay, b,, a,, bs, and ¢,
listed in Table 1 and used in Fig 2]

Figures 7a—f show some results from simula-
tions based on numerically integrating (27) over
the canopy—80 layers were used Note how the

Restricted numerical scheme with T,
H,, C, and T, mvanant with canopy
depth ¢) Bulk (semanalytical) scheme
a la with T,, H,, C,, and T, mmvariant with
depth and bulk values of C,, H,, and C,
In a) and b), F has direction u, where
15 not necessarlv i In c), u=g

C, H

ar

behavior of the complete canopy follows that of
the top leaves when h, =1 (compare Figs 6 and
7) Figure 8 shows how various biophysical states
and rates can vary with depth in the model can-
opy the profiles of C, h,, g, and A are fairly well
developed In Figure 9, the effect of PAR intensity
and mcidence angle 1s shown, except for the ex-
treme and physically implausible cause of high
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Figure 6 Dependence of leaf photosynthesis and leaf conductance on PAR as calculated usmg the coupled stomatal-pho-
tosynthesis model (Fig 4) In all cases, relative humidity i the canopy air space was held at umty, h,>1, and leaf respira-
tion Ry was set to zero The numbers mn boxes refer to leaf position m terms of cumulative leaf area index a,b) A and g,
versus the mean value of mcident, PAR, F, for leaves at different depths 1n the canopy, L =0 refers to “top” leaves 8,
B=10 c,d) Same as a) and b) except that all leaf responses are plotted aganst Fy, note how all leaves saturate at roughly

the same value of Fy 6, 8=10

PAR fluxes at glancing angles (1e, to the left
of the numerical solution maxima), the canopy
process rates show little vanation with u

Figure 10 explores the effects of varymmg g,
within the canopy Three depth dependences of
g, are used g, is assumed to be mvaniant with
depth (g, =0 04 m s~!), g, vanes hnearly with depth,

and g, varies exponentially with depth, more or
less as in the Simple Biosphere Model (S1B) of
Sellers et al (1986) In all three cases, the integral
of g, over the depth of the canopy 1s the same,
032 ms~' Itappears that vanations 1n the profile
form of g, have some influence on the estimate
of canopy-integrated conductance g; and E; (In
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these figures and all subsequent equations, the
use of a capital subscript refers to a bulk or
canopy-integrated quantity)

The solutions shown n Figures 7-10 for the
numerical integration scheme of Figure 5b were
used to evaluate the accuracy of a ssmpler bulk
mtegration scheme suitable for operational apph-
cations

Figure 5¢ shows the bulk integration scheme
for the canopy Essentially, bulk or integral values
of C, g, and g, (C,, &, &) are specified which n
turn implies bulk values of C,, h,, A, and E The

canopy transfers of CO; and H,O are thus treated
as bulk integrated fluxes as in SiB It 1s further
assumed that u =71, so that f{L) 1s replaced by
AL) m Eq (27b) The PAR and V,, extinction
terms are now 1dentical [both are defined by
fIL)] so the canopy-depth portion of the integral
can be separated from the physiological portion
of the equation set Equation (27) can then be

substituted into Eq (14a) and solved to give

w, = (ao+bo)“\/(a;;'bo)2—49¢lobo f(—L)-

(28)
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The use of the bulk values C,, h;, and C; allows
us to tegrate (28) over the depth of the canopy
to obtain w, simply by integrating the f{L) term

. |:(a0 + bO) - \/(ao + bo)2 - 40a0b0}
. 26

(29)

In the simple case of a homogeneous canopy, we
can substitute Eq (25) into (29) to yield

(ao + bo) - \/(ao + b())2 - 40a0b0
e

y 1—e ks
k

Note that the second term 1n parenthesis can be
written as

P

(30)

Lr = —kLy
e {7

(31)

In Eq (30), the first term 1 parenthesis 1s
simply the photosynthetic rate of the “top” leaves
i the canopy, that 1s, those with the highest
photosynthetic capacity, V.o, exposed to the
highest time-mean PAR flux, F,, and subject to C,,
hs, and C; The second term, defined as IT n (31),
acts as a simple scaling-up factor to relate the
“top” leaf performance to canopy performance

The canopy equivalent of w,, ws, 1s given by
rearranging Eq (12) to give

ELTV," dL
w; =
o 2

V, Ly
=—’"°§ fit) dL (32)
2 Jo
ws and w, can then be mserted mto (14b) to
determine A., the canopy gross assimilation rate
The canopy respiration rate can be given by

Lt Lt
RD=§ Ry dL=RdOS fIL) dL (33)
0 0
Equations (30), (32), and (33) can be combined
to give the net canopy assimilation rate Ay As the
integral of f(L) occurs n all three equations, Ay,

can be wntten as
Av=Au'T1
A"O =ﬂa0,b0a Vm():Rdo):

where IT 1s given by Eq. (31)
A, 15 effectively the “single leaf” solution to
Egs (11)-(15) where constants approprate to the

(34)
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“top” leaves are used, Il 1s the canopy-integral
term which 1s dependent not only on FPAR but
also on how the PAR 1s absorbed through the
canopy, that 1s, canopy architecture, as specified
by k

The combined canopy model is then com-
pleted with an integral form of the conductance
equation (17)

g _mAy
C

hep + bL., (35)

S

where Ay, h,, and C; are bulk canopy values In
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Figure 9 Dependence of canopy photosynthesis A, con-
ductance g, and transpiration E,, on the zenith angle u
and mtensitv of the above canopy PAR flux, Fo Sohd lines
denote the numerical solution, dotted lines the bulk solu-
tion (The bulk solution shows no variation with ¢ ) Num-
bers on lmes refer to F; Note that the combination of
low u values and high F, values (1€, the areas on the
figures to the left of the numerical solution maxima) are
physically mplausible (8, =10, h,=05, L,=80,
Ry=00) a) A, b) g, ) E,

Eq (35), it 1s assumed that all leaves have the
same “leakage” conductance b when Ay =0

The system of equations corresponding to Fig-
ure 5¢ now consists of (27), (29), (31), (32), and
(33) [summanzed 1 (34)] and (35) These can be
solved mn exactly the same way as for a single leaf
(see Fig 4)

The assumptions and simphfications mnvolved
in gomg from the system shown in Figure 5b to
that in Figure 5c are nontrivial, u 1s set equal to
7 and the vanables C, h,, C, g, and g, are all
replaced by bulk canopy values It 1s therefore
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mteresting to explore the differences between the
solutions given by the two methods

Figures 7g-1 show the bulk method estimates
of A;, g and E. for the optimal case fi=yu, the
solutions are always within a few percent of the
numerical scheme solutions, see Figures 7a—f

Figures 9 and 10 compare the values of A,
g and E; as given by the two methods over a
range of PAR vectors and for a range of g, profiles
Except for the extreme and physically implausible
case of low values of 4 combined with high values
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Figure 10 FEffects of the varation of g, with canopy
depth on values of A, g and E. as a function of PAR
(6,8=10,h,=05,u=05,L,=80, Ra=00) a) A,

b) g ¢) E.

Numerical solutions (——) g,=004 m s~! (constant),
(— —)g»=006—-004L/ L, (hnear decrease) m s~!,

(— —) g=00925¢-2"/1x (exponential decrease) m s~
The ntegral of g, over the depth of the canopy 1s 0 32
m s~! (=g;) m all three cases Bulk method ( ) g =
032ms-!

of Fo, the bulk method yields fluxes that are close
to those of the numencal scheme

Figure 11 compares the values of g. hs, and
C, as given by the two integration schemes
Weighted estimates of g, hs, and C, for the numer-
ical scheme are given by

1 (o
“1\"g L, 36
L,Lg‘ (362)
s=lrhs dL, (36b)
LT [
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AcL‘r 0
The bulk model yields integrated estimates of
these state variables that are close to those calcu-

lated with the numencal scheme

(36¢)

RELATING CANOPY BIOPHYSICAL
PROPERTIES TO SPECTRAL
REFLECTANCES

Equations (34) and (35) appear to be effective
canopy-integral forms of the leaf or chloroplast
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Figure 11 Comparison of bulk canopy conductance val-
ues, g, leaf surface specific humidity h, and internal CO;
concentration C, as given by the numerical scheme, Fig-
ure 5b, and the bulk scheme, Figure 5¢ Estimates of g
and C, for the numerical scheme are given by Eq (36) a)
g comparison numbers denote PAR fluxes in W m~2, b)
hs comparisons symbols same as m a), ¢) C, comparisons,
svmbols same as 1 a) (6, =10, h,=05, u=05)

level formulations of Farquhar et al (1980) and
Collatz et al (1991) The nonhnear effects n-
duced by varying solar angles and the profile
gradients of governing state vanables (C, h,, g,
etc ) within the canopy do not prevent the bulk
integral method from providing useful estimates
of the fluxes of CO; and H;O under normal cond-
tions

The inclusion of these more sophsticated
physiological models nto the analysis leads to
different canopy biophysical-spectral reflectance
relationships than those described by Sellers
(1987)

We can rewnite the canopy-integral equations
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for the rate hmiting processes governing photo-
synthesis as follows

We=Umy 11 By, (37a)
we=F, IIB,, (37b)
Ws = Vi I1 Bs, (37¢)
Rp =V I1 By, (37d)
Ac=Au I Bs = flwe,we,ws) — Rp,  (37e)
g = An I1 Bg, (37f)

where

C-T*
Bl= 5
{a+&u+0y&J

-0 - apd =

C +2r*
B;=05,
B,=0015,
Bs=10,
B, = mhsp
Cs

In Eq (37), the canopy biophysical vanables
(left-hand side) are calculated as the product of
three parameters or forcing variables (rght-hand
side) These parameters/forcing vanables can be
descnibed as follows

First Variable: Plant Physiology or Radiation
Rate Limit Variable (V,.g, Fo, A,,)

Vmo or Fy are the rate imiting factors governing
the canopy response at saturating PAR fluxes and
less than saturating PAR fluxes respectively A,
appearing 1 (37e) and (37f), 1s a direct function
of these two varniables Previous sections have
discussed the functional dependence of V,, on
Fo n The time history of Fo-n can be obtamned
from satellite chimatological studies, for example,
Froum and Gautier (1990) demonstrated how
Geostationary Operational Environmental Satel-
lite (GOES) data could be used to compute the
diurnally varying PAR flux over a Kansas grassland
area (the FIFE site) with a surface resolution of
around 1 km? Such data could be composited to
provide a global PAR climatology from which
seasonally-varying, time-mean fields of Fy-n could

be produced The dependence of Ac and g, on F,
1s obvious

aAC’ig.ﬁ =TIBs, I1Bs, for Fy< VmoE (38a)
aF, oF, B
_o, for Fo>Vays!  (38b)
2

Equation (38) indicates that for nonsaturating
PAR fluxes, the unstressed canopy photosynthetic
rate and conductance respond almost linearly
with changes in PAR with a slope that 1s directly
proportional to IT and FPAR The effects of envi-
ronmental stress or forcing are contained within
the Bs and Bs terms Equation (38) holds for 6,
B~ 1, lower values of 6 and 8 will give a gradual
transition from (38a) to (38b) with increasing Fo

Equation (38) and the supporting analysis mn-
dicate that all the leaves in the canopy saturate
at the same value of Fo = V,(Bi/B;) This 1s be-
cause V,, 1s scaled according to the time-mean
profile of PAR within the canopy

Second Variable: Canopy PAR Use
Parameter (II)

This parameter corresponds to FPAR divided by
the PAR extinction parameter k It 1s the scaling
parameter that relates canopy performance to the
performance of the “top” leaves Typically, k varies
between 04 and 1, so that a continuous fully
developed canopy (FPAR = 1) will perform at be-
tween one and three times the rate defined by
the ensemble of “top” leaves

FPAR 1s the vegetation parameter most
reacdily amenable to remote sensing [see Asrar et
al (1984), Tucker et al (1981), Sellers (1985,
1987), Hall et al (1990), and papers in Asrar
(1990)]. From this analysis, 1t appears that the
value of FPAR associated with the radiation-
weighted time-mean PAR flux vector F, [see Eq
(25)] combmed with the corresponding value of
k, 1s the most useful canopy parameter for bio-
physical calculations This implies that multiangle
data should be acquired over vegetation canopies
at solar angles corresponding to 7 to obtamn esti-
mates of FPAR and k

If we neglect second-order feedback effects
(see next section), all of the canopy biophysical
rates are lmear mn IT [see Eqs (37) and (38)]
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This represents a distinct improvement over the
analysis of Sellers (1985) as now the contnbution
of canopy density and morphology (IT) 1s cleanly
separated from those of leaf physiology and radia-
tion flux (V.. Fy) Sellers (1987) showed how
under 1deal conditions the simple ratio vegetation
index, SR, was linearly related to FPAR provided
that Eq (3) holds for the vegetation / type viewing
sensor combmation and the soil background 1s
farrly dark The chain of relationships

e, Ac & IT o« FPAR o SR (39a)
or, sumply,
8
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A =£(SR), (30b)

& =f4{SR), (39c¢)
where f, and f, are near-limear tunctions when
4~ i, indicates that SR or other SVI images may
be used to calculate fields of A, g, and E, usimg
a simple linear transform of the 1image combmed
with environmental forcings (Fy, H,, T,, C,, soil
morsture stress, etc ) and some knowledge of the
leaf physiology (Vi.,, m, etc) In grasslands or
areas with drought-deciduous vegetation, 1t 1s rea-
sonable to assume that chronic soil moisture stress
will be expressed as a decrease 1n IT so that direct

8
(b)
Clumped
6 H
<
| >
8 4
o
-l
2H
O 1 J 1 | | 1 i 1
00 02 04 06 08 10

Cover Fraction, Y

Figure 12 Local area index versus cover relationships for
increasing area-averaged LAL (L) Arrow denotes
mcreasng (L) The heavy lmes mn each figure denote area-
averaged leaf area index values, (L) of 01,05,10, 20,
40, and 8 0, increasing m the direction of the arrows
Values of (L) are equivalent to integrals under the heavy
lines or the product of Cover Fraction and Local LAl a)
Uniform (plane-parallel) canopy, b) clumped canopy con-
stant local LAI, Ly, =8, cover fraction y, vanies with (L},
c) intermedsate case, L., =8y These canopy configura-
tions are used m Figure 13
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knowledge of the soill moisture content might not
be essential

In nature, vanations 1n area-averaged leaf area
mdex can occur in two ways First, a horizontally
uniform canopy may vary m thickness (vertical
dimension) This was the case studied by Sellers
(1987), which led to the result that FPAR would
be hinearly related to SR (see Fig 12a) A second
way 1s for the canopy to vary in area-averaged
cover fraction This 1s often the case for coniferous
trees or desert shrubs where the leaf area of an
mndividual tree remains relatively constant, but
plant abundance varies depending on ecological
conditions (see Fig 12b) Hall et al (1990) used
this second scenario to explore the utility of spec-
tral second derivatives and SR data to determine
FPAR, once again, these indices were more or less
linear with FPAR A simple analysis 1s presented
below which demonstrates that while the relation-
ship between area-averaged leaf area index and
FPAR (and therefore spectral vegetation indices,
SVI) will vary depending on the horzontal and
vertical distnbution of the vegetation, the rela-
tionship between FPAR, SVI and A., g- remains
mvariant

Up to now, we have considered a plane paral-
lel canopy of leaf area index L, Let us now
consider a landscape made up of 1dentical homo-
geneous vegetation units, rather hike box hedges,
each with a local leaf area index of L, and
covering a total fraction y of the landscape (or
mnstrument field of view) Thus,

(FPAR) = (1 — ¢ Fimax) (40a)

The area-averaged leaf area index 1s given by
<LT> = yLmax, (40b)

where the { ) symbols denote “area average ”

Figure 13 shows the relationship between
FPAR and (L,) for different degrees of “clump-
mng” (values of y) Clearly, as y decreases, (L)
must mcrease to mamntain the same value of
FPAR

However, an nspection of Eq (37) and the
supporting analysis shows that A. and g. are de-
pendent on IT that 1s, on FPAR/k, and not on the
spatial distribution of the vegetation density, pro-
vided that one 1gnores vanations 1n the forcing /
feedback terms B;-Bg If we look at a vegetated
region of area S, containing clumps of vegetation
of varying size and density, but all having the same
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Figure 13 Variation of a) area-averaged total leaf area
mndex {L:) with FPAR, and b) simple ratio vegetation n-
dex with FPAR for different levels of “clumpiness” param-
eters from Table 1 In a) and b), the thin hines ending 1n
numbers refer to values of area-averaged leaf area index,
{L:) ( ) Spatially umform canopy, y=1 L, varies
from 0 to 8, ( ) clumped canopy, y=0 to 1, Ly =8,
{- - -) mtermediate case, Ln =8y Refer also to Fig 12

baseline physiology (Vmo) and leaf geomet-
ric/spectral properties (k, w,) overlying a soil
background of umform reflectance, we can write

(Acge) =%§:Ac,gc ds (41a)
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1
o —

EEISVIck, (41b)

where SVI, the spectral vegetation index, 1s SR
or a spectral second derivative index (see Hall et
al , 1990)
Now for a linear function, the area-integral
and spatal average (multipled by the area) opera-
tors are equivalent

N

(42)

[}

Simce the functions relating A, g and IL SVI are
linear or nearly so, we can rewnte (41) as

(Ao ) =E| Aog dsex (1) (VD) (43)

JO

Equation (43) represents a powerful and

Figure 14 Vanation of canopy photosynthesis A, and conductance g with FPAR as calculated using the coupled stoma-
tal-photosynthesis model (bulk scheme) shown 1n Figure 5¢ Different spatial distributions of (L) are used corresponding

to those shown m Figure 12 Dots denote values of (L)=01,05,10,20,40,80 (

y=1, L, varies from 0 to 8 (

A, {mol m~2 s 1%10-6)
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counterintuitive result- The mean value of SVI as
measured over an area should vary linearly with
the areal integral and/or mean values of I1, A,
and g to first order In areas with very high
local values of L, higher-order effects (feedbacks
between the vegetation and 1ts immediate envi-
ronmental through C,, ks, etc) may act to vary
the coeflicients B,~Bs and cause some local distor-
tion of this relationship However, 1t 1s interesting
that the inclusion of the ecophysiological opti-
mality assumption of Eq (21) into the equation
set mamntamns the lineanty of the SVI versus IT
A., g relationship over a wide range of spatial
scales and over heterogeneous vegetation density
distnibutions (see Fig 14) This s a very different
result from that obtained by Sellers (1985), who
assumed 1nvanant leaf physiology within the can-
opy, that 15, V= Vi for all L, and therefore
derived a range of SVI versus A, g relationships
depending on the value of y (see Fig 15)

Third Variable: Environmental Forcing or
Feedback Term (B)

For a given set of environmental conditions, the
vaniables B,, By, and Bs can be effectively consid-
ered as constants over the area of integration, S
The vanables B,, B;, and Bs are the result of
mteractions between the vegetation biophysical
process rates and the environmental forcings, the
linkages being through C,, ks, and C; These feed-
backs are functionally the same as those for a
single leaf (see Collatz et al, 1991)

SUMMARY

The leaf photosynthetic model of Farquhar et al
(1980) and the leaf conductance model of Collatz
et al (1991) can be analytically integrated over
the depth of a vegetation canopy provided some
simphfying assumptions are made In practice,
the bulk analytical canopy model yields values of
net canopy assimilation rate A, canopy conduc-
tance g;, and canopy transpiration E. that are
close to those provided by an exact (numencal)
mtegration of the leaf models for normal environ-
mental conditions

In defining the properties of the model can-
opy, the arguments of ecophysiological optimality,
as mvoked by Farquhar (1989) to describe the

60
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60
(b)
i Uniform
50 |- === |ntermediate
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Figure 15 Vanation of canopy photosynthesis A; and con-
ductance g. with FPAR, as calculated with empirical leaf
models n Eq (5), following methods described in Sellers
(1985) All symbols and conditions are the same as in Fig-
ures 14a and 14b ab) A and g, Z)=1 (Canopy, soil
properties from Table 1, Fo=400 W m~2, 4=05) Note
that these values of A; and g; are higher than those shown
in Figures 14a and 14b This 1s because all the leaves n
the canopy have the same biophysical properties as the
“top leaf”, see Figures 1, 6¢c, and 6g Additionally, A and
g are shown to vary markedly with vegetation heteroge-
neity using the methods of Sellers (1985) whereas, i the
new formulation, they do not, compare with Figures 14a
and 14b

profile of chloroplast Rubisco content within a
leaf, were used to define the profile of leaf Rubisco
content, V,,,, within the canopy so that the re-
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sulting profile of V,,,, follows the time-mean pro-
file of PAR through the canopy

As a result, the contributions of leaf physiol-
ogy, canopy density and geometry, and environ-
mental forcing are separable in the integrated
bulk canopy model, this was not the case for the
“simpler” models used by Sellers (1985, 1987)
This finding, Eq (37), may be summanzed by

Leaf
Canopy physiology Canopy Environmental
biophysical or PAR forcing
rate ~ | radation use or
vanable rate parameter feedback
Timat
A(‘,g( = [Vmax()’F()] [H] [Bb BG]
(37)

This revised canopy model has the following
mteresting and useful properties

i. Near-linear relationship between A., gc and
incident PAR flux, F,, for values of F) less
than saturation. All leaves within the can-
opy saturate at the same value of F, due to
the variation of V,,, with depth.

ii. Linear relationship between A., g. and the
canopy PAR use parameter IL where IT is
equal to the radiation-weighted time-mean
of canopy FPAR divided by the extinction
coeflicient for PAR, k

It should be possible to estimate IT by taking
multangle reflectance data over a target area for
solar angles that correspond to the optimal time-
mean PAR flux (u =7) as defined by Eq (26)

iii. Linear relationships between A, g., II, and
SVI simplify area-averaged biophysical cal-
culations.

The SVI can be configured to yield a linear
relationship with FPAR and hence IT [see Eq
(2)] This 1s true whether one considers a canopy
varying 1n depth (Sellers, 1985, 1987) or areal
cover fraction (Hall et al, 1990) or a heteroge-
neous combination of both Given such a condi-
tion (SVI=FPAR, II) and an area containing vege-
tation of umform physiology, leaf geometry, and
spectral properties overlying a umform back-
ground, the mean SVI for an area can be used to
directly calculate the area integrals of the canopy
photosynthetic rate A, and conductance g-

lX‘ Acge ds=f,({SVI)), F((SVI)), (44)

S Jo

where the functions f,, f, are the same (near-
linear) functions relating canopy assimilation and
conductance, respectively, to the SVI as those
derived for a small-scale homogeneous vegetation
cover (1 e, a sample 1n the area) The angle brack-
ets denote “area average”

The simplicity of these relationships should
permit straightforward transformation of satellite
1magery — time series of F, from GOES data super-
posed on fields of SVI— to calculate regional fields
of the (soill-moisture stress-free) canopy photosyn-
thetic rates A, conductances g, and transpiration
rates E; The hneanty of the SVI-II relationship
should permit the use of coarse spatial resolution
satellite 1magery for this apphication

Funding support for this work was suppled by an Earth
Observing System / Interdisciplnary Science (EOS-IDS) grant
from NASA and a NASA grant for FIFE-related studies (NAG-
5-892) The support of many people at NASA HQ and NASA /
GSFC s gratefully acknowledged At Carnegie Institution,
Cynil Grwet provided technical assistance David Schimel and
Fred Huemmrich are thanked for interesting discusswns Much
of the analysts was conducted at the Umversity of Maryland
under the aegis of the Center for Ocean—-Land-Atmosphere
Interactions (COLA) and the Department of Meteorology The
support of these institutions and the help of Mark Heiser, who
prepared the graphs, and Marlene Schlichtig, who typed the
paper, 1s gratefully acknowledged

REFERENCES

Asrar, G, (Ed) (1990), Theory and Applications of Optical
Remote Sensing, Wiley-Interscience, New York, pp 734

Asrar, G, Fuchs, M, Kanemasu, E T, and Hatfield, ] L
(1984), Estimating absorbed photosynthetic radiation and
leaf area mdex from spectral reflectance in wheat, Agron
J 76 300-306

Ball, | T (1988), An analysis of stomatal conductance, Ph D
thesis Stanford University, 89 pp

Bazzaz, F A, (1979), The physiological ecology of plant
succession, Annu Rev Ecol Syst 10 351-371

Bjorkman, O (1981), Responses to different quantum flux
densities, n Encyclopedia of Plant Physiwlogy, Vol 12A
Plant Physwlogical Ecology 1 (O L Lange, P S Nobel, C
B Osmond and H Ziegler, Eds), Springer-Verlag, Berlin,
pp 57-107

Bjorkman, O, and Holmgren, P (1963), Adaptability of the
photosynthetic apparatus to hght intensity n ecotypes
from exposed and shaded habitats, Physwol Planta 16
889-914

Bloom, A J, Chapm, F S, III, and Mooney, H A (1985),
Resource hmitation i plants—an economic analogy,
Annu Rev Ecol System 16 363-392



Canopy Reflectance, Photosynthesis, and Transpiration 215

Chapmn, F S, III, Bloom, A J, Field, C B, and Warng,
R H (1987), Plant responses to multiple environmental
factors, BiwScience 38 49-57

Charles-Edwards, D A, and Ludwig, L J (1974), A model
for leaf photosynthesis by C; plant species, Ann Bot 38
921

Collatz, G J, Berry, ] A, Farquhar, G D, and Pierce, ]
(1990), The relationship between the rubisco reaction
mechanism and models of leaf photosynthesis, Plant Cell
Environ 13 219-225

Collatz, G J, Ball, ] T, Gnivet, C, and Berry, ] A (1991),
Physiological and environmental regulation of stomatal
conductance, photosynthesis and transpiration a model
that includes a lammnar boundary layer, Agric For Mete-
orol 54 107-136

Cowan, I R, and Farquhar, G D (1977), Stomatal function
m relation to leaf metabolism and environment, Symp
Soc Exp Biwl 31 471-505

DeJong, T M, and Doyle, ] F (1985), Seasonal relationships
between leaf nitrogen content (photosynthetic capacity)
and leaf canopy hght exposure mn peach (Prunus perspi-
cata), Plant Cell Environ 8 701-706

Elheringer, J , and Bjorkman, O (1977), Quantum yields for
CO; uptake m C; and C, plants, Plant Physwl 59 86-90

Evans, ] R (1989a), Partitioning of mtrogen between and
within leaves grown under different irradiances, Aust J
Plant Physiol 16 533-548

Evans, ] R (1989b), Photosynthesis and mtrogen relation-
ships n leaves of C; plants, Oecologia (Berlin) 78 9-19

Farquhar, G D (1989), Models of integrated photosynthesis
of cells and leaves, Phil Trans Roy Soc Lond, Ser B,
Bwl Scr 323 357-367

Farquhar, G D, von Caemmerer, S, and Berry, ] A (1980),
A biochemical model of photosynthetic CO, fixation n
leaves of C; species, Plania 149 78-90

Field, C (1983), Allocating leaf nitrogen for the maximization
of carbon gain leaf age as a control on the allocation
program, Oecologia 56 341-347

Field, C (1988), On the role of photosynthetic responses n
constraining the habitat distribution of rainforest plants,
Aust ]| Plant Physiol 15 343-358

Field, C B, and Mooney, H A (1986), The photosynthesis-
mitrogen relationship i wild plants, in On the Economy
of Plant Form and Function (T ] Giviush, Ed ), Cambndge
University Press, Cambnidge, pp 25-55

Froum, R, and Gautier, C (1990), Vanability of photosyn-
thetically available and total solar irradiance at the surface
durmng FIFE a satellite description, 1n Proceedings of the
AMS FIFE Sympostum, AMS, Boston, pp 98-104

Goudriaan, J (1977), Crop Micrometeorology A Symulation
Study Wagenmgen Center for Agricultural Publishing
and Documentation, Wageningen, The Netherlands, 249
ppP

Gutschick, V P, and Wiegel, F W (1988), Optimizing the

canopy photosynthetic rate by patterns of mvestment n
specific leaf mass, Am Naturalist 132 67-86

Hall, F G, Huemmnich, K F, and Goward, S N (1990),
Use of narrow-band spectra to estimate the fraction of
absorbed photosynthetically active radiation, Remote
Sens Envwon 32(1) 47-54

Hirose, T, and Werger, M ] A (1987), Maximizing daily
canopy photosynthesis with respect to the leaf mitrogen

allocation pattern 1 the canopy, Oecologia (Berlin) 72
520-526

Hirose, T, Werger, M J A, and van Rheenen, ] W A
(1989), Canopy development and leaf mtrogen distribu-
tion mn a stand of Carex acutiformis, Ecology 70 1610-
1618

Intrihgator, M D (1971), Mathematical Optimization and
Economic Theory, Prentice-Hall, Englewood Cliffs, NJ

Jarvis, P G (1976), The nterpretation of the variations
leaf water potential and stomatal conductance found 1n
canopies 1 the field, Phid Trans Roy Soc London, Ser
B 273 593-610

Kittel, T G F, Knapp, A K, Seastedt, T, and Schimel,
D S (1990), A landscape view of biomass, LAI and
photosynthetic capacity for FIFE, m Proceedings of the
AMS FIFE Symposwum, AMS, Boston, pp 66-69

Leverenz, ] W, and Jarvis, P G (1980), Acchmation to
quantum flux density within and between trees, ] Appl
Ecol 17 697-708

Mooney, H A (1972), The carbon balance of plants, Ann
Rev Ecol Syst 3 315-346

Pons, T L, Schieving, F, Hirose, T, and Werger, M J A
(1990), Optimization of leaf mitrogen allocation for canopy
photosynthesis in Lysmachia vulgaris, in Causes and Con-
sequences of Vanation in Growth Rate and Productiotty of
Higher Plants (H Labers, M L Canbridge, H Honings,
and T L Pons, Eds ), SBP Academic Publishing bv, The
Hague, pp 175-186

Sato, N, Sellers, P J, Randall, D A, et al (1989), Effects
of implementing the simple biosphere model 1n a general
circulation model, J Atmos Sci 46(18) 2757-2782

Schimel, D S, Kittel, T G F, Knapp, A K, Seastedt, T R,
Parton, W J, and Brown, V B (1991), Physiological
mteractions along resource gradients 1n a tallgrass praine,
Ecology 72 670-682

Seemann, ] R, Sharkey, T D, Wang, ] L, and Osmond,
C B (1987), Environmental effects on photosynthes:s,
nitrogen-use efficiency, and metabolite pools 1n leaves of
sun and shade plants, Plant Physwl 84 796-802

Sellers, P J (1985), Canopy reflectance, photosynthesis and
transpiration, Int J Remote Sens 6 1335-1372

Sellers, P J (1987), Canopy reflectance, photosynthesis, and
transpiration, II The role of Biophysics in the lineanty
of their interdependence, Remote Sens Environ 21 143-
183

Sellers, P J, and Lockwood, ] G (1981), Computer simula-



216 Sellers et al

tion of the effects of differing crop types on the water
balance of small catchments over long time perods,
Quart | Roy Meteorol Soc 107 395-414

Sellers, P ], Mmntz, Y, Sud, Y C, and Dalcher, A (1986),
A simple biosphere model (SiB) for use within general
circulation models, | Atmos Sci 43(6) 305-331

Sellers, P J, Hall, F G, Asrar, G, Strebel, D E , and Murphy,
R E (1988), The First ISLSCP Field Experiment (FIFE)
Bull Am Meterol Soc 69 22-27

Sellers, P J, Shuttleworth, ] W, Dorman, | L. Dalcher
A, and Roberts, ] M (1989), Calibrating the simple
biosphere model (S1B) for Amazoman tropical forest using
field and remote sensing data Part 1 Average calibration
with field data, ] Appl Meteorol 28(8) 727-759

Tans, P P, Fung, I Y, and Takahashi, T (1990), Observa-
tional constramts on the global atmospheric CO; budget,
Science 247 1431-1438

Terashima, I and Inouve, Y (1985), Vertical gradient in

photosynthetic properties of spinach chloroplasts depen-
dent on mtra-leaf light environment, Plant Cell Physwl
26 781-785

Tucker, C J, Holben, B N, Elgm, ] H, and McMurtrey,
E (1981), Remote sensing of total dry matter accumula-
tion 1 winter wheat, Remote Sens Environ 11 171-190

von Caemmerer, 5, and Farquhar, G D (1985), Kinetics
and activation of Rubisco and some prelimmary modelling
of RuP; pool sizes, m Proceedings of the 1983 Conference
at Talbnn (J Vill, G Grishina, and A Laisk, Eds), Esto-
nian Academyv of Sciences, Tallinn, pp 46-58

Walters, M B, and Field, C B (1987), Photosynthetic light
acclimation 1n two rainforest Piper species with different
ecological amplitudes, Oecologia 72 449-456

Wong, 5 C, Cowan, I R and Farquhar, G D (1979),
Stomatal conductance correlates with photosynthetic ca-
pacity, Nature 282 424-426



