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Canopy Reflectance, Photosynthesis, 
and Transpiration. II. The Role of 
Biophysics in the Linearity of Their Interdependence 

P. J. SELLERS 

COLAI, Department of Meteorology, University of Maryland, College Park, Maryland 20742 

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 are 
integrated over leat orientation and canopy depth to obtain estimates of canopy photosynthesis and bulk stomatal or 
canopy resistance. The simple ratio (SR) of the near-infrared and visible canopy reflectances has been found to be a 
near-linear indicator of the photosynthetically active radiation absorbed by the canopy, APAR, minimum canopy 
resistance, 1/r c, and photosynthetic capacity Pc, but a highly nonlinear and therefore less reliable predictor of leaf 
area index or biomass (Sellers, 1985). This paper extends previous work and investigates the biophysical processes 
giving rise to the near-linear dependence of APAR, Pc and l/r, ,  on SR. It is demonstrated that under normal field 
conditions, i.e., dark soft, the near-infrared reflectance term controls the variation of SR with leaf area index. As a 
result of this, near-linearity between SR and APAR, Pc or 1/r~ will occur if the lea[ scattering coefficient in the 
near-infrared region, toN, satisfies the following equality: ton = 1 -  [G(~) /2 / t ]2 (1 -  to,,), where to,, is the leaf's 
effective scattering coefficient for PAR, G(/~) is the average lea[ projection in the direction/x, and/x is the cosine of 
the zenith angle of the incoming flux. This condition is approximately met in nature. It is shown that a variety of 
satellite sensor combinations are well configured for the estimation of APAR, Pc and 1 / r  C by responding to leaf 
scattering coefficients in bands that conform to the above expression. The relationships between SR and APAR, Pc or 
I/r, .  becomes increasingly nonlinear as the soil reflectivity increases. 

RN - Rv (lb) Introduction ND - R N + R v '  

The past few years have seen a consid- 
erable rise in interest in the relationship where 
between the spectral reflectance of the 
vegetated land surface and biometric 
or biophysical quantities associated with SR = simple ratio, 
the vegetation. Many researchers have ND = normalized difference, utilized combinations of spectral radi- 
ances observed over vegetated surfaces as R N, R v = upwelling radiances in the 
indicators of the density, health, or bio- near-infrared and visible 
mass of the vegetation. The most corn- spectral regions, respectively. 
monly used combination of radiances are 
known as the simple ratio (SR) and the 
normalized difference vegetation indexes Initially, researchers investigated the 
(ND) (sometimes referred to as just the correlation between the simple ratio or 
vegetation index) defined by the normalized difference of the reflected 

near-infrared and visible radiances to 
RN (la) green lea_[ area index and /o r  biomass 

SR = R v  , (Tucker et al., 1981; Curran, 1980). Later 
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work related the simple ratio or normal- tosynthetically active radiation, should 
ized difference to the amount of photo- provide reasonable estimates of gross 
synthetically active radiation (PAR) ab- photosynthetic productivity (GPP) and, 
sorbed by the green canopy (Asrar et al., by extension, net photosynthetic produc- 
1984). Starting with Monteith (1977) and tion (NPP). It is important to note, how- 
continuing with Goward et al. (1985), ever, that the relationship becomes non- 
Heimann et al. (1986), and Fung et al. linear at saturating levels of PAR, i.e., 
(1986), the time integral of the absorbed canopy photosynthesis does not increase 
photosynthetically active radiation (APAR) linearly with increasing incident PAR. 
as estimated from either the simple ratio This has the effect of "levelling off" the 
or the normalized difference has been intercepted PAR/canopy photosynthesis 
found to be near-linearly related to net relationship, a trend which is apparent in 
primary production (NPP). In a previous the data of Monteith (personal communi- 
paper, Sellers (1985) approached the sub- cation). 
ject from a theoretical viewpoint and The experimental evidence and theo- 
demonstrated with the aid of simple re- retical work mentioned above indicates 
flectance, photosynthesis and resistance that the simple ratio or normalized dif- 
models that the simple ratio or normal- ference vegetation indexes and the vege- 
ized difference: ration-dependent quantities APAR, Pc*, 

i. would provide a non-linear but and 1/rc* are near-linearly related. The 
monotonic indication of green leaf paper of Sellers (1985) did not advance 
area index and/0r biomass, but any physical or biological reasons why 

if. appeared to be near-linearly related this should be so. The theoretical analyses 
to the amount of absorbed photo- presented in this paper indicate that the 
synthetical ly active radiation proportionality of the leaf scattering coef- 
(APAR), the area-averaged photo- ficients in the visible and near-infrared 
synthetic capacity Pc*, and the in- wavelength regions is the cause of this 
verse canopy resistance function phenomenon. This proportionality may be 
1/re*, at the time of observation, used to formulate criteria for assessing 
The last two quantities represent the the suitability of satellite sensor systems 
m a x i m u m  gross photosynthetic pro- for estimating biophysical quantities. 
ductivity and m i n i m u m  canopy re- These criteria are used in the last part of 
sistance for given illumination con- the paper to show that some satellite 
ditions, sensor systems are well configured for the 

Essentially, the work of Sellers (1985) estimation of area-averaged canopy pho- 
suggested that spectral reflectance data tosynthetic and transpirative properties. 
were good indicators of rates associated 
with the vegetation (i.e., photosynthesis, 
transpiration) but unreliable indicators of Theoretical Revision 
the state  of the vegetation (leaf area in- 
dex, biomass). As the relationship be- This paper continues the analysis of 
tween the reflectance data and such rates Sellers (1985) in exploring the links be- 
was found to be near-linear, time in- tween canopy reflectance, photosyn- 
tegrals of the reflectance data, suitably thesis, and transpiration. The main objec- 
weighted by the amount of incident pho- tive of the analysis presented here is to 
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explain why the reflectance indicators of a d I $  
the simple ratio and normalized dif- e - ~ -  + [1 - (1 - fl)~0] I $ - toflI  T 
ference should be near-linearly related to = ~ /xK(1 -  fl0)e -KL, (2b) 
the surface biophysical properties of 
canopy PAR absorption, photosynthesis, 
and bulk stomatal resistance, where 

Sellers (1985) used three simple models 
I J', 1 3, = upward and downward diffuse to describe the processes of canopy re- 

flectance, photosynthesis, and resistance: radiative fluxes, normalized by 
These are briefly reviewed below, the incident flux, 

Radiative transfer, and hence reflec- /z = cosine of the zenith angle of the 
tance and absorption, was described by incident beam, 
the two-stream approximation model dis- 
cussed by Dickinson (1983) and extended K = optical depth of direct beam per 
by Sellers (1985). This model describes unit lea/area 
the scattered diffuse flux above, within 
and below the canopy as having only two = G ( l t ) / l ~ '  
directions: upwards and downwards. This G(/z) = relative projected area of lea/ 
represents a considerable simplification elements in direction cos-1/~, 
compared to physical reality and the more 
complex numerical models, for example, ~ = average inverse diffuse optical 
the paper of Kimes (1984), where the depth per unit leaf area 
scattered flux is treated as a vector quan- 1 

with an infinite number of possible = ~  [/x'/G(/~'] d/~', tity 
vectors or scattering directions in nature 
and a relatively large number in numerical At' = direction of scattered flux, 
models [74 in the case of the Kimes (1984) 
model]. However, comparisons between to = scattering coefficient 
the two-stream model, the Kimes (1984) = a + T, 
numerical model, and data have shown 
that as far as vegetation canopy hemi- a = leaf element reflectance, 
spherical reflectances are concerned, the 
two-stream model is an adequate descrip- T = leaf element transmittance, 
tion of the scattering and absorption L = cumulative leaf area index, 
processes (Kimes et al., 1986). 

The upward, I J', and downward, 1 3,, r ,  r0 = upscatter parameters for diffuse 
diffuse fluxes of radiation within the and direct beams, respectively. 
canopy are described by the following 
equations for the case of an incident di- In (2), the individual phytoelements 
rect flux: are treated as isotropic scatterers. Strictly 

speaking, this is not the case, but the use 
of this assumption does not seem to be _ d I  "~ 

- / t  ~ + [1 - (1 - f l ) to  ] I  '~ - toflI  3, responsible for serious errors. 
Physical processes can be attributed to 

= coftKflo e - r L ,  (2a) each of the four terms in (2). Equation 
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(2a) describes the vertical profile of the where 
upward diffuse radiative flux, I $, within Ps = soil reflectance, 
the canopy. (It should be noted that both 
the upward and downward diffuse fluxes L r = total leaf area index. 
are assumed to be completely isotropic.) The first boundary condition states that 
The first term in (2a) describes the at- all of the incoming flux above the canopy 
tenuation of the upward diffuse flux as a is contributed by direct beam radiation. 
function of the other three terms. The The second boundary condition simply 
second term defines that fraction of I $ states that the downcoming radiation at 
that is rescattered in an upward direction the soil surface, I $ + e-KL~, is reflected 
following interaction with leaf elements, isotropically to generate the upward dif- 
The third term refers to the fraction of fuse flux beneath the canopy. 
the downward diffuse flux I $, which is The solution of (2) with (3) yields 
converted into upward diffuse flux by h l e KL 

= - -  - h e hL (4a) backscattering. The last term, on the I "~ o + h2 e -hL + 3 , 

right-hand side of (2a), refers to the c o n -  h4 e - K L  -b hse -hL + h6 ehL. 
tribution to the upward diffuse flux by I $ =-~- 
the scattering of direct incident flux (4b) 
penetrating to the specified depth L in 
the canopy. Corresponding descriptions The values of the constants o, h, and 
may be assigned to the four terms in (2b) h x - h  6 are determined from manipulation 
which describes the profile of the down- of (2) and are provided in the Appendix 
ward diffuse flux. of Sellers (1985). 

The derivation of the values of the The canopy hemispherical reflectance 
parameters fi, /3, and /3o is described in for this ease is then simply given by 
Dickinson (1983) and Sellers (1985). Es- a(/~) = I T (0) = h l / o  + h 2 + h s. (5) 
sentially, they are found to be functions 
of the leaf optical properties, ~ and a, Suitable boundary conditions may be 
and the leaf angle distribution function used in place of (3) and the direct radia- 
O(~, 0), where ~ is leaf azimuth angle tion terms on the right-hand sides of (2) 
and 0 is the angle of the leaf normal to dropped from the basic equation set to 
the local vertical, solve for incident diffuse radiative fluxes 

Equation (2) may be solved quite sim- (Sellers, 1985). 
ply for the case of an isotropically reflect- Of particular importance to the follow- 
ing soil underlying the vegetation canopy, ing discussion are the power terms in (4), 
The appropriate boundary conditions are that is, K and h. K is given by the mean 
then: projected area of the leaf elements in the 

direction of the incident flux, divided by 
the cosine of that direction, i.e., G ( # ) / I z .  

I $ = 0, L = 0, (3a) The diffuse attenuation term h is ob- 
tained from the solution of (2): 

11" =ps( I  $ + e - K L ~ ) ,  L = L T ,  h = ( 1 / ~ ) [ ( 1 _ o ~ + 2 / 3 o ~ ) ( 1 _ o ~ ) ] , / 2 "  

(3b) (6) 
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The average inverse diffuse optical field data. For illustrative purposes, Fig. 1 
depth per unit leaf area, ~, is equal to shows the variation of surface reflectance 
unity for canopies with horizontal or in the visible, a v ,  and near-infrared, aN, 
spherically distributed leaves, and is close wavelength intervals as a function of leaf 
to unity for most other leaf angle distri- area index and soft reflectance. In these 
butions, and subsequent figures, the worked ex- 

In the case of horizontal leaves, or when amples make use of the vegetation prop- 
= a, (6) simplifies to erties listed in Table 1. Two leaf angle 

distributions are considered: horizontal 
and spherical. (The latter case, which is a 

h = (1 - ~o) 1/2. (7) fair approximation for much natural veg- 
etation, is equivalent to the leaves having 

Sellers (1985) and Kimes et al. (1986) an angular distribution function like the 
have presented results which compare the surface facets of a sphere--it  is often 
predictions of the two-stream model with referred to as a random distribution.) The 

(a) I I t I 
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FIGURE l. Surtace hemispherical reflectance as a function of total leaf area index LT, lea[ 
scattering coefficient ~, and soft reflectance Ps- In all cases, solid lines refer to canopies with 
horizontal leaves, and dashed lines to canopies with spherically distributed leaves. The start 
point of each line on the vertical (reflectance) axis indicates the background soil reflectance. (a) 
Reflectances in the visible region; o~ V =0.2;  (b) reflectances in the near-infrared region 
o~lv = 0.8; (c) reflectances in the near-infrared region, oJ N = 0.95. The horizontal lines on each 
figure refer to the asymptotic (semiirffinite) canopy reflectance. 
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TABLE 1 Optical and Physiological Properties Used Under  normal field conditions, when 
f°rM°delCan°pya the soil is relatively dark (Ps < 0.1), we 

LEAF ANGLE Homzorcr~, see that the visible reflectance a v does 
DISTRIBUTION SPHERICAL not vary much with increasing leaf area 
Visible, PAR scattering index, mainly because the rescattering of 

coefficients 6ov, 60~ 0.2 
Near intraredscattering light in this wavelength interval is so 

coefficient 60 x 0.8, 0.95 small (toy = 0.2). By contrast, the near- 
Leaf photosynthesis constants infrared canopy reflectance a N continues 

a 1 ( m g C O  2 dm -1 h - l )  82.6 
b l ( W m  -z )  278.4 to show significant change with in- 

Leaf stomata] resistance creasing leaf area index due to the rela: 
constants tively high scattering coefficient of green 
a 2 (J m -3)  8750.0 
#2 (wm-2) 6.0 leaves (toN = 0.8 or 0.95) in this spectral 
c 2 (s m -1) 55.0 region, see Figure 1. 

Became of this, we expect the reflec- 
aThe values of 6ov = 0.2 and to N = 0.8 may be compared 
with equivalent values of 0.175 and 0.825, respectively, t a n c e  indicators SR and ND to be mainly 
reported by Dickinson (1983) for the wavelength inter- functional on the near-infrared surface 
vals 0.4-0.7 # m (visible) and 0.7-0.3 # m  (near-infrared), reflectance a N" Figure 2 shows the v a r i a -  
respectively. Values of a I and b 1 were obtained from 
curve fits to data of Hesketh and Baker (1967); Re, b 2, t i o n  of SR and ND with total leaf a r e a  
and c 2 from data of Turner (1974), for maize leaves, index L T. Reference to Fig. 1 and a 

comparison of the absolute values of a N 
and a v will confirm that, for low values 
of ps, the SR and ND are dominated by 

leaf scattering coefficient in the visible t he  a N term. 
region, toy, is taken as 0.2. Two leaf The proportion of PAR absorbed by 
scattering coefficients are considered in the vegetation canopy, APAR, may be 
the near-infrared region, toN = 0.8 (repre- calculated by 
sentative of green leaves in the 1.6-1.8 
/zm interval) and to N = 0.95 (representa- APAR = 1 - a,~ - (1 - Psi) 
tive of green leaves in the 0.7-1.1 #m 
interval). The reason for considering two X (  e -K 'Lr  + I $~L)), (8) 
values of to N will become apparent in the 
discussion. In all cases, it is assumed that where the subscript ~r refers to the PAR 

= a, so that (7) holds true. It is also wavelength interval. 
assumed, rather less realistically, that the Clearly, derivation of a value for the 
soil reflectance Ps is the same in all spec- PAR smfface reflectance, a ~, requires the 
tral regions. (Normally, p~ increases grad- specification of a value of to,, the mean 
ually with wavelength, a small complica- leaf scattering coefficient for the effec- 
tion which has been neglected to keep tively used PAR. 
this analysis simple.) Additionally, the in- The calculation of to, is set out later in 
coming radiative fluxes are assumed to be the paper; it is simply an estimate of the 
all vertical beams, close to conditions rep- mean leaf scattering coefficient for the 
resentative of a clear day with a near- PAR wavelength interval with some 
overhead sun, i.e., good remote-sensing weighting for the spectral dependences of 
weather,  the solar flux and the photosynthetic ac- 
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FIGURE 2. Simple ratio (SR) as a function of total leaf area index L T and soil reflectance 
p~. (a) Simple ratio calculated for a canopy of horizontal leaves, w v = 0.2, w N = 0.8. 0o) 
Simple ratio calculated for a canopy of spherically distributed leaves, wv = 0.2, w N = 0.95. 
Values of background soft reflectance are marked against each line and are assumed to be 
constant over the spectrum. Equivalent ND values are shown on the right-hand vertical axes 
of each figure. 
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tion efficiency of the leaf. From data, 0~ where 
is calculated to be 0.207 (see later sec- 
tion): here it is taken to be equal to the 
specified value of ~0 v ( = 0.2) for the time P = leaf photosynthetic rate 
being. For the bulk of the analysis, there- (mg CO~dm -1 h-1), 
fore, the subscripts V and ¢r are inter- F $ = normal (relative to leaf) flux 
changeable. The second term of the left- density of incident PAR (Wm-2) ,  
hand side refers to the proportion of PAR 
reflected by the surface while the third R d= dark respiration rate 
term refers to the proportion of PAR ( m g C O 2 d m - l h - 1 ) ,  
absorbed by the soil. Figure 3 shows the 
variation of APAR with total leaf area a~, b~ = constants 
index L r. (mg COzdm -1 h -1, Win-2) .  

Canopy photosynthesis and resistance 
are described by extensions of simple leaf 
photosynthesis and resistance models, as L e a f  stomatal resistance: 
described in Sellers (1985): ) L e a f  photosynthesis: rs = b e + F $ + ca 

e= R, -1, (lo) 

(9) where 

- -  rs = leaf stomatal resistance (s m - l ) ,  1.0[- ~---- ~ ' _ ~  

.8 = constants determined from data or 
from a 1, bl, and R d 

'~ " 6 I / / / ~  Ps = 0.0 ( j m - 3 ' W m - 2 ' s m - 1 ) '  

.4 = adjustment factors for the effects of 
leaf water potential g,t, temperature 

.2 ~ /  T c, and vapor pressure deficit ~e 
f 
I I I f I 

2.0 4.0 6.0 8.0 10.0 The dark respiration term R a in (9) 
t-r has been dropped from the ensuing anal- 

FIGURE 3. Variation of the absorbed fraction of photo- ysis partly because there is some con- 
synthetically active radiation (APAR) with lea/area in- troversy about how to specify its varia- 
dex. It is assumed that ~% = Wv = 0.2 is representative tion with increasing leaf area index. R d is  
/or the PAR region. Horizontal and spherical leaf angle assumed to be a fairly small proportion of 
distributions are indicated by solid and dashed lines 
respectively; background soft reflectances are marked P for reasonable values of leaf area index 
against the curves. ( < 6). 
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The adjustment factors f(~bz), f(Tc), where 
and f (Se)  are equal to unity under opti- 
mal conditions and zero when pho- k=[G( i z ) / t x ] (1 -~%)  1/2, (11) 
tosynthesis and transpiration are reduced 
by adverse environmental conditions; i.e., F L, F o = PAR fluxes below a leaf area 
limiting soil moisture, extremes of tern- index L and at the top of the 
perature, or an excessive vapor pressure canopy, respectively (Wm-2),  
deficit, respectively. It is assumed in all 
the following discussion that light is the o~ = effective scattering coefficient 

for PAR only limiting factor, so that f(qJl) = f(Tc) 
= f (6e)  = 1. =O~v. 

The quantities a 1, bt, a2, b2, and c 2 
are largely species dependent. If one Then, with information concerning the 
accepts the arguments favoring a con- leaf angle distribution as given by the leaf 
stant ratio between P and the trans- angle distribution function 0(4,/9), we 
piration rate (see Farquhar and von may combine (9) and (10) with (11) to 
Caemmerer, 1982; Farquhar and Sharkey, give the canopy photosynthetic rate and 
1982), it is relatively easy to derive values resistance: 
of a 2, b2, and c 2 from a consideration of 
the photosynthetic equation, (9), and the foLTfo~r/2fo2~p(F, 
constant of water use efficiency, and an Pc = 4, 0)O(4, 8) 
assumed climatic mean evaporative de- 
mand. For the present, however, the val- × sin 8 d~ d 8 dL, (12) 
ues of the constants in (9) and (10) are 
determined from fitting to data for maize 1 = fLTf,,/2 f2,, 0(4, 8) 
leaves as given in Table 1. rc ,o "o ~o rs( F, 4, 8 ) 

Equations (9) and (10) are taken as ×sint~d~dSdL. (13) 
good for processes associated with a single 
leaf exposed to a normal incident PAR The leaf angle distribution function is 
flux, F $. In order to obtain the area- discussed in some detail in Ross (1975) 
averaged canopy photosynthetic rate Pc mbasically it describes the range of leaf 
and resistance re, we must integrate (9) azimuth ~ and inclination/~ angles for a 
and (10) over the depth of the canopy, given canopy. Its properties are specified 
while taking into account the fact that such that 
the leaves may have a range of orienta- 
tions and therefore a range of projections f0,,/2 fo2,,O(~, 
relative to the incoming flux. /~)sin/~d~d/~ = 1. (14) 

To start with, we assume that PAR is 
attenuated on its passage down through Solutions to (12) and (13) for a range of 
the canopy according to the Goudriaan canopy types are reproduced in Sellers 
(1977) semiempirical expression, (1985). Figures 4 and 5 show how Pc and 

1/r  c vary with leaf area index and inci- 
FL = Fo e-  kt, dent PAR flux density for the leaf proper- 
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FIGURE 4. Canopy photosynthesis Pc, as a hmetion of FIGURE 5. Inverse canopy resistance, 1~re, as a func- 
leaf area index Lr, PAR flux density (marked against the tion of leaf area index L r, PAR flux density (marked 
curves in W m z), and leaf angle distributions (solid against each curve in W m-Z), and leaf angle distribu- 
lines for horizontal leaves; dashed lines for spherical leaf tion (solid lines for horizontal leaves; dashed lines for 
angle distributions), spherical leaf angle distributions). 

ties listed in Table 1. A point of conten- level as given by (4b). However, for small 
tion in the solution of (12) and (13) is the values of o~, (11) and (15) give very simi- 
use of the semiempirical description of lar results. 
PAR attenuation, (11), in place of the Figure 6(a)shows the maximum diver- 
more exact two-stream description of the gence between the predicted values of F L 
downward flux of PAR which is given by as given by (11) and (15) for the canopy 

with horizontal leaves--it can be seen 
FL = Fo. [e-rL(1 + h 4 / o  ) that the difference between the results of 

the two calculations is almost negligable. 
+ hse-hZ+ h6ehL], (15) Also shown in Fig. 6 are the calculated 

profiles of leaf photosynthetic rates, P, 
which is obtained by combining the direct and inverse stomatal resistances, 1/r~, 
flux at L with the diffuse flux at the same down through the canopy calculated with 
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the two-stream, (15), and the exponential Theoretical Discussion 
extinction, (11), formulations. The total 
equivalent canopy quantities, Pc and Using the expression for canopy reflec- 
1~re, may be obtained by integrating the tance given by (5) and those for canopy 
P and 1 / r  s curves with respect to leaf photosynthesis and resistance, (9) and 
area index L T. It may be seen by eye that (10), Sellers (1985) compared the simple 
the difference between the photosyn- ratio and normalized difference of the 
thetic rates and resistances as calculated vegetation index, hereafter referred to as 
by the two methods is almost insignifi- SR and NDVI, respectively, to the equiv- 
cant, so justifying the use of (11) in (9) alent estimates of Pc and 1 / r  c. For the 
and (10). sake of simplicity, we redefine SR and 

(a) 1 O0 , t__ _ = l i i 

50 

Xk.~-~ z-s~ream 

Empi r i ca l  

r -  

0 -  

< 
a_ 5 

1 I I I I I 
• 1 .5 1.0 2.0 4.0 8.0 

L A I  

FIGURE 6. (a) PAR penetration against cumulative leaf area index LAI, as calculated by 
the two-stream model, Eq. (15), and the semiempirical extinction model of Goudriaan 
(1977), Eq. (11) (Horizontal leaves). (b) l.eaf photosynthetic rates e against cmnulative leaf 
area index LAI as calculated by the two-stream model, Eq. (15), and the semiempirical 
extinction model of Goudriaan (1977), Eq. (11), PAR flux descriptions. PAR flux above the 
canopy, F o, 500 W m -~. (Horizontal leaves). (c) Inverse leaf stomatal resistance I/r, 
against cumulative leat area index LAI as calculated by the two-stream model, Eq. (15), and 
the semiempirical extinction model of Goudriaan (1977), Eq. (11), PAR flux descriptions. 
PAR flux above the canopy, F 0 = 500 W m-z. (Horizontal leaves). 
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ND by another for a range of PAR flux densities. 
The near-linear relationship is to be ex- 

aN SR = , (16a) pected from the work of Farquhar and 
a v  von Caemmerer (1982), who proposed 

- that stomatal resistance is optimally re- 
aN a v  (16b) lated to the leaf photosynthetic rate. Fig- ND - aN + a~ '  

are 10 merely shows that what is good for 
where a leaf should na~rally be good for a 

canopy and that the data in Table 1 are 
a N, a v= hemispherical canopy reflec- more or less consistent with the theoreti- 

tances for the near-infrared cal relationship.] Figures 7-9 and other 
and visible wavelength intervals, similar results summarized from Sellers 
respectively [from (5)]. (1985) indicate strongly that 

SR cc APAR, (17a) 
[N.B.: It should be noted that in the 

following discussion we define SR and SR cc Pc, (17b) 
ND in terms of surface reflectances rather SR cc 1 / r  c. (17c) 
than radiances, which are what remote 
sensing instruments measure. This sim- Obviously, (17) is a very useful result 
plifies the analysis considerably without from a practical viewpoint. The phenom- 
any loss of physics. The relationship be- ena encapsulated by Eq. (17) do not have 
tween reflectances and radiances is dis- immediately obvious explanations: Most 
cussed in the last section of this paper.] of the rest of this paper is devoted to 

For the case of our model canopy with elucidating the biophysical processes that 
horizontal or "spherical" leaves, where give rise to this relationship. 
c0 V = 0.2 and wN = 0.8 or 0.95 as de- Given the fact of (17), we should look 
scribed in Table 1, SR and ND both through our equation set for a common 
exhibit a nonlinear increase with leaf area biophysical property linking the quanti- 
index as shown in Fig. 2, with the rate of ties SR, Pc, and 1/rc: Clearly, it can only 
increase partly dependent upon the soil be the total leaf area index L v. It follows 
optical properties. It may be seen that from this and (17) that 
the "signal" represented by the SR or 8(SR) 8(APAR) (18a) 
ND becomes saturated, for all practical 8 L  v cc clLr , 
purposes, somewhere around a leaf area 
index of 5. Figure 2 may be compared to 0(SR) OP c (18b) 
Figs. 3 and 5 where similar nonlinear 8L r cc ~gL~' 
responses for APAR, Pc, and 1 / r  c vs. L r 9(SR) ~9(1/rc) 
may also be noted. Figures 7-9 compare - -  (18c) 
the SR and ND with APAR, Pc, and 1 / r  c a L  T (x 8 L  r 
directly, showing that for these cases at The reason why (18) should hold is 
least (and we have every reason to be- now to be discussed. To maintain some 
lieve it to be more or less generally true), kind of organization in the discussion, we 
the value of SR is near-linearly related to shall explore the dependence of the above 
APAR, Pc, and 1 / r  c. [Digression: Figure derivatives in two following subsections; 
10 shows Pc and 1 / r  c plotted against one the first dealing with the left-hand side of 
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FIGURE 7. Simple ratio and the ND plotted against the absorbed 
fraction of photosynthetically active radiation (APAR). Background 
soft reflectance is 0.1. Solid lines denote horizontal leaves; dashed 
lines denote a spherical leaf argle distribution. Circles (O) and 
crosses (+) refer to increasing values of the total leaf area index LT: 
O (origin), 0.5,1.0,2.0,4.0,8.0. (a) Simple ratio calculated using 
~o N =0.8. (b) Simple ratio calculated using ~o N = 0.95. 
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FIGURE 8. Simple ratio plotted against canopy photosynthetic rate Pc for different values of the PAR 
flux density, marked against each curve in W m -z. Background soil reflectance is 0.1. Solid lines denote 
horizontal leaves; dashed lines denote a spherical leaf angle distribution. Circles (0)  and crosses ( + ) refer 
to increasing values of the total lea( area index Lr: O (origin),0.5,1.0,2.0,4.0,8.0. (a) Simple ratio 
calculated using o)~v = 0.8. (b) Simple ratio calculated using wv = 0.95. 
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of the PAR flux density, marked against each curve in W m-~.  Other symbols and conditions 
are the same as for Fig. 8. (a) Simple ratio calculated using oJ N = 0.8. (b) Simple ratio 
calculated using *o N = 0.95. 
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FIGURE 10. Canopy photosynthetic rate Pc, plotted against inverse stomatal 
resistance a/re,  for different values of PAR flux density, marked against each 
curve in W m -~. Solid lines denote horizontal leaves; dashed lines denote a 
spherical leaf angle distribution. Circles (@) and crosses ( + )  refer to total leaf 
angle indexes increasing from left to right: O (origin) 0.5,1.0,2.0,4,0,8.0. 

(18), a (SR)/aL r, the second with the It will be remembered that we are 
right-hand side o£ (18), O(APAR)/OL r, currently limiting the discussion to the 
OPc/OLT, and O(l/r¢)/OL T. consideration of canopies with horizontal 

and spherical leaf angle distributions. For 
The dependence of the simple ratio (SR) the sake of brevity, we shall illustrate the 
upon total leaf area index (Lr) expansion of the general case, (19), with 

reference to the horizontal leaf angle dis- Equation (16a) for SR may be dif{eren- 
tribution in this text. An equivalent tiated with respect to L r to give expansion for the spherical leaf angle dis- 
tribution is given in the Appendix. 

0(SR) 1 { Oa N Oar - ~ r  = a--£vv l aV-~r  aN-ff-~r I" (19) Canopyref lee taneeisgivenby(5) .For  
a canopy of horizontal leaves, this reduces 
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to phasize the point, we may ask under 
what  conditions may either 9aN/OL r or  (1n) a = P~----P--~A ' (20) O a v / O L  r be identically zero. This will 
occur when  7 = P1 [see the definition of 
A in (20)] or, put  another way, when 

where  
--- 1 -  g + h, 

A =  ~ e 2 -  y ] or 

a = canopy reflectance, [ ~0 ] ( 2 2 )  
o~ = leaf scattering coefficient, P~ = 2 - ~0 +2(1  - ~o) 1/2 ' 

Pt = 1 - o~/2 + h,  
where  

P2 = 1 -  o~/2 - h, 
h = (1 - ~0)1/2, O~' = value of soil reflectance that 

makes Oa /OL r = O. 
3' = o~ / / 2 P s  • 

The  value of p' given by (22) is equal 
Intermediate  steps between (5) and to the reflectance of an infinitely thick 

(20) are set out in the Appendix. It is canopy; see Eq. (8) of Sellers (1985). 
clear from (20) that the canopy reflec- When  Os = O;, the surface reflectance will 
tance depends  upon the leaf scattering show no change whether  the soil is bare 
coefficient divided by 2, adjusted by a or is covered by the densest of canopies. 
term that  includes a dependence on the This condition can be seen most clearly 
soft scattering properties and the negative by inspecting Fig. 1. 
exponent  of twice the total diffuse opti- It is interesting to note that for the 
ca] path  length for a given value of L r. visible wavelength interval, o~ v = 0.2 and 
This term, ¢-2hLr, is Of flmdamental  p~' =0 .0557  for horizontal leaves while 
impor tance  to the rest of the discussion, corresponding values for the near-infrared 

The  derivative of (20) with respect to wavelength interval yield ~0 N = 0.8 and 
Lr ,  which is required in (19), is p~' = 0.38 or ~0n = 0.95 and O~ = 0.63. 

Most soil reflectances lie within the range 
Oa P 1 -  P2 1 of 0.05-0.15 in the visible and 0.1-0.2 in 

OL----~ =~°hA ( p ~ p ~ - ~ ) 2  j, (21) the near-infrared. We can see then that 
normally Oav/OL r is small, a V itself is 
small and OSR/OL r will depend prim- 

intermediate  steps again being given in arily on OaN/OL r. 
the Appendix.  [N.B.: Soil reflectance in the near- 

Some experimentation with typical val- infrared region seldom approaches the 
ues of leaf and soil scattering properties ealculated /as' value so the converse case 
reveals that  the near-irffrared terms in of O a N / O L r = O  should be rare. Areas 
(19) are the dominant  ones in controlling where  such light colored softs may be 
the variation of SR with L r. To em- found are generally confined to deserts 
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or marginal zones where vegetation is (23) is the e -2hNLr embedded in 
sparse.] OaN/OL r. An inspection of the preced- 

From the above, we see that the first ing equation set will show that the e -9"hNLr 
term in (19) tends to dominate the SR term, multiplied by aconstant (as PsN--* 0, 
response to increases in L r. The "inter- A ~ e -2hNLr) to form A,  occurs  by itself 
ference" produced by the second term in the numerator of (21) and hence be- 
being nonzero will increase as the soft comes the dominant functional term in 
reflectance increases. (19) and (23). [The role of A in the 

It has been stated that usually p, = p~' denominators of (19) and (23) through its 
in the visible region so that (19) degener- position in the denominator of (21) is 
ates towards the approximation, subordinate as for the near-infrared case 

t'2 
a(SR____~) ~ 1 .  tga N From the above discussion, we see that: 
~Lr av OLr i. The simple ratio and, by extension, 

= ( 2P1 1 OaN ' the normalized difference vegeta- 
- - J  )v" - ~ r '  (#s ~ Ps)v. tion indexes are primarily functions 

(23) of the near-infrared reflectance un- 
der normal field conditions; that is, 

Clearly, the important functional term in when (ps ~ Ps')v. 

+ co N = 0.95 
0.4 

~ C O N  = 0.8 
/ 0.3 

0.1 

0.5 1.0 
e --2hNLT 

FIGURE 11. Variation of the derivatives of the near-inh'ared 
reflectance aN, with respect to total leaf area index L T with the 
square of the near-infrared penetration function, e-2hNLr; h N = (1 - 
coN) l/~. Solid lines denote horizontal leaves; dashed lines denote a 
spherical leaf angle distribution. Circle and crosses refer to values of 
L r increasing from right to left: 0.1,0.5,1.0,2.0,4.0,8.0. a N is 
calculated for the two values of co N used in the study, 0.8 and 0.95. 
Soil reflectance is 0.1. 
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if. The derivative of the simple ratio (8) to give 
with respect to L v is roughly pro- 
portional to e -2hNLr when #*N ~ 0 O(APAR) _ On. (1 - Ps.)  0 
(see Fig. 11). The mathematics for aL  T ~L T aL T 
this result may be found in this 
paper and its appendix; the physical × [ e-K'LT + I $ ( LT) ] . (25) 
reason for it being so is that the 
reflectance is a function of twice For a canopy with horizontal leaves 
the diffuse optical path length of and a dark underlying soil, (25) simplifies 
the scattering medium--once for to 
the attenuation of the radiation 
going into the medium (intercep- 0(APAR) _( l_os , )h ,~e_h ,  LT 
tion) plus once for its attenuation 
going out of the medium (back- 
scatter or reflectance). In the visible (x e -h~Lr, (Ps ---) Ps ~ ' -)  0 ) ~ .  
region, this scattering effect has lit- (26) 
tle effect on the reflected signal as 
dark soil and a vegetation canopy If we use the semiempirical expression 
have similar reflectances. In the for PAR flux attenuation, (11), in place of 
near-infrared region, the reflectance the two-stream description, (26) becomes 
increases as  e -2hNLr as the  canopy 
and soil reflectance are normally 0(APAR) 

e -kL , - '  p; - '  0 ) v , . .  dissimilar. ~ L v 
We may summarize these results by (27) 

 (sR) OaN ~L r (x - ~ r  (x e -2hNLr , 
Figure 12 shows the APAR derivative, 

(Ps--' O'~)v, ( 0 ~ 0 ) N  (24) calculated from the complete expression 
where of (25), plotted against e-kLT for the two 

leaf angle distributions and two values of 
hN= total diffuse extinction coefficient the soft reflectance. The relationship of 

for near infrared radiation, (26) and (27) is clearly best satisfied when 
(0s --) #" --) 0)v.,~. However, even fairly 

= ( 1 -  o~N) 1/9, assuming g =  1 high values of #~ do not degrade the 
relationship too seriously. 

= 0.4472, when o~ N = 0.8 For the simple case of horizontal leaves, 
= 0.525, when ~0 N = 0.95. the derivatives of Pc and 1/r  c with re- 

spect to L r are simply 
The dependence of the absorbed fraction 
of PAR (AJPAR), canopy photosynthesis (Pc) cgP c alFo e-kLr 
and resistance (r~) on total leaf area aL r bl + Foe_kLr, (28) 
index (Lr) 
The derivative of APAR with respect O(1/r~_____~) = b~ + Fo e-kL~ . (29) 

to total leaf area index is obtained from OLr a2 + c2(b2 + Fo e-t'Lr) 
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FIGURE 12. Derivative of APAR with respect to total leaf area 
index L r plotted against the PAR penetration function e-kLL 
k = PAR attenuation coefficient, = G(# ) /# (1  - ~%)1/2. The rela- 
tionships are shown to be near-linear for low soil reflectances 
(p~ =0) and become increasingly nonlinear for increasing soil 
reflectance (p~ = 0.2). Solid lines denote horizontal leaves; dashed 
lines denote a spherical leaf angle distribution. Circles and crosses 
refer to values of Lr ,  increasing from right to left: 
0.1,0.5,1.0,2.0,4.0,8.0. 

The derivation of (28) and (29) may be W m-2 represents the maximum one 
found in Sellers (1985): A quick check of could expect to observe in nature) the 
their correctness may be made by taking relationship becomes increasingly non[in- 
the finite difference forms of the left-hand ear as the plants photosynthetic capacity 
sides; so, for example, 9Pc/aLr becomes approaches saturation. In practice, how- 
APc/AL v, and transferring the AL r term ever, most indigenous species in a region 
to the right hand side. The resulting ex- reach PAR saturation at around the 
pressions may then be compared with (9) maximum local PAR flux density (see 
and (10). Equivalent expressions to (28) Farquhar and von Caemmerer, 1982). 
and (29) for other leaf angle distributions The relationships represented by Eqs. 
may be obtained from Sellers (1985). (27)-(29) and Figs. 12-14 are entirely 
Generally speaking, all of them show a self-consistent. At the risk of laboring the 
strong dependence on the e-k/~T, obvious, we should expect APAR, Pc, and 

Figures 13 and 14 show the variation 1/rc to be closely [inked as the plants' 
of the derivative terms in (28) and (29) demand for CO 2 and the associated rate 
with e -kLr. Clearly, the relationship is of water vapor loss are functional on the 
almost linear as PAR --* 0, which reduces supply side of the electron transfer pro- 
the exponential terms in the denomina- cess of photosynthesis, which is directly 
tors of (28) and (29) to insignificance. As related to chlorophyll density and hence 
the PAR flux density increases, (F 0 = 400 APAR. 
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FIGURE 13. Derivative of canopy photosynthetic rate Pc 
with respect to total leaf area index L r against PAR 
penetration function e kLr. PAR flux densities are marked 
against each curve in W m-2 .  Symbols and conditions are the 
same as for Fig. 12. 
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FIGURE 14. Derivative of inverse stomatal resistance i/r~ 
with respect to total leaf area index L r against PAR penetration 
hmction, e -kLr .  PAR flux densities are marked against each 
curve in W m -2. Symbols and conditions are the same as for 
Figs. 12 and 13. 
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We may summarize all the above by For their ratio to be constant for all val- 
a(APAR) OP c O(1/rc) ues of LT, we must have 

OL r ' OL r '  O L ~  OC e -kLT, e -2hNLr = e -kLr, (31a) 
(Fo - ,  0, 0, 0 '  - ,  0)v, (30) 

which leads to 
where 

k = semiempirical extinction coefficient 2h N = k, (31b) 

for PAR 2 ( 1 _  60N)1/2= G(g)  (1_¢%)1/2, (31c) 
= C ( g ) / g ( 1 - o ~ , )  ' /z  

= 0.8944 for horizontal leaves and 
= 0.4472 for spherically distributed 

leaves. [ G(g)  ]2  ~ON=I--I~](I--¢%)" (31d) 
The physical explanation for (30) is 

that PAR is utilized by the canopy as it is For the worked examples discussed in 
attenuated down through it. Pc and 1 / r  c this paper, we have the following rela- 
are therefore related to the one way pas- tionships: 
sage of PAR down through the canopy as Horizontal leaves: 
described by the e - k L r  term. 

¢o~ = 0.2, 
The relationship between the simple ratio 
(SR), the absorbed fraction of PAR, G ( g ) / p = l ,  
(APAR), canopy photosynthesis (Pc), and 
canopy resistance (r,) so that, to satisfy (31), W N = 0 . 8 ,  

Previously in this paper, it was pointed Spherically distributed leaves: 
out that data and modelling had indi- 
cated a near-linear relationship, Eq. (17), ~% = 0.2, 
between SR and APAR, Pc, and l / r  c for G ( # ) / #  = 0.5 (for an overhead sun) 
the normal field situation. The necessary 
condition for this phenomenon was sum- so that, to satisfy (31), WN = 0.95. 
marized by Eq. (18). Clearly (18) can The significance of the above is as 
only hold when the ratio of the right-hand follows: If we wish to infer APAR, Pc, or 
sides of (24) and (30) is constant. As a l / r  c from surface reflectance measure- 
reminder, (24) and (30) are ments, we should choose spectral bands 

3(SR) d a  N in the near-infrared that come close to 
O L r , O L r ~ e -2h~Lr ,  satisfying (31). It so happens that for the 

(24) common cases of spherical and horizontal 
leaf angle distributions, the values of to N 

0(APAR) OPc --O(1/rc) cz e-kL~, produced by (31) are close to those ob- 
O L  r ' OL r ' OL r served in the 0.7-1.1 gm and 1.6-1.8 gm 

(30) regions, respectively. 
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Figures 15-17 show the derivatives of leaf angle distribution. An inspection of 
APAR, Pc, and 1 / r  c with respect to L T Figs. 8 and 9 will show, however, that 
plotted against the derivative of the near- (31) holds here as well; the relationships 
infrared reflectance, a N. A close inspect- are more linear when (31) is exactly 
ion of Fig. 15 will show that when co N = satisfied. 
0.8, the linearity between APAR and a N The result of (31) is the most important 
is best for horizontal leaves and that when finding of this study. The preceding anal- 
con = 0.95, the linearity is best for spheri- ysis and (31) state that if: 
cally distributed leaves. The same trend is i. the spectral properties of green 
apparent in Fig. 7, where SR is plotted leaves were to conform to the con- 
against APAR. In Figs. 16 and 17, the dition specified by (31), 
derivatives of Pc and 1~re are plotted if. the canopy consisted of randomly 
against the "op t imal"  values of positioned leaves, and 
OaN/OLT,  where con = 0.8 for horizontal iii. the soft was dark so that (Ps ~ O's)v, 
leaves and coN=0.95 for the spherical (P3-~ 0)N, 

1.0 

CON = 0.8 

OJN = 0.95 

I I I I 
0 0.1 0.2 0.3 0.4 

dan 
dLT 

FIGURE 15. Derivatives of APAR and near-infrared reflectance a N with 
respect to total leaf area index L r plotted against each other. Solid lines denote 
horizontal leaves; dashed lines denote a spherical leaf angle distribution. Circles 
and crosses refer to values of L r increasing from right to left: 
0.1,0.5,1.0,2.0,4.0,8,0. aaN/a L  r was calculated for the two values of ~N 0.8 
and 0.95, as marked on the figure. Soil reflectance is 0.1. 
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FIGURE 16. Derivatives of the canopy photosynthetic rate Pc and the 
near-infrared reflectance aN, with respect to total leaf area index L T, plotted 
against each other. All other symbols and conditions are the same as in Fig. 15. 

spectral observations of the canopy re- somehow to launch an equal number of 
flectance would exhibit the following visible/PAR and near-infrared photons at 
characteristics: a vegetated surface, he could estimate the 

i. the near-infrared reflectance would number of visible/PAR photons absorbed 
be a near-linear indicator of APAR by the vegetation (as opposed to the soft) 
and a near-linear indicator of Pc by counting the reflected near-infrared 
and 1 / r  c under stress4ree condi- photons rather than the reflected 
tions, visible/PAR photons. The relationship 

ii. the SR would be functional on the between the two would be most linear 
near-infrared reflectance only, under the ideal conditions we have 

iii. surface reflectance in the visible re- specified above in (31). 
gion would be invariant with lea/ The next section discusses the feasibil- 
area index, ity of applying reflectance data to the 

All of the above may be expressed more estimation of APAR, Pc, and 1 / r  c. In 
prosaically. If an experimenter were particular, the limitations imposed by the 
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j +  400 

~ 1.0 

0.5 / / / /  _._..+......~+ 50 
/ii ~I+o~O 50 

0.1 0.2 0.3 0.4 
dan 
dL T 

FIGURE 17. Derivatives of inverse stomatal resistance l / r  c and the near-in- 
frared reflectance a N with respect to total leaf area index L r ,  plotted against 
each other. All other symbols and conditions are the same as in Fig. 15. 

architecture of real plant canopies and near-infrared radiation is largely depen- 
the configuration of operational satellite dent on twice the optical path length for 
sensor systems are examined in the con- diffuse radiation in this wavelength inter- 
text of satisfying the condition of (31). val, while Pc and 1 / r  C are related to the 

one way  attenuation of PAR on its pas- 
Applications sage down through the canopy, i.e., once 

times the direct beam path length for 
It has been shown that the near-linear PAR flux. The linearity for the relation- 

relationship between canopy photo- ship arrives from the fortunate proportion 
synthesis Pc, canopy inverse resistance of ~0v to ~0 N for green leaves which more 
1/rc,  and the simple ratio (SR) as ob- or less corresponds to the ideal relation 
served in one form or another by Monteith expressed in (31). 
(1977), Goward etal. (1985), and Sellers It is important to ask at this point 
(1985) is due to the near conformism of whether the real world is really compara- 
the visible and near-infrared scattering ble to the idealized case discussed up to 
coefficients for green foliage to the rule now. Figure 18 shows the reflectance and 
specified in (31). It is suggested that the transmittance spectra of green maize 
biophysical explanation for the near-lin- leaves together with a surface solar inten- 
ear relationships between SR and Pc, sity spectrum S x |or a typical midlatitude 
1 / r  C, and APAR is that the reflected clear day taken from Miller (1972). Also 
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1.0 I l.kll., I I I I 1.0 
] . . . . . . .  Leaf Reflectance / Leaf Transmittance 0 .9  O.9 . . . .  Relative Photosynthetic Action 

Solar Intensity "~ / ~ 0.8 - 0.8 = 
O O 

,~ 07 - / 07  ~ ~. 
~ . ~  . . . . .  
" r :~  0.6 . . . . .  / I - -  . . . . . .  ' , 0.6 ~. 

j / "  I: t / If  P'-4",-4 : , , .  0.4 0.4 

= ~ 0.3 0.3 
E r r  r r  ,, o. t i2'-,, il 

0.1 - r \ " 0.1 

0.0 ,.'I I I \ I I 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.5 2.0 

Wavelength (#m) 

FIGURE 18. Maize leaf reflectance a and transmittance ~" spectra |or the range 0 .4-2 .0 /zm.  Also shown 
are the mean  photosynthetic action efficiency spectrum for a number  of species' leaves, C, and the incident 
solar flux at the surface o1 a clear day, S, in W m 2 /~m-i .  a, r, and S are from Miller et al. (1972); C is 
from McCree (1972). 

shown is the mean action efficiency of where 
photosynthesis (energy basis), Cx, of a 
number of crop plants reported by ~x, ax = leaf spectral transmittance, 
MeCree (1972). This action spectrum does reflectance from Fig. 18, 
not differ too widely from species to 
species as all green plants (C a and C4) ~'x + ax= °~x, 
utilize the same initial photosynthetic S x = incident solar flux intensity 
fixation reaction. We may then calculate per wavelength (Wm-2/~m- 1), 
an "'effective" PAR scattering coefficient 
for leaves, w,, by integrating the product C x = action efficiency of 
of the action efficiency, Cx, and the spec- photosynthesis, 
tral scattering coefficient (reflectance plus h = wavelength (/~m). 
transmission), over all wavelengths with a 
suitable weighting for the intensity of the 
incident solar radiation Sx: The equivalent broadband near- 

infrared scattering coefficient ~N is given 
f0~(~x+ ax)SxCxd X by removing the C x terms and integrat- 

, (32) ing (32) between fimits of 0.68-2.0/~m. 
~o,, = f~SxCxdX Using the data in Fig. 18, a numerical 

J0 calculation of the quantities ~% and ~N 
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yielded values of 0.207 and 0.848, respec- these sensors may be calculated by 
tively: This combination is not too far 
from the ideal of (31) for a planophile [°¢(,cx+px)SxRxdX 
canopy; see the square marked (oeaR, O~Ni B ~ = J0 , (33) 
in Fig. 20. However, remotely sensed ob- ( ~ S x R  x dX 
servations are seldom made across such J0 
broad bands. Figure 19 shows the relative 
spectral responses R x of the advanced where 
very high resolution radiometer (AVHRR) 
mounted on the National Oceanic and Rx = relative spectral response of satellite 
Atmospheric Administration (NOAA) sensor as a function of wavelength. 
series of polar orbiting satellites and the 
R x curves for the multispectral scanner Table 2 lists the values of ~ as calcu- 
(MSS) and thematic mapper (TM) sensors lated for each sensor using (33) and 
mounted on the Landsat series of satel- numerically integrating the hmctions over 
lites. These data were obtained from 0.01/am intervals. 
Kidwell (1981), Markham and Barker Of principal interest now is the ques- 
(1983), and Markham and Barker (1985), tion of which combination of two sensors 
respectively. The mean leaf scattering is likely to give the best estimate of Pc 
coefficients as observed using any one of and 1~re, assuming that these are the 

(a) 1.0 I I I / '~1  I I I 

0.9 - L - 

0 . 8  - \ \  - 

0.7 - A V H R R  I ~ A V H R R  2 _ 

• I 
(-" 0 . 6 -  I 

I a: 0 . 5 -  I 

-> I 
0 . 4 -  I 

" I 
0.3 i - 

o.2 I 
I 

0.1- 1 _ \ 
o o J i . J  ~ I i v - ,  I 

0,4 0.5 0.6 0.7 0.8 0,9 1,0 1.5 2.0 

Wave leng th  (#m) 

FIGURE 19. Relative spectral responses of: (a) Advanced Very High Resolution Radiometer 
(AVHRR), bands 1 and 2; (b) Multispectral Scanner (MSS), bands 1, 2, 3 and 4; (c) Thematic 
Mapper (TM), bands 1, 2, 3, 4, and 5. 
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vegetation quantities of most concern to pie transform applied to surface reflec- 
terrestr ia l  ecologists, agronomists,  tance data. It is likely that these two 
climatologists, etc. The criteria which we criteria will predict "optimal" band mixes 
should use to choose appropriate re- which are some way from being ideal 
sponse functions for our two sensors are with regard to other factors: for example, 
simply: atmospheric effects, spectral contrast be- 

i. Visible or PAR region sensor [Rx] g. tween sparse vegetation and bare soil, 
The apparent visible mean leaf etc. 
scattering coefficient ~v as given Figure 20 shows the above two criteria 
by the sensor properties [Rx] v and as lines in the o~v,o~ N domain. The opti- 
the spectral solar flux S x in (33) mum point, i.e., the best combination of 
should come close to satisfying (22). ~ v and ~N, may be found at their inter- 
This means that the resulting semi- sections. Various combinations of each 
infinite canopy refectance observed satellite sensor configuration are plotted 
in this spectral region would match in the same domain and their proximity 
the soil reflectance (a ~ p')v so that to the optimum points may be taken as a 
the total surface reflectance would rough indication as to the linearity of the 
be invariant with vegetation den- resultant SR vs. APAR, Pc, and i / r  c rela- 
sity. In practical terms, it is impossi- tionship. 
ble to select a single sensor for this Figure 20 clearly illustrates that the 
task as the background soft reflec- choice of an "optimal" near-infrared 
tance varies widely over the globe, sensor is dependent upon the leaf angle 
Probably the next best thing is to distribution as well as ~0~. It is desirable 
choose a value of ~v that ap- that the visible, or PAR region, sensor is 
proaches 60~, which would ensure a close to the ~% line, marked on Fig. 20 as 
good contrast between ~v and ~x. (i), a criterion satisfied by the AVHRR-1, 
This can be achieved by having the MSS-1, and MSS-2 bands very well and 
sensor response function (Rx) v by the TM-1, TM-2 and TM-3 bands 
match the photosynthetic action ef- moderately well. (Combinations of these 
ficiency function Cx, thus making TM bands would achieve the desired re- 
the sensor electronically equivalent sult.) Of the near and middle-infrared 
to a green leaf. bands, TM-5 and MSS-3 satisfy (31) for 

ii. N I R  region sensor [Rx] n. The ap- horizontal leaves, line (iia), AVHRR-2 for 
parent near-infrared mean leaf spherically distributed leaves, line (iic). 
scattering coefficient ~N as given Since, in reality, we are constrained to 
by the sensor properties [Rx] N the use of sensor combinations mounted 
should fall as close to the value de- on the same satellite (the problems associ- 
fined by (31), i.e., ( 1 - [ G ( / ~ ) /  ated with matching different viewing 
2p ]z (1 -  to,~)), as possible, times and atmospheric conditions associ- 

It should be noted that the criteria ated with data from two or more satellites 
posited by i and ii above relate only to are fairy severe), we should look for the 
the objective of obtaining estimates of the single-satellite sensor combination that 
area-averaged canopy photosynthetic best satisfies the criteria mentioned above 
capacity and inverse resistance via a sim- for the most common canopy geometries 
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(i) 
I I I I 

I 1.0 - TM1,4 TM 3,4 
• . MSS2,4 MSSl,4. (i id) 

Erectophile (XL = - - 0 . 5 )  AVHRR TM 1,4 _ . , - - - - - - -  (i ic) 
0.95 - 

Sphe r i ca l  (X.L = 0.0)  

~N 0.90 ~ i ib) 

~an Op~e ~ , ~ ( ~ M  SS2,3 MSS1,3 
~PAR, ~NIR 0.85 ~ ~ ~ . . ~  'jia) 

0.80 ~ ~ 

~ T M  3,5 TM 2,5 
0.75 ~ O, 0 0 j 

0.1 0.2 0.3 
O)V 

FIGURE 20. Plot of apparent visible ~v,  and near-infrared ~N scattering coefficients of green 
maize leaves as would be measured by different mixes of AVHRR, MSS, and TM bands using Eq. 
(33). The letters next to each point on the figure refer to an instrument (e.g., TM = Thematic 
Mapper) and the two numbers separated by commas refer to individual sensors on the instrument; 
the first number relating to the sensor operating in the visible region. If orthogonal lines are drawn 
linking each point to the figure axes, the o~ values for each sensor as calculated by Eq. (33) may be 
read off. For example, the point labelled TM 1,4 refers to the Thematic Mapper where the visible 
region sensor (TM-1) is projected to give a value of 0.094 for ~v  and the NIR region sensor (TM-4) 
is projected to give a value of 0.980 for ~N (see Table 2). 

Also shown, as a straight vertical line labelled (i), is the value of ~ .  as calculated from (32) in the 
text. Proximity of the sensor points to this vertical line indicates that the visible region sensor has a 
response function similar to the photosynthetic action efficiency curve shown in Fig. 18. The lines 
running from left to right on the figure, (iia)-(iid), represent solutions to (31) for four different leaf 
angle distributions: (iia) horizontal leaves (XL = 1), (lib) planophile leaves (XL=0.5; see Appendix), 
(iic) spherically distributed leaves (XL = 0), and (iid) erectophile leaves (XL = --0.5). Broadly 
speaking, the leaf angle distribution tends from horizontal to near-vertical from (iia) to (lid). Each 
line in (ii) represents the optimal relationship between ~N and ~v  for the stated leaf angle 
distribution. Proximity of a sensor combination point to one of these indicates the suitability of the 
near-infrared sensor for biophysical analyses as defined by Eq. (31) in the text. Clearly, an optimal 
sensor combination would be close to line (i) and line (iic), representative of a spherical leaf angle 
distribution. It can be seen that the AVHRR combination falls very close to this optimal point. 

found in nature, i.e., spherical or near- cally distributed leaves. The second is 
spherical lea{ angle distributions. Two made up of MSS-2, in the visible region, 
very strong candidates immediately and a mix of MSS-3 and MSS-4 in the 
emerge: near-infrared region which can be com- 

The first is the combination of the bined in various ways to give an optimal 
AVHRR channels which comprise the system for a range of lea{ angle distribu- 
best possible two-sensor mix for spheri- tions. Combinations of TM-1, TM-2, and 
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TABLE 2 (a) Effective PAR Scattering Coefficient ~ m u m  stomatal resistance, w e  would prob- 
and Broad Band Near-Infrared Scattering Coefficient ably end up with something very close to 
~Nla, for Maize Leaves (from Fig. 18) and Eq. (33) in 
Text. (b) Apparent Visible ~v,  and near-infrared ~N, t h e  AVHRR instrument. 
Scattering Coefficients for Maize Leaves, as Would Be 
Measured by Satellite Sensors a 

(a) ~ ~NXR Summary and  Conc lus ions  
Maize leaves 0.207 0.848 

(b) ~v ~N The near-linear dependence of canopy 
AVHRR1 0.187 _ photosynthesis Pc on contemporaneous 
AVHRR2 - -  0.956 simple ratio (SR) or normalized dif- 

MSS 1 0.254 -- ference (ND) data has been remarked on 
MSS 2 0.212 - -  
M S S 3  - -  0.880 and used by a number of researchers 
M S S  4 - -  0.980 working with remote sensing data, e.g., 
TM 1 0.094 -- Goward et al. (1985). Using simple mod- 
TM 2 0.278 - -  
TM3 0.141 __ els of canopy radiative transfer, photo- 
TM 4 - -  0.980 synthesis, and stomatal resistance we have 
TM 5 - -  0.756 seen that the spectral properties of plant 

leaves conform approximately to the rule: b Relative spectral response data oI sensors taken |rom 
Fig. 15; originally from Kidwell (1978) for AVHRR, 
Markham and Barker (1983) for MSS and Markham and 
 arker(1985) forT  9,(1 1/2 [ C ( , ) / . ] ( 1  _ = - -  o~r ) , 

(31c/ 
TM-3 can be used to synthesize a band 
that falls on the 60~ line, i.e., criterion (i). which, if exactly satisfied, would ensure a 
The TM-4 and TM-5 bands according to near-linear relationship between canopy 
(31) are placed at the two extremes of near-infrared reflectance a N and APAR, 
possible canopy geometries: planophfle Pc, and 1/r~ when the soil is relatively 
and erectophfle. In view of this, it is dark. In the visible region, soft reflectance 
possible that a mix oI TM-4 and TM-5 is typically of the same magnitude as the 
bands may be used to infer something asymptotic canopy reflectance, so that 
about canopy geometry, the SR and ND are mainly functional on 

The obvious suitability of the AVHRR a N and the same linear relationship more 
sensor combination is a surprising and or less holds good for them too. Physi- 
encouraging result. Surprising, because tally, the reason for this serendipity is 
the sensor was not designed with any that while Pc and 1/r~ are roughly de- 
biophysical tasks in mind and encourag- pendent  on the one-way passage of PAR 
ing in that it strongly supports the global down through the canopy; a N, SR, and 
biophysical analyses performed by Fung ND are dependent  on the two-way (in- 
etal .  (1986) and Goward etal. (1986), wards and out again) passage of near- 
and the interpretative work of Tucker infrared radiation. This accounts [or the 
et al. (1981). If, on the basis of Eq. (31), factor of 2 in (31) while the discontinuity 
we were to design a satellite sensor sys- in ~ at 0.68/~m makes the square-rooted 
tern to carry out inventories of global term on the right-hand side of (31) roughly 
scale photosynthetic capacity and mini- twice that on the left. Of the satellite 
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instruments in operation, the Multispec- measured by the sensors would then be 
tral Scanner and AVHRR sensors would given by 
probably provide the best, i.e., most lin- 
ear, most reliable, indication of APAR, I $ v = fo°°Sx [Rx] v ax dX (35a) 
Pc, and 1/r  c in the absence of atmo- 
spheric effects, r°°  

In view of the preceding discussion, it I T x = J ,  Sx[Rx] Nah d~ (35b) 
should occur to the alert reader that since U 

a N is the best indicator of APAR, Pc, and or 
1/r  C, why should we bother with simple 
ratios and normalized differences which f 
involve the additional term av? One rea- I T v=SVJo Sx[Rx]vd~,  (36a) 
son (which has undoubtedly been ex- 
pounded before and which is presented I $ N = 5N Sx[Rx]NdX, (36b) 
here only for the sake of completeness) is 
that remote sensing systems only measure 
radiances, not reflectances. Since these where the broadband canopy reflectances 
radiances are the product of an incident are given by 
flux and a directional reflectance, the re- 
motely sensed measurement is really pro- f°°S x [Rx] a x dX 
viding the observer with the product of at 5 = "0 (37) 
least two unknowns. However, under nor- f ~  Sx [ R x ] d 
mal terrestrial illumination conditions, it "o 
can be assumed that the ratio of incident 
visible and near-infrared fluxes is more or Combination of (34)-(37) yields 
less constant so that 

5N I I 'N  1 (38) 
S R = 5---~ = I 1'----~ " B" 

(34) Since B should be relatively easy to 
estimate from theory and observations, 

where the combination of radiances in (38) al- 
lows one to estimate the simple ratio of 

B = const, the surface reflectances without having to 
[Rx] v = relative spectral response know the values of the incoming radi- 

function of satellite sensor ances. The use of the simple ratio rather 
operating in the visible than the estimated near-infrared reflec- 
wavelength region, tance by itself should therefore provide 

the observer with some greater certainty 
[Rx] s = same as [R x] v except about the spectral properties of the 

for the near-infrared region, surface. In this way, a v may be used as a 
kind of standard background to normalize 

The hemispherically integrated upward the an  observations, a practice which 
diffuse fluxes, 1 1', above the canopy as would be perfectly justified when (ps 
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P') v' We may illustrate this point by linear. For example, taking the case of the 
going back to the example of our photon- relationship between the area-averaged 
throwing experimenter. Provided that he photosynthetic rate Pc and the simple 
is launching an equal number, or a con- ratio (SR), we then have for a canopy of 
stant ratio ( I / B )  of near-infrared and horizontal leaves 
visible photons (i.e., the incoming spec- 
tral radiation at the surface), he need not a p  C t~P c ¢9L T , 
keep count of either as long as he can a(SR----~ = aL----r 'a---(~ c~ e hvL~ 
count the numbers of the photons re- 
fleeted back. When (ps ~ P~) v, the num- (Ps ~ P~) x" (40) 
ber of reflected visible/PAR photons will 
be a constant fraction of the number In this situation, a plot of Pc against 
launched regardless of the vegetation SR would show a slow rise in Pc for a 
density. He thus has a means of quantify- large initial increase in SR. With increas- 
ing the incident radiation flux density, ing leaf area index, the SR would ap- 
Since this means that the reflected visi- proach an asymptote, even though the 
ble/PAR photons are directly related to photosynthetic capacity of the surface 
the incoming flux density, the ratio of may be increasing. Although the system 
reflected near-infrared to visible photons is fairly nonlinear under these conditions, 
will be independent of their incoming it has its greatest sensitivity when the 
flux densities and only dependent on the vegetation cover is light, the normal 
amount of vegetation present, situation in such areas. Clearly, much 

A second reason for the use of SR, more information can be extracted from 
rather than aN alone, is important in the reflectance data if something is known 
marginal or desert areas where the un- about the optical properties of the un- 
derlying soft surface is relatively light-col- derlying soil. 
ored (p~ > 0.9.5). Here the near-infrared All of the discussion covered so far in 
signal is not necessarily a sensitive indica- this paper has been concerned with 
tor of the presence or absence of vegeta- elucidating the biophysical reasons for the 
tion. To take the extreme case, when the apparently near-linear relationship be- 
soil reflectance in the near-infrared region tween SR and APAR, Pc, and/or  1 / r  C. 
approaches the asymptotic canopy reflec- However, a number of theoretical limita- 
tance, changes in the simple ratio or nor- tions in the analysis should be addressed 
malized difference are due solely to vari- prior to applying these lessons to the 
ations in the visible reflectance. In this practical business of interpreting satellite 
case, we have imagery in a quantitative fashion. These 

limitations follow the form of the specific (p, SaN OL T -* 0, (39a) assumptions used throughout the analysis. 
Each of these will be discussed briefly in 

a(SR) a a  v ~ L  T ~ L  r Or. e - 2 h v L r .  (39b) turn. ' - -  i. C o m p l e x  l e a f  angle  d is tr ibut ions:  
Canopies with more complex leaf 

The relationship between SR and Pc, angle distribution functions exhibit 
1 / r  C, and APAR then becomes curvi- more complicated responses of SR 
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with solar angle, unequal leaf re- estimate equivalent mean extinc- 
flectance and transmittance values, tion coefficients and then to use 
etc. Similarly, the Pc and 1 / r  c re- these in radiative transfer calcu- 
sponses become dependent on solar lations is a different matter. To be 
angle. However, as the paper of exact, such a procedure is mathe- 
Sellers (1985) showed, these effects matically and physically in error but 
are not too alarming for reasonable in this particular study of leaf opti- 
leaf angle distribution functions cal properties, where the leaf spec- 
(i.e., nonerectophile) for high solar tral response is relatively invariant 
elevations, on either side of the 0.68/~m dis- 

ii. Nonisotropic canopy reflectance: continuity, the resultant errors 
This and the question of satellite should not be too serious. 
sensor narrow-field-of-view radi- iv. Other environmental factors: As 
ances cannot be addressed within mentioned elsewhere, even ff the 
the constraints of the two-stream condition as stated by (31) were 
approximation model. More sophis- perfectly met in nature (which it is 
ticated models (e.g., that of Kimes, not), then the SR would only pro- 
1984) must be used to explore the vide the functional forms of Pc and 
fine details of narrow angle spectral 1 / r  c. Additional information, in the 
response versus leaf area index, leaf form of incident PAR fluxes, leaf 
angle distribution function, etc. physiological properties, and the 
Similarly, when canopies have regu- degree of environmental stress is 
lar or clumped (i.e., nonrandom) required in order to determine the 
leaf distributions, the simple analy- actual values of Pc and 1 / r  c. 
sis presented here will not translate In spite of the above problems, it is 
directly. However, the same princi- clear that the simple ratio data as pro- 
pie of near-linearity between SR vided by satellite remote sensing systems 
and APAR, Pc, or 1 / r  c should still should yield near-linear estimates of 
hold as both the process of reflec- the area-averaged canopy photosynthetic 
tance and biophysical functioning capacities and minimum resistances, pro- 
depend on interactions between vided that other quantities are available 
radiation and the leaf elements. The or can be estimated. This finding sup- 
effect of nonrandom leaf distribu- ports the view that the reflectance data 
tions will be to alter the depen- provide indications of instantaneous rates 
dence of SR, APAR, Pc, and 1 / r  c associated with the vegetation canopies: 
upon Lv without greatly affecting gross primary productivity and evapo- 
their interdependence, transpiration, rather than reliable esti- 

iii. Estimation o f  mean extinction coef- mates of any state associated with the 
ficients: The calculation of mean vegetation such as leaf area index or bio- 
scattering and reflectance coeffi- mass. On a purely practical level, the 
cients [see Eqs. (33) and (37)] via AVHRR sensor mounted on the NOAA 
integration over a given wavelength series of polar orbiting meteorological 
interval is a valid procedure. Appli- satellites appears to be a near-optimal 
cation of these mean quantities to system for carrying out global biophysical 
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surveys. Clearly, however, more experi- and 
mental work needs to be done to de- 
termine the quantitative limits to the ap- hi t o ( t o  2 )  
plication of these remote sensing = - 2 - 2  + = 0 ,  
techniques to the measurement of bio- 1 [to (u I ~h) 1 
physical processes over large areas, ha + ha = Dxx [ ~ - ~ (A2) 

Addendum.  The equations in the Ap- 

] pendix of Sellers (1985) contained an er- ~ ( u l  + ~h)S 1 , 
ror. The expression for h 4 on page 1369 
should read: 

D1 = Pl(ul  - ~h) -~, 

ha = - tiPs - cd. - P2( u~ + ~th )S~, (A3) 

where 

Appendix u 1 = 1 - to/2 - to/2p~ 

= 1 -  ( to/2)(1+ 1/ps), Expansion of two-stream 
approximation expression 
for hemispherical reflectance h = (1 - w )1/2, 

The canopy hemispherical reflectance $1 = e-hLr, 
a is given by the solution to (2) at the 
limit L = 0: P1 = 1 - to/2 + h, 

a = I T co) = h l / a  + h2 + ha" (5), (A1) P2 = 1 - to/2 - h. 

From (A1) and (A2), 
Horizontal leaves. For a canopy of 

horizontal leaves and with reference to a = 0 +  h 2 + h3 ,  

the Appendix of SeUers (1985), to[ ( / ' 2 '  7 ) / S l - ( e x -  3')S1 ] 

a = 2 [ P I ( P 2 -  7--~I---P--~Px--~)S1 ] 
h i =  - [to~Kflo( b - FtK ) + ( 2 ) 2] (A4) 

where 
where 

7 = to/2ps, 
to 

b = l - - -  2 '  and 
~ = K = I ,   (XA) 

l a = P ; - - P - - ~ A  ' 
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where and 
D I =  P l ( U l -  h ) / S  1 - P2(Ul + h )51. 

(PI-~ ' )S2,  S , = e  -hLT. (A5) A= S The complete form of (A6) and its 
derivative used in the study described in 

N.B.: All terms in (A5) depend on the text. The main purpose of the paper, 
scattering properties of vegetation and however, was to examine the dependence 
soft only except for St which depends on of the reflectance upon the total leaf area 
the value of L T. index L T. For the purpose of illustration 

Spherically distributed leaves. Expan- we shall consider a simplified version of 
sion of (5) or (A1) using the substitutions (A6), which is obtained by assuming 
from the Appendix of Sellers (1985) and i. Ps ~ 0, 
taking ~ = 1, fl = ½, yields ii. r0 = ½ (actually r0 = 0.46 

for # = 1), 
hi 1 a = - - +  iii. K=½  (/.t=l). 
o D~ (A6) then reduces to 

a -  2 (3 -  4to) 

× [u~([ ~ 1 - S ~ ) - h (  ~ +S1) ] X [ (52-(-S-~--1-)0-- ~0~-- h-)-- 2-hl)(1-2to-h)+2h(S~S 2 - 1) ]. 

+ 2h[toKflo - toil 
(A7) 

hl (ul  + g)]s2}  
0 

(A6) Calculation of derivative 
of a with respect to L r 

h 1 _ - toK 2fl0(1 - to - K) + to Horizontal leaves. 
o 2 K2-1+to  ' 

I + K  0a to [ 0A 1 
flo - toK as(~,), C)LT = ~ [ OL T ( p , _  p2A) 

where (1 - A ) oa ] 
+ (P1- P2A)2 e2 a ~o,) = single scattering albedo 

[see Sellers (1985)], to OA 1'2- P1 
= P2A)2, S 1 = e - h L r ,  

~ where 5 2 = C-  KLr, 
OA 

K = G ( # ) / # ,  OL T 2hA,  
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and parameter:  

~ - r = ~ 0 h A  ( p ~ - - p S ) 2  (AS) ×L= +f0~/2ll-O(O)lsinOdO (A l l )  

Spherically distributed leaves. Differ- where  
entiation of (A7) with respect to L r yields 

O(O) = leaf angle distribution function, 
3_____~a = 2__h_h { S~ [(2o~ - 1)(2 - ~0 ) 0 =  angle of leaf normal to the local 

OLT A2 vertical, 
[ o3 + t l - ~ + h ) (h  - K) X L :  0 for spherically leaf angle 

distributions, + 1 for q 

× SaS 2 - 2h 21 horizontal leaves a n d  
.I 

- 1 for vertical leaves. 
- ( 1 - 2 - h ) ( h + K ) S , S , } ,  (A9) 

Goudriaan (1977) fitted a curve to data 
where  sets generated from (Al l )  which provides 

reasonable estimates of the average leaf 
A = ($12 - 1)(1 - ~0/2 + h)  - 2h.  projection in any direction as a function 

of XL 

For the near-infrared case when ~0 N = G(/~) = ¢1 + ¢2/~, (A12) 
0.95, the above expression becomes 

where  
0a  $12(0.378 - 0.094S1S~) - 0.098S1S 2 

Lr (0.75S~ - 1.20) z ~1 = 0.5 - 0.633X~. - 0.33X~, 

(A10) Ca = 0.877(1 - 2¢ t ) .  

An inspection of the relative size of the In Fig. 20, lines are drawn for X L = -- 
terms in (A10) shows that, for reasonable 0.5 (planophfle) and XL = -- 0.5 (erec- 
values of L r ,  tophile) leaf angle distributions. These 

correspond to average leaf inclination an- 
Oa gles of about 19 ° and 53 °, respectively. A 

OL-----~ pc S~ = e -2hNLr, spherical leaf angle distribution (XL = 0) 
has an average leaf inclination angle of 

for a first approximation. 30 °, horizontal leaves (XL = 1) have leaf 
inclination angles of 0% 
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