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Abstract. A two-stream approximation model of radiative transfer is used to
calculate values of hemispheric canopy reflectance in the visible and near-infrared
wavelength intervals. Simple leaf models of photosynthesis and stomatal resistance '
areintegrated over leaf orientation and canopy depth to obtain estimates of canopy
photosynthesis and bulk stomatal or canopy resistance. The ratio of near-infrared
and visible reflectances is predicted to be a near linear indicator of minimum canopy
resistance and photosynthetic capacity but a poor predictor of leaf area index or
biomass.

1. Introduction

A number of recent studies have investigated the correlation between the state of a
given terrestrial vegetation cover and its spectral reflectance as obtained via field
measurements or from remote-sensing platforms. In particular, efforts have concen-
trated on:

(1) Relating the simple ratio or the normalized difference (the vegetation index) of
the reflected visible and near-infrared radiances to leaf area index and/or
biomass (see, for example, Asrar et al. 1984, Tucker ef a/. 1981, Curran 1980).

(2) Relating the simple ratio (sic) or vegetation index to the amount of photosyn-
thetically active radiation (PAR) absorbed by a vegetated surface (see, for
example, Asrar et al. 1984).

(3) Relating the time-integral of the amount of PAR absorbed by the vegetation
canopy to biomass production (see, for example, Monteith 1977).

This paper explores means by which the simple ratio of the reflectances or the
vegetation index may be used to obtain estimates of gross primary productivity and the
canopy resistance to transpiration loss. The methods involve the use of models that
integrate existing formulations which describe the interception of radiation, photosyn-
thesis and transpiration by individual leaves over whole canopies. Some simplifying
assumptions are made to facilitate the solution of the relevant equations, but it is
thought that the effect of these simplifications upon the results is small. )

The discussion that follows is divided into three parts. The first part describes a
radiative transfer model which may be used to calculate the spectral reflectance of
vegetated surfaces. Next, mathematical representations of the photosynthetic and
transpiration rates of individual leaves as functions of environmental variables are
briefly reviewed. Simplified versions of two of these formulae are then integrated in
order to calculate values of the photosynthetic rate and the surface resistance of whole
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canopies. Lastly, the integrals of photosynthesis and canopy resistance are compared
with equivalent simple ratio and vegetation index values.

2. Radiative transfer in vegetative canopies
2.1. The two-stream approximation radiative transfer model

Rigorous, realistic models of the interception, scattering and absorption of
radiation by vegetation communities have been designed and tested, (see, for example,
the work of Suits (1972), Kimes (1984) and Goudriaan (1977). These models describe
the process of radiative transfer via a finite-element approach whereby the scattered
rays of radiation are traced numerically. Although these techniques allow one to:
include intricate details regarding the optical characteristics of leaf elements (e.g. non-
isotropic scattering), they tend to be computationally expensive and cumbersome to
use. The requirement for this investigation is a computationally cheap model that is
readily manipulable.

For the purpose of this preliminary study, therefore, we shall use a simple but
reasonably realistic analyticai approach. Dickinson (1983) reviewed the work of
Meador and Weaver (1980) in which the application of the two-stream approximation
method to the description of radiative transfer in atmospheres was summarized. The
same equations may be adapted to describe radiative transfer in vegetative canopies for
which Dickinson (1983) proposed the following form

— (@l /dL)+[1 - (1-pollT - whl| =wiKB,exp (- KL) M
A@ddL)+[1 = (1 = Po]ll — oIt =wiK(l - fo)exp(—=KL)  (2)

where [T and I are the upward and downward diffuse radiative fluxes, normalized by
the incident flux, u is the cosine of the zenith angte of the incident beam, K is the optical
depth of direct beam per unit leaf area and is equal to G(u)/u, G(u) is the relative
projected area of leaf elements in the direction cos ™! p, /I is the average inverse diffuse
optical depth per unit leaf area and is equal to [§ [#//G(i)]di’, i is the direction of
scattered flux, w is the scattering coefficient and is equal to a+ 1, a is the leaf-element
reflectance, 1 is the leaf-element transmittance and L is the cumulative leaf area index.

In equations (1) and (2) the individual leaves are treated as isotropic scattering
elements. In nature, however, leaf reflectivity commonly increases as the angle between
the incident beam and leaf plane decreases. This effect is probably only significant
within a narrow range of glancing angles and will be ignored here.

Physical processes can be attributed to each of the four terms in (1) and (2).
Equation (1) describes the vertical profile of the upward diffuse radiative flux, IT,
within the canopy. It should be noted that both the upward and downward diffuse
fluxes are assumed to be completely isotropic. The first term in equation (1) describes
the attenuation of the upward diffuse flux. The second term defines that fraction of I1
that is rescattered in an upward direction following interaction with leaf elements. The
third terms refers to the fraction of the downward diffuse flux, I], which is converted
into an upward diffuse flux by backscattering. The last term on the righthand side of
equation (1) refers to the contribution to the upward diffuse lux by the scattering of
direct incident flux penetrating to the specified depth L in the canopy. Corresponding
descriptions may be assigned to the four terms in equation (2) which describes the
profile of the downward diffuse flux.

Band fi, are the upscatter parameters for the diffuse and direct beams, respectively.
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of may be inferred from the analysis of Norman and Jarvis (1975)
wf=3{a+1+(@—1)cos’ 7] 3)

f is the mean leaf inclination angle relative to the horizontal plane (identical to angle
between leaf normal and local vertical). .

In equation (3) the leaf is treated as an inclined plane with isotropic forward and
backscattering properties. A flat leaf (cos &= 1) will reflect downward fluxes into the
upwards direction only and will transmit in the downwards direction only. As the leaf-
angle inclination increases, a greater fraction of the downward diffuse flux may be
reflected into the lower hemisphere and transmitted into the upper hemisphere.

If equations (1) and (2) are solved in the w— 0 limit (single scatter approximation
and semi-infinite canopy), the upward diffuse flux at the canopy top may be taken as
equal to the single scattering albedo. Manipulation of the resultant expression gives us
an equation for the diffuse upscatter parameter, f,, where

1+ K
bo=—pr ) @
and a,(u), the single scattering albedo, is given by

1

wT(u, ) w0
o [#G()+ 1 G(u)]

where ['(y, 1) = G()G(w)P(u, "y and P{u, i) is the scattering phase function. Much of
the above discussion borrows heavily from the review of Dickinson (1983) where a full
description of the derivation of the parameters B, B, and a(u) may be found.

A simple expression for a,(1) may be found if we assume isotropic scattering for the
leaf elements

ap)=w &)

P, w)ec 1/G() (6)

The scattering phase function P(u, ') is now independent of the angle of the
incident beam. To satisfy the normalization expression

1
J. P, 1)G(p) dy' =1 (7
-1
P(u, 'y must be equal to [2G(u')] ~*. Insertion of equation (7) into equation (5) yields
an expression for a,(u) that may be readily solved for a number of leaf-angle
distributions.

Dickinson (1983) adapted a solution from Meador and Weaver (1980) which
describes the albedo of a semi-infinite medium. Accordingly the hemispheric canopy
albedo, a_(;2), for an infinitely thick canopy is defined as

alw)=17 at L=0.
_opK[1+ 28— DBi]
0=, w1+ B,)

where L, is the total leaf area index, f,=(1—w)/B, and B,=(1—w)'*(I=w
+2Bw)'’/?. Equation (8) provides us with a useful check at one of the limits of the
following analysis, i.e. a very dense canopy.

When considering cases where the soil surface may play a part in the scattering of

®)

for Ly— o
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direct beam radiation (i.e. a sparse canopy), we may solve equations (1) and (2) with
boundary conditions appropriate to a vegetative canopy covering a reflective soil
surface

I|=0 at L=0 }
I=p[ll+exp(~KLy)]  atL=L;

P, is the soil reflectance. The second boundary condition implies that both the

downcoming diffuse and direct radiation above the soil surface are reflected

isotropically. :
The solution of equations (1) and (2} with equation (9) yields

IT=[h, exp(— KL))/o + h, exp(—hL)+ h, exp(hL)}
Il =[h,exp(—KL))/o +hsexp(—hL)+hgexp(hL)

The values of the constants, g, #'and A, to kg are determined from manipulation of
equations (1) and (2) and are provided in the Appendix.
The canopy albedo is then simply given by

a(W)=I10)=h /o +hy+h;y - (1)

Suitable boundary conditions may be used in place of equation (9} and the direct
radiation terms on the right-hand sides of equations (1) and (2} dropped from the basic
equation set to solve for incident diffuse radiative fluxes (see the Appendix).
Henceforth, the term albedo will refer to the sum of the diffuse and direct components
of albedo.

The exact value of the calculated albedo will depend upon the value of the constants
in equation (11) which in turn depend upon

9)

(10)

(1) the scattering coefficients for the leaves and soil,
(2) the leaf-area index,

(3) the leaf-angle distribution and

(4) the angle of the incident radiation,

2.2, Comparison of radiative transfer model results with observations
Much of the discussion in this paper makes use of optical property values typical of .

a maize canopy (see, for example, Goudriaan 1977, Dickinson 1983, Miller 1972) as

shown in table 1. The following assumptions are made throughout the analysis:

(1) The leaves are randomly arranged in space.

(2) When a mixture of green and dead leaves is specified, they are evenly
distributed throughout the canopy.

(3) When a cover fraction is specified, all the vegetation is randomly distributed
inside that fraction, the remaining area being completely bare. It is assumed
that the length scale of such bare areas is large in relation to the size of
individual plants. The total albedo of such an area is then taken as the weighted
sum of the albedos of the vegetated and bare areas.

The calculation of hemispheric albedos from equation (11) necessitates the
specification of a{u) for a given leaf-angle distribution from (5). Derivation of the
expressions for a (i) for flat, spherically arranged and vertical leaves is reasonably
straightforward and the solutions are listed in table 2. Less regular leaf-angle
distributions may be described by means of the y, function of Ross (1975) whereby the
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Table 1. Optical and physiological properties of maize leaves.

Scattering
Live leaves coefficient Reflectance Transmittance

Leaf optical propertiest
Live leaves

Visible 0-175 0-105 0-070
Near infrared 0-825 0-577 0-248
Dead leaves
Visible 0-580 0-360 0-220
Near infrared 0-952 0-577 0-375
, Leaf physiological parameters}
a, (mgCO,dm™'hour™ ") 826 b (Wm~?%) 2784
a,Jm™?) 8750 b (Wm™®  6c,(sm™!) 55
Soil optical parameters§
Visible 0-15
Near infrared 0-30

+ Dickinson (1983) and Miller (1972).

1Coefficients from curve fit to data of Hesketh and Baker (1967) and Turner (1974).

The optical properties are averaged values for the wavelength intervals 0-4-0-7 um (visible)
and 0-7-3-0 gm (near infrared). Except where otherwise stated, these values are used throughout
the analysis in this paper. (N.B. Equation (15) in text represents a simplification of a model
developed to describe C, photosynthesis. Here, it has been fitted directly to data to represent the
functioning of a C, plant, maize, in the absence of an equivalent model.)

§ Optical properties of soil used for this study.

Table 2. Single scattering albedo a,() for different leaf-angle distributions. « is the scattering
coefficient and y is the cosine of solar zenith angle.

Horizontal leaves
a(p)y=of4

as(#)=“§‘[1 ~pin (“%‘)J

_ Yo fY+] ¥
““(“)'H-fﬂ( 2 +2J(1+¢Z)J)

N J(1+¢2)+¢—.v:|’='
J_+]n[\/(l+~/ﬂ)+w+x
Je —In [x—l!f—J(l +¢2)]"='

x=+J(M+y?) oo x> J(14¢Y)

(1—u?)¥?

Spherically distributed leaves

Vertical leaves

x< J(1+y?)

x=0

d/ =
u
Ross-Goudriaan function: G(g)=¢, + ¢, u

@ G (l_ 1o, ,{G(u)+#¢1+u¢z})
260 +ud, G(p) +ud, uey

as(#) =
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departure of leaf angles from a spherical distribution is characterized by a simple
expression ' ‘

nf/2
XL=iJ [1—0(0)|sin8dd (12)
4]

where 8 is the leaf inclination angle relative to the horizontal plane, O(9) is the leaf-
angle distribution function and y, =0 for spherically arranged leaves, +1 for
horizontal leaves and — | for vertical leaves.

Goudriaan (1977) fitted a curve to data sets generated from equation (12) which
provides reasonable estimates of the average leaf projection in any direction given the
value of y, '

G() =, + ¢t ' (13)

where ¢, =0-5—-0-633y, —0-33x% and ¢, =0-877(1 —2¢,). The value of G(u) given by
equation (13) may be used to obtain values of a(u) over the range —0-4 <y, <0-6 (see
table 2).

Figure 1 shows calculated global albedo values for a young wheat crop on a clear
day in F.R. Germany compared with two days of data obtained from Van der Ploeg et
al. (1980). For this trial, the data of Dickinson {1983) and Goudriaan (1977) were used
to specify the values of the leaf transmittances and reflectances for the visible
{<0:7pm) and near-infrared (>0-7um) wavelength intervals (see table 1). The
incident solar radiation was split into visible and near-infrared direct and diffuse
components according to the scheme of Goudriaan (1977, figure 1, page 11). Both the

03 N
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Figure |. Measured and simulated albedo values for short-wave radiation above a wheat crop.
The data points were calculated from observations of incoming and outgoing short wave
radiation taken at Volkenrude, F.R. Germany, 20-21 June 1979 {sce Van der Ploeg er al.
1980). The simulation for the wheat crop at Ruthe (50 km away) for 20 June is also
shown.
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magnitude of the global albedo (obtained by summing diffuse and direct components
of the visible and near-infrared reflectances) and its diurnal variation agree closely with
the data. To validate the description of the transmission of radiation through a
vegetation canopy, data from another source were used. Fuchs et al. (1983) measured
diffuse and direct fluxes of photosynthetically active radiation (PAR), taken here to be
equivalent to visible radiation, above and below a young wheat canopy (leaf-area index
=1+4). Figure 2 shows the canopy transmittance values as functions of the fraction of
direct PAR to total PAR. Also plotted are the predicted transmittances as calculated
from the solution of equations (1) and (2). Tt can be seen that a small error in estimating
the local leaf-area density (which would result from a slight bias in the positioning of

DIRECT PAR FRACTION

DIRECT PAR FRACTION

0.0 ] \ I | |
0.0 01 0.2 Q0.3 04 05

PENETRATION

Figure 2. Direct and total transmittances for PAR in a wheat canopy as related to the fraction
of direct incident PAR. x and O are observations from Fuchs ef al. (1983) of direct and
total PAR penetration, respectively. Solid and dotted lines are predicted values of PAR
penetration for inclined (60°) and spherically distributed leaves, respectively. (e) Leaf-
area index = 14 (in accordance with reported value), (b) leaf-area index = 1-8; consistent
with slight biasing of sensor positions under crop rows. Direct PAR fraction increases
with solar elevation; a value of 0-6 corresponds to solar elevation of 10°.
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the radiation sensors below the canopy) would result in a large difference in the
predicted transmittance at low solar angles. In this case, direct PAR fraction values
below 0-6 correspond to solar evaluation angles of < 10°. For the higher values of solar
elevation, that is PAR fraction > 0-6, the match between prediction and observation is
reasonably good.

Figure 3 shows the predicted absorption of PAR compared with observations from
Asrar et al. (1984) for a wheat cover over a range of leaf-area-index values. It is clear
that a near maximum absorption value of PAR is achieved at a relatively low leaf-area
index, somewhere in the range of 2-3. Also, the effect of solar angle on the calculated
range of PAR absorption seems to cover the spread of observations, leading one to
suspect that this may be one of the main causes of the variation in the data.

Figure 4 shows the predicted variation in surface spectral albedo with the
wavelength of incident radiation for a range of leaf-area indices. Soil reflectance is
predicted to have only a small effect on albedo in the PAR wavelength interval except
when the vegetation cover is very light (the semi-infinite value of albedo is approached
when the leaf-area index is only 2). Conversely, the relatively large value of the
scattering coefficient of green leaves in the near-infrared region (~0-8) is predicted to
make the effect of soil reflectance on the surface near-infrared albedo significant at
higher values of the leaf-area index.

The model may be used to calculate the simple ratio and vegetation index by:

simple ratio=a

cNIR/aCVIS
(14)

a

Qepg — Devis

vegetation index =
aCNm+aCVIs
where a,,,, is the hemispherically integrated albedo for near-infrared radiation
(0-7-3-0 um) and a_,_is as above for visible radiation (0-4-0-7 um).

cvis

/2 SOLAR ANGLE=10°

SOLAR ANGLE=60* |
———— SOLAR ANGLE= 80°

PAR ABSORPTION (%)
g
|

0 1 ! 1 | 1 1 ]
1.0 20 30 40 B0 60 7.0

LEAF AREA INDEX
Figure 3. Observed (solid circles) and predicied (lines) absorption of PAR for a growing wheat

canopy. Observations are from Asrar et al. (1984); predictions are from calculations in
the text. Results are for the direct beam radiation only.
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Figure 4. Variation of the albedos of green vegetated surfaces with solar elevation as given by
solutions to equations (1) and (2) in the text. (a) Albedo for visible wavelength interval,
tvis; a=0-105, §=0-007, p,=0-15, (b) Albedo for near-infrared wavelength interval,
onig; @ =0-58,0=0-25, p,=0-30. (Leaves are distributed spherically and only direct beam
radiation considered.)

When comparing these derived values with measurements, it should be noted that
the calculated values are hemispherical integrals and that most vegetation index
measurements make use of observed unidirectional radiances. Also, the observed
albedos are weighted by the relative proportions of downcoming visible and near-
infrared radiation. The derived values of the vegetation index compare reasonably well
with data (see figure 5) and approach the values derived from the semi-infinite canopy
albedos of equation (8) at high leaf-area indices (see figure 4).

Figure 6 shows the calculated variation of the vegetation index with leaf-area index
for horizontal leaves with a range of canopy greenness fractions. The results indicate
that the presence of any significant fraction of dead material (and presumably material
with no chlorophyll—twigs, branches, etc.) severely affects the relationship between
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Figure 5. Observed and predicted values of the vegetation index for a growing wheat canopy.
Predicted values {lines) are obtained from equation (14) in text; observations (solid
circles) are from Asrar er al. (1984). N.B. Asrar er al. (1984) used narrow band
instruments which were presumably nadir viewing: visible interval =0-6-0-7 um, near
infrared =0-8-1-1 um; calculations used leaf optical properties taken from data of Asrar
et al. (1984) for these wavelength intervals.

VEGETATION INDEX

0.4 ———— TOTAL LAI
— e e GREEN LA

-

03 \ ! | | I
00 10 2.0 3.0 4.0 5.0 6.0

LEAF AREA INDEX

Figure 6. Calculated values of the vegetation index as a function of leaf-area index and canopy
greenness (denoted by ‘g’) for horizontal leaves. The vegetation index is given as a
function of total and green leaf area index. Optical properties (broadband) listed in table
1 were used for these calculations.
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vegetation index and leaf area index. This finding holds whether one considers total
(dead plus live leaves) or just green leaf area index.

The effect of leaf angle and solar elevation on the calculated vegetation index is
shown in figure 7. At extreme solar elevations and for low values of the leaf-area index,
leaf angle may cause a wide spread in the vegetation index response. The effect is most
extreme for vertical leaves which present a maximum optical thickness relative to the
direct beam at low solar angles and a zero value for an overhead sun. Horizontal leaves,
on the other hand, show no change in vegetation index with solar angle as the optical
thickness is invariant with the direction of incident radiation (G(u)/u=1). With a
higher leaf area index, the differences in the response of the vegetation index diminish
as the trapping of radiation by the canopy saturates the effect of soil reflectance.

0.84
T T T T T T
(gl ---.-'-“-13
0.80 - e s + ¢ o oo 0 o Tl PR,
7—‘!" =
0.76 -" -]
&
5 072 r m
-
= 068 [ =
2
O o064 -
<
= 080 -
L
8 0.56 | =
= 0.52
' LAl = 4.
0.8 | =
l l ] l l |
0.76 T 1 T T T 11
0.7 t‘:‘»,,‘ -
~T o g - < .
5 \. n,"" L e s a e
L'} vey --__
g 066 ~ o, e e—e. vy
= ., !'l',""'
LI
= .\ u",,,“.“
B . ey, .
IC:J 0.61 ~. TG,
g HORIZONTAL \.\
=—w== SPHERICAL
0% - —+=— VERTICAL ~ .
! iy = —-05 '\
> —— = 00 .
D X = +05 \.\
LAI = 1 ~N
046 ] | ] 1 ] ]
10 20 30 a0 50 60 70 80

SOLAR ANGLE (DEGREES)

Figure 7. Calculated variation of the vegetation index with solar ¢levation and leaf-angle
distribution for two (1-0 and 4-0) leaf area indices. The interaction of solar elevation and
leaf-angle distribution is predicted to have a large effect at low leaf area indices. Optical
properties taken from table 1.



Downloaded by [Colorado State University] at 13:44 05 May 2013

1346 P. J. Sellers

Figure 7 also provides us with an indication of the efficacy of the empirical y,
relationship. The plot for the lower value of leaf area index demonstrates that the
response of the spherically distributed leaves and its x; analogue (x, =0-0) are almost
identical. Similarly, the planophile canopy (y, = +0-5) yields a reasonably close match
to the response of the horizontal leaves. The erectophile canopy (y; = —0-5) shows a
similar trend to the variation predicted for vertical leaves but does not attain the same
extreme value for high solar elevations. (It must be remembered that the non-zero y
factors do not represent canopies with completely horizontal or completely vertical
leaves but intermediate distributions approaching one or other ¢xtreme.) Generally
speaking, the variation described by the ¥, function seems to be in accordance with the
trends implied by the ‘exact’ analytical solutions for vertical, horizontal and spheri-
cally distributed leaves. :

The question of ambignous interpretation of the vegetation index arises again when
considering the effects of cover fraction. Figure 8 shows the relation between
vegetation index and leaf area index where the same amount of area-averaged green-
leaf biomass is confined to smaller fractions of the ground area. The presence of only 25
per cent bare ground (c=0-75) greatly affects the response. The reason for this is clear;
even when the response may be saturated in most of the area, the contribution of the
bare ground fraction to the vegetation index is disproportionately strong due to the
non-linearity of the vegetation-index/leaf-area-index relationship.

Lastly figure 9 shows data of Asrar et al. (1984) relating the vegetation index to the
absorbed fraction of PAR. Again, the simulations yield a reasonable agreement with
the data and support the proposition that the vegetation index is a near-linear
predictor of absorbed PAR.

| —1 | | |
T 1 1 I 1
HORIZONTAL LEAVES
—{ C =1
p
i
(] -
Z
o -
Y c=5
-
w -
o
> C = .25
03 i ! 1 ! I
0.0 1.0 2.0 3.0 4.0 5.0 6.0

LEAF AREA INDEX

Figure 8. Calculated relation between vegetation index and vegetation cover fraction (denoted
by ‘c”) for horizontal leaves.
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Figure 9. Observed (from Asrar e al. 1984) and simulated relationships between vegetation
index and absorbed PAR. Spactral properties of leaves and soil were taken to be the same
asin figure 5. Solar elevation = 30°, leaves spherically distributed, all radiation direct for
simulation.

2.3. Summary of radiative transfer model results

The resuits of the simulations concur with available observations indicating that
the model is an adequate tool for this investigation. On the practical side, the results
suggest that the vegetation index (plots with the simple ratio show qualitatively similar
trends) is an insensitive measure of the leaf area index and/or biomass when either

(1) the leaf-area index exceeds 2 or 3, or

(2) there are patches of bare ground in the sensor field of view, or

(3) there is an unknown quantity of dead material in the canopy, or

(4) the leaf-angle distribution is unknown and the solar elevation is high.

With regard to the last point, effective remote sensing requires strong radiances and is
therefore favoured by higher solar elevations.

The next section discusses the relationships between photosynthetic rates and
stomatal resistance of individual leaves and vegetative canopies.

3. Photosynthesis and stomatal resistance
3.1. Leaf photosynthesis

The bicchemistry of photosynthesis and respiration is being actively studied by a
number of research groups world-wide and so there is a wide choice of available
models. These range from the detailed and elegant descriptions of Farquhar er al.
(1980), Farquhar and Von Caemmerer (1982), Tenhunen et al. (1980), de Wit ef al.
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(1978} to simpler application oriented models such as those of Charles-Edwards and
Ludwig (1974), Van Bavel (1975) and others summarized in Milthorpe and Moorby
(1979).

The more detailed models explore the role of enzyme kinetics in the photosynthetic
process and provide the researcher with insights regarding the limiting factors exerted
by the environment (for example, PAR) and the plant’s biochemistry (for example, the
size of the ribulose diphosphate pool).

The simpler models, on the other hand, have a long history of field application and
are relatively easy to fit to data. They generally take the form of

a,F| :

"Tp +F] N (15)

where P, is the photosynthetic rate (mg CO,m~2s™! ormg CO,dm ™ hour™"), Fl is

the normal (relative to leaf) flux density of incident visible radiation (PAR) (W m™?2),

R, is the dark respiration rate (mgCQO,m~%s"!) and @, and b, are constants
(mgCO, m~%s7! or mgCO, dm ™' hour™! and Wm ™2 respectively).

The value of a, may be taken as the maximum gross photosynthetic rate for a
saturating irradiance while the value of b, determines the gradient of the initial
response of photosynthesis at low irradiances. The dark respiration rate R, has been
variously described as a ‘property tax’, dependent on plant biomass, or as an ‘income
tax’, dependent on the photosynthetic rate (see, for example, Angus and Wilson 1976);
generally it may be assumed to be a relatively small fraction of gross photosynthesis.

Equation (15) can be made to fit observations reasonably well (see, for example,
Zelitch 1971) and will be used to represent the net photosynthetic rate of an individual
leaf in the following discussion.

N

3.2. Leaf stomatal resistance

The stomatal resistance of a leaf is the means by which a plant controls the gas
exchange between the leaf interior and free atmosphere. Farquhar (1978), Farquhar e:
al. (1980), Farquhar and Sharkey (1982) and Williams (1983) have presented
theoretical arguments and some evidence which support the thesis that stomatal
functioning operates in such a way as to minimize the rate of water loss per unit
photosynthate assimilated. The exchange of water vapour between the saturated air
space within a leaf substomatal cavity and the external air may be written as

(e*(Tc)_ea) & (16)
retry Y

where AE is the latent heat flux (W m™2), p and ¢, are the density (kg m ™ *), and specific
heat of air (J kg~! K1), respectively, y is the psychrometric constant (mbarK ~?),
e*(T,) is the saturated vapour pressure at leaf temperature, T, (mbar), ¢, is the vapour
pressure outside the leaf (mbar), r, is the stomatal resistance (sm~™!) and r, is the
boundary layer resistance (s m ~!). (r, may be thought of as the inverse of the sum of all
the diffusion conductances of individual stomata acting in parallel—usually r,>r,).

Jarvis (1976) analysed a large data set of r, values obtained for two coniferous
species and his expression for r, as a function of environmental variables may be
rearranged to give

AE=

rs=[ﬁ+cz] LAAT)f(e)] ! : -

where a,, b, and ¢, are constants (Jm™3, W m~2 and sm™?, respectively) and f(¥,),
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f(T.) and f{e,) are the adjustment factors for the influence of leaf water potential, i,
leaf temperature, T,, and vapour pressure, e,. The factors are limited to the range 0-1.
The constants a,, b, and ¢, may be fitted to measurements of #, (see, for example, Gee
and Federer 1972, Fletcher 1976, Tan and Black 1978, Kaufmann 1976). For this
study, data from Turner (1974) were used to obtain the parameters a,, b, and ¢, for a
maize leaf, see table 1. If one accepts the arguments favouring a constant ratio between
P, and the transpiration rate, it is relatively easy to derive values of a,, b, and ¢, froma
consideration of the constants in the photosynthetic equation, equation (15}, the
constant of water-use efficiency and an assumed climatic mean evaporative demand.
For the present, however, the values of the constants in equation (17) are determined
from fitting to data. The form of the adjustment factors are described in full in Jarvis
(1976) but will not be reviewed here; most of the following analysis assumes near
optimal conditions for both photosynthesis, as given by equation (15), and stomatal
functioning, as given by the first term in parentheses in equation (17).

3.3, Simplificarion of the description of the attenuation of photosynthetically active
radiation in plant canopies

Equations (15) and (17) are adequate descriptions of processes on an isolated leaf.
In order to estimate the area-averaged photosynthetic rate and canopy resistance
(resistance to vapour transfer imposed by the canopy per unit ground area) we must
integrate these expressions over all the leaves in the canopy.

Before doing this, we must make some simple assumptions about the way PAR is
attenuated, absorbed and utilized within a canopy. Direct beam radiation incident on a
canopy of randomly distributed elements with near-zero scattering coefficients will be
attenuated in accordance with the exponential extinction law of Monsi and Saeki
(1953)

I =i,exp(—KL) {18)

where I, is the incident radiation above canopy (W m ™2} and I, is the radiation below a
leaf-area index of L (Wm™2).

The attenuation of radiation when the scattering coefficient is non-zero has been
already discussed in the previous section. For small values of o (0 <0-2, for PAR),
however, Goudriaan (1977) found that equation (18) could be modified to give good
numerical values of the intensity profile by a simple empirical adjustment of the
extinction coeflicient:

Fp=Foexp(—kL);  k=[G(u)/n](1-w)'? (19)

It is normal practice to estimate the photosynthetic rate and resistance of whole
canopies by considering the separate contributions made by leaves exposed to full
(direct beam) sunlight and shade leaves {see, for example, Isobe 1967, Sinclair et al.
1976, Jahnke and Lawrence 1965). The areas of sunlit and shade leaves are calculated
by using equation (18)

sunlit area=[1—exp (- KL;)]/K

(20)
shaded area=L;—[1 —exp(— KL{)/K

It seems-more reasonable, however, to assume that the photosynthetic rate and the
total resistance of an ensemble of leaves of similar orientation and position in the
canopy will be closer to estimates obtained by using one mean irradiance (as calculated
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from equation (19) rather than summing the two components represented by equation
(20)). The arguments one can put forward for this are:

(1) Leaves of the same orientation at the canopy top will all be sunlit while those at
the canopy base will be receiving mainly scattered light.

(2) Leaf position changes with the wind and the Sun moves during the day and so
sunflecks cannot be assumed to stay focused on an individual leaf inside the
canopy long enough for it to attain a steady-state photosynthetic rate and
stomatal aperture. Ino (1969, 1970) reported that the radiative flux density
beneath a sugar-beet canopy showed three to six peaks per 10s. Woods and
Turner (1971) reported that the time constant for the stomatal function of four
deciduous tree species was of the order of 3-20 min for opening stomata and
1235 min for closing stomata. If, as Williams (1983) observed, stomata remain
in a slightly ‘too open’ state (in terms of water-use efficiency), the longer time
constant appropriate to the closing response will be applicable.

(3) If, the real situation were closer to that represented by equation (20) rather than
by equation (19), we would expect canopies to consist of large flat regularly
spaced leaves, nearly all of which would be sunlit, with little radiation
penetrating below a leaf-area index of 1. While this arrangement is broadly true
of shade-loving species, which have to make the best use of low radiation
incomes, it does not seem to hold for most upper storey vegetation (see, for
example, Goudriaan 1977, Parkhurst and Loucks 1972, Davis and Taylor
1980).

3.4, Canopy photosynthesis and resistance

Equations (15) for leaf photosynthesis, (17) for leaf stomatal resistance and (19) for
radiation attenuation may now be combined to estimate integral values of photosyn-
thesis and stomatal resistance for whole canopies. In doing this, we must assume that
most of the absorbed PAR is intercepted in the direction of the incident beam—
obviously this will be in error when considering processes at the canopy base but the
results indicate that this effect is not serious.

Leaves will differ in their photosynthetic rates and stomatal resistance values
according to

(1) the strength of the incident PAR flux, and therefore the position of the leaf in
the canopy,

(2) the orientation of the leaves to the PAR flux, and

(3) the preconditioning of the leaf: leaves at the top of the canopy (sun leaves) tend
to exhibit higher maximum photosynthetic rates and lower minimum stomatal
resistance values than the ‘shade’ leaves at the canopy base (see, for example,
Alderfer 1975). -

With regard to the last point, it is not thought that the variations in leaf properties
will greatly affect the validity of this analysis. Most data indicate that leaves within a
canopy exhibit roughly the same initial responses to incident PAR flux at low
irradiances. The transition from the semilinear relationship between photosynthesis
and irradiance over to the asymptotic light-saturated condition occurs over a relatively
narrow irradiance interval and at decreasing values of irradiance deeper within the
canopy. Now under normal illumination conditions, the leaves deeper in the canopy
are operating below their light-saturated limits (due to the effects of shading) and so
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their actual performance may be described by the low irradiance section of the sun
leaves’ response.

If we assume that all the leaves in the canopy react to incident PAR as defined by
equation (15), the photosynthetic rate of the whole canopy may be written as

Lt (*nf2 (*2n
Pc=.[ J‘ .[ P(F,& 0, 0)sindEdodL 20

0 0 0

where P, is the photosynthetic rate of the whole canopy, (mg CO, m~257~ 1), O(¢,6) is
the leaf-angle distribution function and £ and 8 are azimuth and inclination angles,
respectively.

Table 3 gives the solutions obtained for equation (21) for a few leaf-angle
distribution functions with the dark respiration term, R,, omitted. When using the
Ross (1975) x,. function, the angular integrals are omitted as the function gives a mean

Table 3. Canopy photosynthetic rate, P, as a function of leaf-area index, Ly, the leaf-angle
distribution function and PAR flux above the Canopy, F,,. All other symbols are defined
in text. (Direct PAR only.)}

Horizontal leaves

al bl+F0
p=41
=% n(b,+Foexp(—kLT))

Spherically distributed leaves

bu
F.= a,lq-l- ! {91—92—93}

_ ubl
gy =-exp(kLy)In (pbl +F, exp(—kl'f))

g,=In il
ub, +F,

——Fil (Hbl exp(kLr)+ Fy
=0, b, + Fy

Vertical leaves
2”1

P alLT——kM&’;T

l w 2+21 2 -1 ¢—l
$>1, ; 2+2’)2',y (m),E=Eulernumber
-1y & (=1
¢<l, M=In(1+¢)—-2 ): ¥
/.tb
Ross-Goudriaan function: G(u)= d), + gbz I

P=ﬂ n|: pb + G(WF, ]
) pby + G(u)Fy exp (—kLy)

¢=Bexp(kL), f=
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projection in the direction u so that equation (21) becomes
Lt
Pc='|. P(F,G(p)dL (22)
43

where G(u) is the mean projection of leaves in direction u.

Equation (22} represents a simplification of equation (21) in using the mean leaf
projection to calculate the activity of all the leaves (see, for example, Monsi 1968) at a
given depth in the canopy while equation (21) takes the effect of the distribution of leaf
orientations into account explicitly. Numerically, however, equations (21) and (22)
give similar results for the same leaf-angle distributions. This finding, and calculations
of P. and canopy resistance, r,, for diffuse radiation indicate that the vegetation’s
response is relatively insensitive to the direction of incoming radiation (except for
vertical and near-vertical leaves) over the middle range of solar angles.

If we assume, as before, that leaves at all levels in the canopy react in a similar way
to incident PAR, the bulk canopy resistance, r., may be written as

l_ Lt (*n/2 Mix 0(659) )
rc——-[o L J‘O —_rs(F, g,a)sm BdEdidL (23)

Table 4 lists solutions to equation (23). A solution for the Ross—Goudriaan y
function (Goudriaan 1977) (equivalent to equation (22) for P,) is also given.

3.5. Comparison of predicted and observed canopy photosynihesis

There have been few experimental studies where leaf and canopy photosynthesis
were measured simultaneously. Figure 10 shows the net photosynthetic response of an
individual wheat leaf as observed by Evans and Dunstone (1970) with some individual
data points for net photosynthesis from Denmead (1976) for comparison. Using values
of a, and b, fitted to the data of Evans and Dunstone (1970), P. was calculated for
whole wheat canopies with leaf-area indices of 1-6 and 3-2 for clear daysin January, i.e.
the Australian summer, via equation (21). We have assumed that R, is a constant
fraction of gross photosynthesis in this instance which may produce errors at low
irradiances. The PAR was assumed to be half of the incident global radiation in both
cases. ‘

These calculations are plotted against the corresponding data in figure 10. Two
features are immediately apparent, first, additional increments of leaf-area index are
predicted to yield diminishing returns in terms of the total net photosynthetic rate and,
secondly, the response of a whole canopy is more linear than that of an individual leaf
held normal to the same flux. The first effect is due to the shading of leaves at the base of
the canopy. The cause of the second effect is to be found in the way the incident flux is
partitioned in the canopy; spherically distributed leaves will maintain the same
distribution of leaf inclinations relative to the incoming beam regardless of the solar
elevation, but the path length will decrease from a maximum at low solar elevations to
a minimum for an overhead Sun. The combination of these two phenomena—shading
and the interaction of leaf inclination and solar ¢levation—tends to linearize the
response of P, to global radiation.

3.6. Comparison of predicted and observed canopy resistance values

As with photosynthesis, few studies of stomatal resistance have correlated
processes at the level of a leaf with the functioning of an entire canopy.-First, we should
question the validity of using the integral of all the leaf stomatal resistance values as an
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Table 4. Canopy resistance, r_, as a function of leaf-area index, L, the leaf-angle distribution
function and PAR flux above the canopy, F,. All other symbols are defined in text. (Direct PAR

only.)
Horizontal leaves
1 1 ﬂln dexp (kL) +1 In d+exp(—kLyp)
r. ke, | dF, d+] d+1
d=a;+b2c2
e Fy

Spherically distributed leaves

1 1 a,u
S (% St Ll P
r. ke, |: L (94—9s +ge)j|

1
g4 =¢XxXp (kLT) In (1 +m)

gs=In(1+1/Q)

] Qexp(kLy)+ 1
96-5'"(T  Q=du
Vertical leaves

1 ___h 2 a, oLy

re ¢ mk(ajtbyc)e,
M =as defined in table 3

ud
¢=pexp kL), ﬁ=(—lw
Ross-Goudriaan function: G{u)=¢, + ¢,

11 [ﬁm {#dexpkLrvL G(u)}_ln {ud+G(u) exp(—kh)}]
dF, pd+ Gy i+ G(u)

r. ke,

approximation to the canopy resistance term used in ‘unilayer’ models of evapotran-
spiration (see, for example, Monteith 1973).

Tan and Black (1976) used a numerical analogue of equation (23) to estimate
canopy resistance for a Douglas Fir stand in British Columbia, Canada. Their results
indicated that the omission of terms representing the different gradients of T,, ¢, and T,
in the canopy did not greatly affect the estimation of the canopy transpiration rate
implying that r, as given by (23) should provide us with a usable estimate of
evapotranspiration when inserted in the Penman-Monteith equation (see, for
example, Monteith 1973), providing the soil surface and canopy are dry. Monteith et
al. (1965) measured the stomatal resistance of barley leaves with a viscous flow
porometer and estimated the surface resistance of the crop as a residual of an energy-
balance calculation. Figure 11 shows a comparison of the results of Monteith er al.
(1965) and the estimate of r_ as given by equation (23) for spherically distributed leaves
using values of a,, b, and ¢, fitted to the porometer data of r_ for an individual leaf,
Both the trend and magnitude of the predicted surface resistance are in reasonable
agreement with the observations. The divergence between the observed and calculated
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Figure 10. (a) Relation between net photosynthetic rate of individual wheat leaves and incident
visible radiation. Solid line is from Evans and Dunstone (1970), dashed line is best fit of
equation (15) in text, points are for another wheat crop (see Denmead 1976). (b) and (c)
show the calculated net photosynthetic rates (from equation (21) and dashed line in (a))
of whole wheat canopies for two leaf area indices and two leaf-angle distributions
compared with measurements of Denmead (1976).
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values of r, at high radiation incomes may be attributed to the effects of leaf water
potential on stomatal closure at high transpiration rates.

Figure 12 shows the variation of r, with leaf-area index as measured by Monteith e¢
al. (1965) and as predicted by equation (23). For the predictions, daily mean values of r,
were obtained by assuming clear days on the appropriate dates and totally green

— T Y !
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|
o =8 l |
N o T +~ ©
s m 'I' ""'~-~., s\L +- _}
0 ' : ' :

350

700

INCIDENT SOLAR AADIATION (W mi?)-

Figure 11. Relation between leaf stomatal resistance (r,) and irradiance for individual barley
leaves. Open squares are data from Monteith er al. (1965), vertical lines are error bars,
solid line is best fit of equation (17) in text. Lower part of figure shows estimated surface
resistance for a barley crop (open circles) from Monteith et al. (1965) compared with
values of the canopy resistance, r,,, as given by equation (23) for two leaf-area indices.
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Figure 12.  Observed (open circles and solid line) course of surface resistance of a barley crop
over a growing season. Also shown is the suggested relationship as proposed by Monteith
et al. (1965) and value of minimum canopy resistance as calculated from equation (23) in
the text.
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canopies. We expect the predictions to undershoot the observations by a slight amount
during the growing phase (due to less than clear conditions) and to significantly
underestimate r_ as the crop senesces. Both trends are apparent in figure 12.

Some confirmation of the predicted variation in r, with canopy position may be
obtained from the data of Watts er al. (1976). Watts e al. (1976) measured profiles of r,
in a Sitka spruce canopy and the results qualitatively concur with the combination of
equation (19) with equation (23). Canopy resistance was calculated numerically from
the profiles in the same way as Tan and Black (1976) and the results emphasize the
dominance of the upper layers of the canopy in determining the transpiration rate.

3.7. Diurnal variation of canopy photosynthesis and resistance

Figures 13 and 14 show the predicted variation of P, and r, with leaf-area index, the
angle of incoming radiation and leaf orientation. Clearly, a saturation effect occurs at
the higher leaf-area indices, which is increased if the cover or greenness fraction is
reduced (see later discussion). In all cases, the coefficients used in calculating r, and P,
were fitted to data for maize (see tabie 1).

Most of the above discussion has been concerned with instantaneous values of P,
and r,. We shall now consider daily mean estimates of these quantities which may be
compared with observations taken intermittently during a growing season. Figure 15
shows time-averaged values of P, and r, for Julian day 180 at a latitude of 30°N. (Clear
skies are assumed and Goudriaan’s (1977) data relating visible and near-infrared
radiation fluxes to the solar angle are used.) In all cases, P, and r, were obtained
numerically by

— 1 M
= J P.dt (24)
=" | —adr (25)

P, is the daily mean photosynthetic rate (mg CO,dm ™! hour™!), 7, is the daily mean
canopy resistance (sm~"), D is the time of dawn and M is the time of midday.

3.8. Relationships between absorbed photosynthetically active radiation and primary
productivity
The results shown in figure 13 may be compared with some field studies. Monteith
(1977) presented results which indicate that net photosynthesis or growth could be
related to the integrated amount of PAR absorbed by a canopy

_ At
P, =lJ. eF, dt (26)

where ¢ is the efficiency of conversion of PAR to net photosynthesis {gm CO,J ™) and

F, is the PAR absorbed by the canopy (W m™2),
The PAR absorbed by the canopy, F,, may be calculated for the direct fraction by

F,=Fo{(1—-a)—[I],, +exp(—- KL (1 -pJ)} @7

F, is the downward flux of PAR above the canopy (W m~?) and a, is the albedo of the
surface in the PAR wavelength interval, from equation (11). Figures 16 and 17 show
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Figure 13. (a) Calculated canopy photosynthetic rate, P, as a function of leaf area index
{numbers on the right-hand side of the figure) and incident PAR. P, is given by equation
(24) in the text using coefficients from table 1. Note diminishing effect of leaf area
increments. The canopy is green and the solar elevation=40°. () Calculated canopy
resistance values, r_, as a function of leaf area index (numbers on right-hand side of the
figure) and incident PAR. r_is given by equation (25) in the text. {(Other conditions as in

(a).)
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which yields no change in the photosynthetic response of horizontal leaves with solar
angle.
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Figure 15. (a) Calculated relation between daily mean photosynthetic rate, P., and leaf-area
index for two leaf-angle distributions and two greenness values, ‘g’. Values are for a maize
canopy (table 1) on Julian day 180 at 30°N. (b) Calculated relation between daily mean
canopy resistance, r., and leaf-area index for two leaf-angle distributions and two
greenness values, ‘g’. Values are for a maize canopy (table 1) on Julian day 180 at 30°N.
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Figure 16. Calculated relation between P, and absorbed fraction of PAR for (a) a range of leaf-
angle distributions and (b) a range of canopy greenness values, ‘g’. Solid circles on lines
denote leaf area indices of 0-1, 0-5, 1-0, 2-0, 4-0 and 6-0, working from left to right on each
line. Crop is maize (table 1) and values are calculated for Julian day 180 at 30°N.

the model estimates of the daily integral of F, against P, and 7. The relationship is
predicted to be near linear for green vegetation, a result which is not intuitively obvious
given the non-linear dependence of P. on F. [tisclear that the combination of two non-
linear functions, one describing the attenuation of PAR, the other relating incident
PAR tor and P,, yields this result. The asymptotic behaviour of the two functions are
mutually self-cancelling, a finding which implies that the stomatal response and
canopy architecture are related in order to make the most efficient use of the incident
radiation. A by-product of these relationships is that the effect of increasing leaf area
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Figure 17. Calculated relation between r_ and absorbed fraction of PAR for (¢) a range of leaf-
angle distributions and (b} a range of canopy greenness values, ‘g’. Solid circles on lines
denote leaf area indices of 0-1,0-5, 1-0, 2-0, 4-0 and 6-0, working from left to right on each
line. Other variables are the same as in figure 16.

index on P, is calculated to fall off in a near-geometric fashion. Equation (26) might
therefore be expected to perform well in regions where the crop is not subject to
environmental stress.

3.9. Summary of the performance of the canopy photosynthesis and resistance models
From the discussion in the preceding sections, the integration of formulae
describing photosynthesis and stomatal resistance for individual leaves over the depth
of whole canopies seem to provide us with reasonable area-averaged estimates of
photosynthesis and surface resistance (if we neglect soil evaporation). Additionally,
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the integrated expressions give rise to the following predictions which are supported by
what data are available:

(1) Additional increments in leaf area index have a diminishing effect on canopy
photosynthesis and resistance due to the effects of shading.

(2) The combination of shading, leaf orientation and solar angle tend to
linearize the photosynthetic and stomatal response of whole canopies to
incident PAR. )

(3) The linearizing effect predicted in (2) results in the prediction of a near-linear
relation between plant growth rate and canopy resistance (and hence
transpiration loss) and absorbed PAR in accordance with observations.

The above relationships are not expected to hold when the crop is subjected to
stress or when leaf properties change drastically throughout the depth of the canopy.

4. Canopy photosynthesis, resistance and spectral reflectivity
4.1, Limitations of the modelling approach

Prior to interrelating the results of the previous sections, a summary of the
limitations of the theoretical approach seems in order:

(1) The radiative transfer model (equations (1) and (2)) is not consistent with the
expression used for describing the attenuation of PAR down through the
canopy in equation (19},

(2) Few scattering processes are isotropic..

(3) The expressions describing leaf photosynthesis and resistance are empirical
summaries of complicated processes.

(4) The physiological processes are considered in isolation from factors other than
PAR, i.e. the effects of temperature, leaf water potential, humidity and leaf age
have not been addressed.

(5) Leaf properties are assumed to be constant within the canopy.

In spite of the above, we shall assume that the trends predicted by the simple models
should be indicative of what happens in reality.

4.2. Relating canopy photosynthesis and resistance to spectral reflectivity

Figures 18 and 19 show the predicted canopy photosynthetic rate, P., and the
resistance, r., as functions of leaf area index and incoming photosynthetically active
radiation. The corresponding simple-ratio values are predicted to be near linearly
related to P, and 1/r_, the slope of the relationship depending on the incident radiation
intensity, While the same trend is apparent in the vegetation index values (see right-
hand sides of figures), this quantity is less linearly related to either P, or 1/r_ than the
simple ratio. This result, which recurs throughout the following discussion, is due to
the more rapid increase in the denominator and decrease in the numerator in the
expression for vegetation index in equation (14) as green leaf area increases. The
vegetation index therefore exhibits a swifter relative response at low leaf area indices
and a more rapid saturation than the simple ratio.

Figures 20 and 21 compare the daily mean values, P, and 7, , to the simple ratio and
the vegetation index as given by equations (1), (2) and (14). It is clear that while the
simple ratio and vegetation index are not very sensitive predictors of leaf area index,
they are simulated Lo be good indicators of the canopy photosynthetic capacity and
resistance. The reason for this effect is obvious; P., ¥, and the reflectances approach
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Figure 18. Calculated relation between the simple ratio/vegetation index, net photosynthetic
rate, P,, and incident PAR (numbers on graphs (W m~2)). Solid circles on the lines
correspond to leaf area indices of 0-1, 0-5, 1-0, 2:0, 4-0 and 6-0, working from left to right.
The crop is assumed to be a uniform green cover of maize (table 1) and the solar elevation
is 30°.

asymptotes in a similar manner with increasing leaf area index. Daily averaged values
of the vegetation index and simple ratio were obtained in a similar manner as P and7;.
The near linearity of the relationship between P, and the simple-ratio/vegetation-index
estimates implies that a time integral of either of the latter quantities should be almost
linearly related to the net or gross primary productivity of a canopy. The data of
Goward er al. (1985) were summarized to produce a plot of the net primary
productivity of a number of North American biomes against the time integral of the
vegetation index over the growing season. These results show an almost linear
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Figure 19. Calculated relation between the simple ratiofvegetation index, minimum canopy
resistance, r., and incident PAR (numbers on graphs (W m ~2)). Other variables are the same as
-in figure 18.

relationship between these two quantities in accordance with the calculations discussed
above.

The above results indicate that although multispectral data may not be very useful
in determining leaf area index, they may be able to provide usable estimates of the
photosynthetic rate and canopy resistance, provided that other factors such as soil
moisture, temperature, etc., are optimal and the incident flux of PAR is known.

.Accordingly, we may assign two functional attributes to a plant canopy on the basis of

multispectral reflectance data. These are the photosynthetic capacity, P¥, and the
canopy resistance function, r*, which when combined with a given flux of PAR yield

c

maximum values of P; and 1/r.. Actual values of P, and 1/r, will drop below these
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Figure 20. Calculated relation between the simple ratio/vegetation index (equalipn (14)) and

(a) E and (b) 7,. All variables and symbols are the same as in figures 18 and 19. Canopy
has spherically distributed leaves. Variation with canopy greenness, denoted by 'g’, is
shown.

maxima if the canopy is subject to any kind of stress. A number of points should be
borne in mind when considering these applications:

_(1) Bare ground. The presence of even a small proportion of bare ground (as
opposed to an even distribution of vegetation) may seriously complicate the
interpretation of multispectral data. Figure 8 indicates that very dense
vegetation confined to a 75 per cent cover would appear to correspond
spectrally to a leaf-area index of just over unity for a continuous cover. (The
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Figure2!l. Calculated relation between simple ratiofvegetation index (equation (14)) and (a) E
and (b) ¥, for a green canopy with spherically distributed leaves for a range of cover
fractions, denoted by ‘c’. All other variables and symbols are the same as in figures 15 and
20.

figures will change, of course, with different values of soil reflectance, etc.)
Figures 20 and 21 show that there is a corresponding uncertainty when relating
P, to the simple ratio.

(2) Greenness. The presence of even a small fraction of dead leaves in the canopy
would appear to reduce the vegetation index and simple ratio drastically (see
figures 20 and 21).

(3) Leaf orientation and solar elevation. The correlation of multispectral data with
leaf area index is predicted to be significantly dependent on leaf orientation
and solar elevation for leaves with angular distributions other than horizontal.
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The effect increases in severity the more the leaves approach a vertical
distribution. Such a result is not surprising in view of the fact that the single
scattering albedo, a,(u), for vertical leaves varies from /2 to zero as the solar
elevation increases from zero to m/2.

(4) Viewing angle. Although not discussed here, operational measurements of
surface reflectances are usually made with narrow field-of-view sensors. The
relationship between the bidirectional reflectance and the biophysical quant-
ities of P, and r_ can be expected to vary with view angle, solar azimuth angle,
etc. Here, only the integrated hemispherical reflectances are considered.

5. Conclusions

In conclusion, it would appear that multispectral data may be of some use in
assessing the area-averaged biophysical activity of vegetation in a region as represen-
ted by the photosynthetic capacity, P?, and the canopy resistance function, r¥. The
assumed close relationship between these two quantities is supported by figure 22
where it appears that the functional relationship between l¢af photosynthesis and
transpiration rates translates to the analogous canopy terms for the maize data set used
in this study. The problems posed by uncertainties in the cover fraction, leaf
orientation, fraction of dead leaves and species mix (not addressed here) are
considerable and it is clear from the results in the previous section that for the
relationships between F,, r. and reflectance to be usable, either the vegetative cover
must be continuous and green or further data concerning these factors must be
available. High-resolution sensors operating in the visible and near-infrared channels
may be applied to this problem,
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Figure 22. (Calculated relation between P, and 7, for a maize canopy (table 1), all other
variables as before. The relations for five different leaf-angle distributions are shown but
these are virtually indistinguishable from each other. Solid circles represent leaf-area
indices of 0-1,0-5, 1-0, 2-0, 4-0 and 6-0, working from left to right, origin represents leaf-
area index of zero.
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A major obstacle to using satellite observations of surface spectral reflectances in
conjunction with physiological models is connected to the range of physiological:
responses exhibited by different species in a given plant community, all of which may
be expected to contribute to the total area-averaged photosynthetic and transpiration
rates in a complex and non-linear fashion. On the other hand, it is reasonable to assume
that species occupying overlapping or adjacent niches (in ecological terms) will have
similar physiognomies and physiological responses to environmental forcings (see, for
example, Colinvaux 1973, Kormondy 1969, Dunn 1975, Taylor 1975). Obviously, this
situation does not hold in many regions; for example, shrub-savanna consists of
coexisting herbacious and shrubby vegetation with differing morphological and
physiological characteristics (Walter, 1973) which implies that there are two broad
groups of evolutionary stable strategies (see, for example, Dawkins 1976) for the
vegetation under these particular climatic conditions. However, in other regions
(tropical rain forest, grasslands, seasonal forests), the dominant species exhibit
similarities in form and primary production rates. Here, the assumption of area-
averaged canopy characteristics is not so unreasonable.

As mentioned before, this paper is exploratory and further work must be done with
more sophisticated models in conjunction with field experiments to test the validity of
the various assumptions made in the preceding analysis. It does seem, however, that
some canopies may utilize the absorbed photosynthetically active radiation in a near-
linear fashion and that the visible and near-infrared albedos may respond accordingly.
That the simple ratio or vegetation index are poor predictors of leaf area index and
biomass should not be surprising, therefore, but the indications that they may be able
to provide more profound information regarding photosynthesis and transpiration are
encouraging.

Acknowledgments

At the time of this work, Piers Sellers was a National Academy of Science/National
Research Council Resident Research Associate. Special thanks for help with the
integration of some of the formulae in this paper must be extended to A. Dalcher, P. J.
Camillo, R. E. Dickinsonand A. T. C. Chang. Helpful discussions with C. J. Tucker, B.
J. Choudhury, G. Asrar, J. Norman, J. Monteith, R. I. Gurney, T. J. Schmugge, D. S.
Kimes, B. N. Holben, S. N. Goward, Y. Kaufman and R. S. Fraser contributed to the
final form of the paper. The impetus for the work was provided by R. E. Murphyand S.
I. Rasool who while attending a workshop on the use of vegetation-index values
simultaneously said “but what does it all mean?” Joyce Tippett is to be speciaily
thanked for typing and editing the manuscript.

Appendix
Solution to two-stream approximation equations as described in the text.

Direct beam radiation

h exp(—-KL
IT=1 Pi )

1]

+hyexp(—hLYy+hyexp(hL)

_haexp(—KL) (10
a

+hsexp(—hL)+ hgexp (L)

b=(1-(1-Pw)
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