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W e  propose a novel approach for using high- 
spectral resolution imagers to estimate the fraction 
of photosynthetically active radiation adsorbed, 
fap~r, by vegetated land surfaces. In comparison to 
approaches using broad-band vegetation indices, 
the proposed method appears to be relatively in- 
sensitive to the reflectance of nonphotosynthetically 
active material beneath the canopy, such as'leaf 
litter or soil. The method is based on a relationship 
between the second derivative of the reflectance vs 
wavelength function for terrestrial vegetation and 
f~par. The relationship can be defined by the second 
derivatives in either of two windows, one in the 
visible region centered at 0.69 Ixm, another in the 
near-infrared region centered at O. 74 Ixm. 

INTRODUCTION 

The fraction of incident photosynthetically active 
radiation absorbed, f~p~r, by vegetated land sur- 
faces is an important variable in understanding the 
energy budget and hydrology at the land-atmo- 
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sphere interface (Sellers et al., 1986). For exam- 
ple, under fixed atmospheric evaporative demand, 
the evaporation rate from a well-watered, vege- 
tated soil is directly proportional to f~par (Monteith, 
1973). Seasonally accumulated Yapar is also an 
important variable in determining net primary 
production, dry-matter production, and crop grain 
yields' (Monteith, 1977; Goward et al., 1985; 
Daughtry et al., 1983). 

Many previous studies have investigated rela- 
tionships between remotely sensed reflectance and 
fapar [for example, see Hatfield et al. (1984), Asrar 
et al. (1985; 1986), Choudhury (1987), and Sellers 
(1987a, b)]. These studies however, have focused 
on the contrast in the broad-band ( >  0.1 ~m in 
width) visible and near-infrared reflectance be- 
tween the canopy photosynthetic elements and the 
nonphotosynthetic background or soil. Although 
these studies have demonstrated various relation- 
ships between f~oar and spectral-reflectance in- 
dices, Choudhury (1987) has found that the rela- 
tionships can be very sensitive to variations in the 
reflectance of the nonphotosynthetic background 
(e.g., leaf litter or soil). 

In this paper, we develop an approach for the 
estimation of Yapar using the second derivative of 
the spectral reflectance function with respect to 
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wavelength, p"(a), and show two narrow windows 
within the domain 0.5-0.9 /,m, where p"(a) is a 
monotonic increasing function of fap~r, indepen- 
dent of the soil or nonphotosynthetic background. 
This phenomena occurs primarily because the 
slope of the background reflectance is changing 
very slowly with wavelength, whereas the slope of 
the reflectance of photosynthetic canopy elements 
is changing more rapidly. This theoretical in- 
vestigation suggests the utility of a narrow-band 
( ~ 0.03-0.01/xm) sensor with a minimum of three 
bands (necessary to calculating the second deriva- 
tive) located in selected spectral windows for esti- 
mating f a p a r  • 

THEORETICAL DEVELOPMENT 

A simple argument relating p"(a) and £,p~,r can be 
developed as follows. For a collection of opaque, 
photosynthetic canopy elements with reflectance 
&(A), distributed on nonphotosynthetie elements 
(soil, leaf litter, or snow) with reflectance pb(a), 
the reflectance p(a) of the canopy/background 
combination is given by 

p(A)=tepc(A)+(1-oe)p , , (A ), (1) 

where a is the likelihood of viewing a photosyn- 
thetic canopy element from the sensor and (1 - a) 
the likelihood of viewing a background element. 
Equation (1) represents a highly oversimplified 
treatment but is helpful in understanding the basis 
of the relationship between f~v,~ and p"(a). We 
will substitute a more rigorous treatment shortly 
to examine the validity of the concept. 

The second derivative of Eq. (1) is given by 

p"(A) = ape'(A) + (1 - a)p}~(A). (2) 

Now, for spectral regions where the slope of p"(A) 
>> pi'(A), it is dear  from Eq. (2) that 

p" (a )  = (3) 
o r  

= (4) 
From Figure la), which shows pb(A) for a variety 
of soils (Stoner and Baumgardner, 1981) and leaf 
litter (Hall et al., 1990), it is clear that there are 
many spectral regions where the slope of pb(A) is 
changing very slowly or not at all. Figure lb) 
shows pc(A) for a red maple leaf (Brakke, 1989). 
There are a number of regions where the condi- 
tion p~'(A)>> p~(A) should hold and a should be 

independent of the background reflectance. Such a 
technique is well known in analytical chemistry 
for detecting specific chemical elements within a 
complex background of other chemical compounds 
(O'Havers, 1982; Butler and Hopkins, 1970; Tal- 
sky et al., 1978). Demetriades-Shah and Steven 
(1988) have used this approach to detect leaf 
chlorosis in sugar beet canopies. 

It is also true in this simple model of canopy 
reflectance that the likelihood of viewing a canopy 
element can be modeled as 

a = 1 - e - k "  ( 5 )  

where L is the leaf area index and k is the canopy 
attenuation coefficient. A number of researchers, 
for example, Monteith (1973) or Norman (1975), 
have suggested that f,p,,, can be estimated by 

f,p~.. = l -  e -k'r (6) 

Combining Eqs. (4), (5), and (6), f~t .... can lye 
expressed in terms of the second derivatives as 

If k ' ~  k then 
tt 1! 

)iqxtr = O~ = O ( / ~ ) / P c ( / ~ ) ,  ( 8 )  

which suggests a linear relationship between f,l .... 
and p"(a) independent of the background re- 
flectance and depends only upon the second 
derivative of the total canopy/background re- 
flectance and the reflectance of the photosynthetic 
material of the canopy itself. 

Although this expression has humble begin- 
nings mathematically, it led us to try a more 
rigorous approach to see if the basic idea held up. 

NUMERICAL SIMULATION 

We used the SAIL (Scattering from Arbitrarily 
Inclined Leaves) canopy reflectance model 
(Mexander, 1983; Verhoef, 1984) to generate p(A) 
at 0.01/xm intervals between 0.5/,m, and 0.9 ~m. 
The SAIL model calculates bidirectional re- 
flectances for a canopy consisting of horizontally 
uniform layers. A single layer containing only 
leaves with a spherical leaf angle distribution was 
used in this model. Canopy reflectances were cal- 
culated for nadir viewing angles using 10 different 
LAI values (0.01, 0.25, 0.50, 0.75, 1, 2, 3, 4, 5, 7) 
each with a variety of soil backgrounds. Leaf re- 
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Figure 1. a). Background reflectances; leaf litter reflectances from Hall et al. (1990); other soil 
reflectances from Stoner etal. (1980). b). Leaf optical properties; data averaged from red maple leaf 
optical properties collected by Brakke (1989) using a SE-590 spectrometer. 

flectance and transmittance values came from 
measurements of a red maple (Acer rubrum) leaf 
using a Spectron Engineering SE-590 spectrome- 
ter (Brakke, 1989). The SE-590 data were aver- 
aged to 0.01/~m bands [Fig. lb)]. The model runs 
simulate a clear day, 10:00 a.m. local time at the 
vernal equinox and 40°N latitude. 

Stoner and Baumgardner (1981) describe five 
distinct types of soil reflectance functions: organic 
dominated, minimally altered, iron affected, or- 
ganic affected, and iron dominated. Examples of 
each of these types of soil (Stoner et al., 1980) 

were used as background in the model. Leaf litter 
reflectance functions measured with the Cary-14 
radiometer were also included as background in 
the study (Hall et al., 1990). Figure la) shows all 
of the background reflectance functions used. 

Figures 2a) and b) are families of p(A) func- 
tions generated from the SAIL model for two of 
the soil backgrounds. Each line corresponds to 
p(A) for a specific LAI value. Notice the differ- 
ences in reflectance values in the visible bands 
(around 0.65-0.69 /zm) and near infrared bands 
(above 0.74/zm) due to the different reflectances 
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Figure 2. Canopy reflectance families calculated from SAIL model tbr a red maple canopy 
over differing soil backgrounds: a) minimally altered soil; b) organic dominated soil. Each 
function is for a different value of LAI. The function which has the lowest reflectance at 0.9 
/zm is associated with an LAI of 0.01 and increases sequentially corresponding to LAI values 
of 0.25, 0.50, 0.75, 1, 2, 3, 4, 5, and 7. 

of the background for canopies with the same LAI. 
For example, at 0.68/zm the canopy with a LAI of 
I and minimally altered soil background has a 
reflectance of 7.75%, whereas the same canopy 
with organic dominated soil background has a 
reflectance of 2.29%. In the near infrared at 0.78 
/xm canopies with LAI of 1 have reflectances of 
32.89% and 17.98% for minimally altered and or- 
ganic dominated soil backgrounds, respectively. 
Variations in the red and near infrared reflectances 
resulting from variations in background optical 

properties cause variability in the traditional vege- 
tation indices, such as simple ratio or normalized 
difference vegetation index (Huete et al., 1985). 

For each of the p(A) functions generated from 
the SAIL model the second derivative p"(A) is 
estimated numerically at each wavelength A i us- 
ing 

p"(A i) = {p(Ai + ]) -- 2p(Ai) + p(A,_ x)}/AA 2, 
(lO) 

Gans (1982) discusses and provides solutions to 
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some of the problems associated with measure- 
ment noise in the calculation of P"(Ai). The sec- 
ond derivative is very sensitive to noise. This 
simple calculation of the second derivative is pos- 
sible in this study because the model produces 
idealized spectral reflectances which have little 
noise. Actual spectral reflectance measurements 
will require some smoothing. The second deriva- 
tives for the p(A) functions shown in Figures 2a) 
and b) are plotted in Figures 3a) and b). p/,(A) has 
the greatest effect on p"(A) in the wavelengths 
between 0.50 tzm and 0.60 ~m. As seen in Figure 
la) this is the region of greatest change in slope 

for the soil reflectance functions. Two optimum 
windows occur where p~'(A) >> p~(~). These win- 
dows are centered at 0.69 /xm and 0.74 /xm, as 
seen in Figure 2. The optimum regions are found 
at the reflectance minimum caused by chlorophyll 
absorption and at the knee of the near-infrared 
plateau. 

We also used the SAIL model to determine 
daily f,par' the ratio of the energy absorbed by the 
canopy over the day, and the total incoming en- 
ergy in the visible wavelengths between 0.5 ~ m  
and 0.7 ~m. In order to calculate a bidirectional 
reflectance, the SAIL model first determines the 
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Figure 3. Second derivatives of canopy reflectance functions. Line types in each plot 
corresponds to line types used in reflectance plots (Fig. 2). Background reflectances: a) 
minimally altered soil; b) organic dominated soil. 
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direct beam and the upward and downward dif- 
fuse flux densities at all levels in the canopy. 
These flux values are used to calculate the amount 
of energy absorbed by the canopy by finding the 
difference between energy entering and leaving 
the canopy. The absorbed energy values are inte- 
grated throughout the daylight period for the 
wavelengths between 0.5 /,Lm and 0.7 /zm. The 
daily absorbed energy is compared to the incom- 
ing energy to determine Yapar (Goward and 
Huemmrich, 1990). 

Figure 4. Percent daily absorbed photosynthetically active radiation (f~p.,,. * 100) versus the 
second derivatives of the canopy reflectance functions. Each line is for the different background 
types: a) second derivative at 0.69 #m; b) second derivative at 0.74/~m. 

The second derivatives at the two optimum 
windows, centered on 0,69/zm and 0.74 /zm, are 
plotted against f~p~r in Figures 4a) and 4b). For 
comparison the effects of the background on the 
normalized difference vegetation index (NDVI) 
and f~p,r can be seen in Figure 5. As suggested 
from Eq. (8), sensitivity to background reflectance 
of the relationship between p"(A) and f,p,r is 
minimized. At 0.69 /~m the assumption of opaque 
leaves is nearly satisfied [see Fig. lb)] and the 
relationship is approximately linear. At 0.74 /zm 
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/zm)-p(0.66/xm)]/[p(0.77/zm)+ p(0.66/xm)]. Each line is for the different background types. 

the leaves are more translucent; thus, the relation- 
ship between p"(A) and f,par is nonlinear, but 
remains relatively insensitive to background re- 
flectance. 

C O N C L U S I O N  

A simple conceptual model and numerical simula- 
tion show that the p"(A) is related to f~,p~,r. By 
choosing spectral regions where p'!(A) is large and 
p"tA~ is small, the effects of the nonphotosynthetic b ~, . ,  

canopy and background elements on the relation- 
ship between p"(A) and fapar may be minimized. 

A number of existing or planned remote sens- 
ing instruments possess narrow bands (0.01 g m  or 
less) in the optimum windows defined by our 
analysis. A minimum of three narrow-wavelength 
bands within the window would be required to 
determine the second derivative. The second 
derivative is very sensitive to noise; therefore, it is 
very important to have precise calibration of the 
detector for each band. To minimize the effects of 
noise in the spectral reflectance data, more wave- 
length bands could be introduced to allow for 
smoothing of the data. 

We are in the process of evaluating this ap- 
proach using narrow-band spectrometer data col- 
lected concurrently with absorbed, photosyntheti- 
cally active radiation data from a grassland prairie 

during FIFE,  Sellers and Hall (1989). This evalua- 
tion will be the basis for a future paper. 
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