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Abstract 

 

The amount of photosynthetically active radiation (PAR) absorbed by a canopy (APAR) 

is an important driving variable for vegetation processes such as photosynthesis. PAR 

extinction in clumped canopies of shortgrass ecosystems is the focus of this paper. 

Directional gap fractions estimated at peak biomass on several Mexican shortgrass 

ecosystems with a hemispherical radiation sensor (Li-Cor LAI-2000) were higher than 

those predicted by a Poisson model assuming a random leaf dispersion. LAI-2000-

estimated gap fractions, together with independent estimations of plant area index (PAI), 

and leaf and stem angle distribution (LSAD) were used for estimating the angular course 

of a leaf dispersion parameter 8(2). Radiation extinction coefficients simulated for all 

solar zenith angles using Markov chain processes and estimated 8(2) were 

subsequently incorporated in a simple radiative transfer model for estimating the 

efficiencies of instantaneous and daily integrated PAR interception and absorption and 

for studying the effects of clumping, sky conditions and soil albedo on PAR absorption. 

For clear sky condition, instantaneous PAR absorption showed marked directional 

effects, therefore indicating that using a constant extinction coefficient in canopy 

photosynthesis models working at hourly time step would be inaccurate. The effects of 

clumping, sky conditions and soil albedo were all found to be significant for low PAI, and 

decreased with higher PAI. As shortgrass ecosystems are characterized by low PAI, 

neglecting these effects would give inaccurate estimations of PAR absorption. 

Daily PAR absorption was found to be significantly higher than PAR interception for low 

PAI, especially when soil albedo was high, and lower than PAR interception for high PAI. 

These results indicate that in canopy photosynthesis models where APAR is estimated 
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from simple exponential like relationships calibrated using PAR interception 

measurements, the PAR available for photosynthesis might be significantly 

underestimated in the first stages of the growth, and may be overestimated in the later 

stages of the growing season.  

 

 

 

Keywords: PAR interception, PAR absorption, extinction coefficient, Markov 

model, shortgrass ecosystem.  
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1. Introduction  

 

The instantaneous or daily integrated photosynthetically active radiation (PAR) absorbed 

by a canopy (APAR) is an important input for canopy photosynthesis models working 

either at an instantaneous or daily time scale. While APAR or its related fractional 

efficiency (fAPAR) is the most relevant quantity to describe the energy flux available for 

photosynthesis, this latter is often estimated from a less relevant but more easily 

estimable quantity, the intercepted PAR (IPAR) (or its related fractional efficiency, 

fIPAR), simply expressed as the difference between incoming PAR and the PAR 

transmitted to the soil through the canopy. fIPAR depends on the foliage amount, 

canopy structure (leaf dispersion and leaf angle distribution), leaf optical properties, solar 

angle and the proportion of diffuse radiation, while fAPAR is also dependent on soil 

optical properties (soil reflectance). Although IPAR is often used to estimate the 

available radiation for photosynthesis, it is generally reported to be significantly higher 

than APAR for closed canopies (e.g. Leroux et al., 1997), and may be lower than APAR 

for poorly developed clumped canopies with high soil albedo (Bégué et al., 1996a).   

 

APAR or IPAR can be estimated by radiative transfer models assuming a homogeneous 

canopy (e.g. SAIL model, Verhoef et al., 1984), or based on a detailed description of the 

canopy structure (e.g. DART model, Gastellu et al., 1996). Turbid medium models may 

be inaccurate for clumped canopies (e.g. Bégué et al., 1996b; Luquet et al.,1998),  and 

3D radiative transfer models are difficult to parameterize and/or are time consuming, so 

that in canopy photosynthesis models IPAR or APAR are often computed with much 

simpler models generally based on the Beer Lambert equation:  
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)*exp(1 PAIkfAPARorfIPAR −−= ,       (1) 

 

where k is an extinction coefficient, for instantaneous or daily integrated PAR 

interception or absorption, and PAI is the plant area index (the sum of leaf area index 

and stem area index).  

 

This exponential relationship with PAI generally gives realistic IPAR or APAR 

estimations. Values of extinction coefficients for instantaneous or daily integrated 

interception or absorption have been reported for several crop canopies (e.g. Monteith, 

1969; Hipps et al., 1983; Gallo et al., 1985; Maas, 1988; Bégué, 1991), and forage 

species (e.g. Sheehy and Peacock, 1975; Woledge and Parsons, 1986).  However, for 

some major natural ecosystems such as shortgrass ecosystems which cover large parts 

of the land surface, these coefficients are still poorly documented. Furthermore, even 

when estimates of k are available, they may be dependent on the conditions for which 

they were obtained (proportion of diffuse radiation and soil albedo) so that their use 

under other soil albedos or sky conditions may be inappropriate. In order to avoid these 

problems, it is more relevant to describe the extinction coefficients by considering 1) 

direct beam and diffuse radiation interception separately (total radiation interception and 

absorption can be estimated by taking into account the relative proportion of diffuse and 

direct beam in the incoming PAR), and 2) soil albedo in the case of PAR absorption.  

 

For homogeneous canopies, several models based on probability statistics have been 

used to estimate the extinction coefficients by taking into account the Leaf Angle 

Distribution (LAD) or the Mean Tilt Angle (MTA) (e.g. Warren Wilson, 1960, Saeki, 1963, 

Miller, 1967, Cowan, 1968, Monteith, 1969). In most cases, a random leaf dispersion is 
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assumed, and a Poisson model is used. However, this assumption does not hold for 

canopies with clumped leaf dispersions, which are known to have lower extinction 

coefficients than those with randomly dispersed leaves (e.g. Nilson, 1971; Lemeur and 

Blad, 1974; Baldocchi and Collineau, 1994). For such canopies, models based on 

negative binomial probability functions or on the theory of Markov processes have been 

proposed (Nilson, 1971). These models introduce a clumping factor that is unknown and 

must be determined. Due to the difficulty in mechanistically determining the clumping 

factor, empirical estimation is a useful alternative (Lemeur and Blad, 1974; Ross, 1975; 

Baldocchi and Collineau, 1994). For this purpose, directional interception measurements 

obtained with a commercially available hemispherical radiation sensor (Li-Cor Inc. LAI-

2000) may be valuable.  

 

The objective of this paper is to document the PAR extinction coefficients in shortgrass 

ecosystems in northwestern Mexico. Directional interceptions measured by an LAI-2000 

and simultaneous independent measurements of Plant Area Index (PAI) are first used to 

estimate the clumping factor of the Markov model, and its directional dependence. The 

Markov model is subsequently used for computing extinction coefficients for direct 

interception for all solar zenith angles. The results are then used to compute diffuse 

radiation interception, as well as instantaneous and daily integrated total radiation 

interception and absorption with varying PAI, sky conditions and soil albedo. These allow 

us to estimate generalized extinction coefficients for daily interception or absorption, and 

to evaluate the errors expected by not taking into account the sky conditions or by 

assuming IPAR equals APAR.  

 

After a brief presentation of the equations used to calculate PAR interception and 

absorption in homogeneous canopies (section 2.1), the methodology adopted to 
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estimate extinction coefficients from measurements of ‘gap fraction’ measured with a 

LAI-2000 is given (section 2.2). The experiment and the test sites are described in 

section 3; the results obtained are presented in section 4 and discussed in section 5.   

 

 

2. Theory  

 

2.1 - Equations used to calculate PAR interception and absorption in 

homogeneous canopies 

 

Instantaneous interception  

At any time of the day, the efficiency with which incoming PAR is intercepted by a 

canopy depends on its efficiency to intercept direct and diffuse incoming radiation, and 

on the proportions of diffuse and direct radiation in the incoming PAR:  

 

)()()()()( tftPtftPtf directdirectdiffusdiffusIPAR += ,     (2) 

 

where Pdiffus(t), Pdirect(t), fdiffus(t), fdirect(t) represent the proportions of the diffuse and direct 

radiation, and the interception efficiencies of diffuse and direct radiation at instant t, 

respectively.  

 

At the solar zenith angle θ corresponding to time t, the transmission of direct radiation 

through the canopy, T(θ) (T(θ) being the complement of fdirect(θ)) depends on the canopy 

structure, foliage amount, and leaf optical properties.  
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In the case of a homogeneous and infinite canopy, where leaves are supposed to be 

randomly dispersed and black (transmittance =0), the transmission T(θ) or ‘gap fraction’ 

can be expressed as (e.g. Warren Wilson, 1963, 1965; Anderson, 1966): 
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where the ratio G(θ)/cos θ is the directional extinction coefficient (k(θ)) of direct radiation 

in the canopy, and G(θ) is the fraction of foliage projected in the direction θ, given by: 
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where g(θl) is the leaf inclination angle distribution function (De Wit, 1965 ; Goel and 

Strebel, 1984 ; Campbell, 1986, 1990), and A(θs, θl) is the projection of unit leaf area 

with an inclination angle  θl.  A(θs, θl)  is given by  Warren Wilson (1960) :  
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with ))tan(/)cot(cos( lso a θθ−=Φ .  

 

In most of the solar spectrum, since leaves cannot be considered as opaque elements, 

the extinction coefficient k(θ) should be multiplied by (1-τf), where τf  is the mean leaf 

transmittance in the PAR region (Monteith, 1969): 

 

])1()(exp[)( PAIkT fτθθ −−= .       (6) 
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Finally, in a homogeneous canopy, the directional direct radiation interception is 

expressed as:  

 

])1()(exp[1)( PAIkf fdirect τθθ −−−= .      (7) 

 

The computation of instantaneous total interception also requires the efficiency of diffuse 

radiation interception. It can be estimated following Welles and Norman (1991):  
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where Γ(θ) is the intensity distribution of the diffuse radiation above the canopy.  

 

 

Instantaneous absorption  

The instantaneous absorption can be expressed as a function of the instantaneous 

interception, soil reflectance ρs, and vegetation optical properties (absorptance al and 

reflectance ρl, e.g. Bégué, 1992): 
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This expression includes the down-welling intercepted flux and an up-welling intercepted 

flux which comes from the reflection by the soil of the transmitted radiation towards the 

canopy; the up-welling flux is intercepted with an efficiency fdiffus . 

 

Daily integrated interception and absorption 

As soon as instantaneous incoming PAR (PARo(t)) is measured all over the day, and 

instantaneous interception and absorption are computed, daily integrated interception 

and absorption efficiencies can simply be expressed as: 
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where to and tn are the times of sunrise and  sunset, respectively.  

 

It is worthwhile to point out that in the model presented above, the extinction coefficient 

k(θ) depends only on canopy structure. As it is involved in the computation of T(θ), and 

subsequently fdirect(θ), fdiffus, fIPAR(θ), and fAPAR(θ), it appears to be the most critical 

parameter of this model and needs to be correctly estimated. However, the Poisson 

model used to derive Eq. 3 assumes that foliage elements are randomly dispersed. This 

assumption does not hold for canopies with regular leaf dispersion, where the model is 

known to overestimate the gap fraction, and for canopies with clumped dispersion, 

where gap fraction is underestimated (e.g. Nilson, 1971; Ross, 1981; Oker-Blom and 

Kellomaki, 1983; Baldocchi et al., 1985; Andrieu and Sinoquet, 1993; Chen et al., 1994; 

van Gardingen et al., 1999). Such underestimation may be significant in the highly 
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clumped canopies of shortgrass ecosystems. For canopies with non-random leaf 

dispersion, Nilson (1971) has proposed a statistical model based on the theory of 

Markov processes. The model allows the computation of the extinction coefficient of the 

heterogeneous canopy by multiplying k(θ) by a coefficient 8. LAI-2000 gap fraction 

measurements might be useful to estimate this coefficient.  

 

Hanan and Bégué (1995) proposed a methodology that was not based on the Markov 

model for computing radiation interception for all solar zenith angles using directional 

interception measurements performed by a LAI-2000. After a brief description of the LAI-

2000 optical sensor, this methodology is presented, as well as its main drawbacks and 

limitations.  We then describe the methodology that will be used in this study to derive 

the coefficient 8 and the extinction coefficients of the clumped shortgrass canopies 

(kNR(θ)) from the T(θ) measurements obtained with a LAI-2000 (in the denomination kNR, 

the subscripts NR stands for ‘Non-Random’).  

 

 

 

2.2. Using a LAI-2000 optical sensor for estimating extinction coefficients, PAR 

interception and PAR absorption in shortgrass canopies 

 

The LAI-2000 optical sensor 

The Li-COR LAI-20001 is a hand-held instrument, whose optical sensor includes a 

fisheye lens and five silicon detectors allowing simultaneous measurements of the 

radiation coming from the upward hemisphere in five zenithal angles (Li-COR, 1990, 

Welles and Norman, 1991). Silicon detectors respond approximately from 320 to 
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490 nm, in an area of the spectrum where leaf transmittance and reflectance are known 

to be low. Canopy transmittance in the five zenithal angles, T(θ), is estimated from 

measurements successively performed above and below the canopy. From these 

measurements, inversion of radiative transfer models allows the computation of PAI and 

MTA (Welles and Norman, 1991). Unlike T(θ), which is directly computed from radiation 

measurements, PAI and MTA result from model inversion. Their accuracy is therefore 

dependent on the degree to which model assumptions match reality. One of the main 

assumptions (that foliage elements are randomly distributed) departs significantly from 

reality in the case of clumped canopies where PAI estimations by LAI-2000 have been 

reported to underestimate PAI (e.g. Chason et al., 1991; Chen et al., 1991; Fassnacht et 

al., 1994; Hanan and Bégué, 1995; Stenberg, 1996). However, even in the case of 

clumped canopies, if PAI is directly estimated with an appropriate methodology (for 

example with an LAI-30001) - or if the underestimation by LAI-2000 is quantified - the 

dependence of interception on solar zenith angle and PAI can be investigated.  

 

  

Using LAI-2000 measurements and curve fitting for estimating instantaneous and daily 

integrated PAR interception and absorption 

LAI-2000 estimates T(θ) only in five zenith angles. However, Hanan and Bégué (1995) 

showed that these measurements provide enough information on the angular 

dependence of light interception for it to be interpreted for all solar zenith angles. In their 

approach, direct interception efficiency (the complement of T(θ)) was estimated for all 

solar zenith angles by curve fitting using the 5 interception efficiency values, and an 

                                                                 
1 The use of company and brand names are necessary to report factually on available; however, the USDA 
neither guarantees nor warrants the standards of the products, and the use of the name by USDA implies no 
approval of the product to the exclusion of others that may also be suitable.  
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additional point corresponding to the solar zenith angle 90o, for which interception 

efficiency tends to 1.  The best fit was of the form:  

 

]))(cos()cos(exp[)( 2θθθ baf direct += ,      (11) 

 

where a and b are fitted coefficients. This simple equation was found to correctly fit the 

measured directional interception efficiency values, and PAR interceptions simulated 

from Eq. 2 (where fdirect(θ) and fdiffus are successively computed from Eq. 11 and 8) were 

found to be in close agreement with measurements performed at 10 minute intervals 

throughout the day. However, this simple equation may not fit well for any canopy 

structure, and a major drawback of this equation is that the a and b coefficients are 

dependent on the PAI for which they have been obtained; consequently, their estimated 

value cannot be used for estimating interception for different PAI, therefore limiting the 

significance of the results. For this reason, it seems much more useful to have a 

methodology allowing the extrapolation of extinction coefficients k(θ) for all solar zenith 

angles, since coefficients k(θ) can be used to compute interception for different PAI (Eq. 

7). The fitting process however may be much more cumbersome, as unlike for 

interception, the extinction coefficient tends to an infinite value for solar zenith angle 

tending to 90o.  

 

It can be observed that Eq. 11, combined with Eq. 7 allows a formulation of k(θ) for all 

solar zenith angles: 
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where c is the inverse of the PAI for which the a and b coefficient values have been 

estimated. However, as shown in Figure 1, this simple formulation may not be 

appropriate for realistically simulating k(θ) for all solar zenith angles. In this figure, we 

assume a canopy with a random leaf dispersion and a spherical distribution (calculated 

following De Wit, 1965), and direct interceptions are computed (from Eq. 3 through 7) for 

all solar zenith angles including the 5 LAI-2000 measurement angles, and for two 

different PAI (0.5 and 1.5). The directional interceptions in the five LAI-2000 angles and 

the point [90o ; 1] are subsequently used for the curve fitting as previously described. 

Fitted curves are compared to simulated ones in Figure 1a, while Figure 1b shows the 

comparison between the extinction coefficients estimated from Eq. 12 with the 2 sets of 

a, b and c coefficients, and the simulated extinction coefficients (Eq. 3). The results 

show that in this case, for large solar zenith angles (>70o), Eq. 11 underestimates 

interception, and Eq. 12 underestimates the extinction coefficients. Furthermore, the 

underestimation of the extinction coefficient depends on the PAI for which the 

coefficients a and b have been obtained.  

 

Using LAI-2000 measurements and the Markov model for estimating instantaneous and 

daily integrated PAR interception and absorption 

Due to the limitations of the methodology presented above, our estimation of direct 

interception will not rely on it, but on the Markov model proposed by Nilson (1971) for 

canopies with non-random leaf dispersion. From this model the canopy transmittance 

can be expressed as: 

 

])1()()(exp[)( PAIkT fτθθλθ −−= ,       (13) 
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where 8(2) is a parameter accounting for non-random leaf dispersion; the product 

8(2).k(θ) is the extinction coefficient of the heterogeneous canopy, kNR(2). Eq. 13 can 

therefore be rewritten as: 

 

])1()(exp[)( PAIkT fNR τθθ −−= .       (14) 

 

The parameter 8 is called ‘Markov parameter’ by several authors (e.g. Kuusk, 1995; 

Baldocchi and Collineau, 1994; Andrieu et al., 1997), or ‘clumping index’ (e.g. Chen and 

Black, 1991; Lacaze and Roujean, 1997), or ‘leaf dispersion parameter’ (e.g. Andrieu 

and Sinoquet, 1993; Baret et al., 1993). The term ‘leaf dispersion parameter’ will be used 

in this study. 8 is greater than one when the leaves are regularly dispersed, equals one if 

leaves are randomly dispersed, and is less than one in the case of a clumped leaf 

dispersion; its value decreases as the clumpiness of the canopy increases. Although 

Nilson (1971) warned that in the same stand 8 may vary with solar angle, and that such 

variations have been shown by several studies (e.g. Ross, 1975; Prévot, 1985; Andrieu 

and Sinoquet, 1993; Baret et al., 1993; Andrieu et al., 1997), in most studies 8 is 

assumed constant with respect to solar angle (e.g. Neumann et al., 1989; Qin, 1993; Qin 

et al., 1993; Roujean, 1996). To our knowledge, with the exception of the pioneering 

work of Kuusk (1995), no deterministic method has yet been found for computing 8(2) 

from canopy structure measurements, but it can be obtained empirically from 

comparison of measured and simulated gap fractions (e.g. Sinclair and Lemon, 1974; 

Sinclair and Knoerr, 1982; Neumann et al., 1989; Myneni et al., 1989; Baret et al., 1993; 

Andrieu et al., 1997; Chen et al., 1997). Gap fractions measured by the LAI-2000 may 

be useful for this purpose: if the leaf angle distribution is measured, k(θ) can be 



 16 

computed for the five LAI-2000 measurements angles, and if PAI is estimated with an 

appropriate methodology, kNR(2) can be estimated from LAI-2000 gap fraction 

measurements (Eq. 14). The directional leaf dispersion parameter, 8(2), could therefore 

be estimated as  

 

)(
)(

)(
θ
θ

θλ
k

k NR= .         (15) 

 

From the 5 estimated values of 8(2), curve fitting may be used to derive 8 for other solar 

zenith angles. The extinction coefficients of the clumped canopy, kNR(2) and the gap 

fractions, T(θ) could therefore be computed for all solar zenith angles (Eq. 13-14), 

allowing the calculation of the efficiencies for direct and diffuse interception (Eq. 7 and 

8), for instantaneous total interception and absorption (Eq. 2 and 9), and for daily 

interception and absorption (Eq. 10a and 10b).  

 

 

3. Experiment 

 

The experiment was carried out in 1996 as part of the Semi-Arid Land-Surface-

Atmosphere (SALSA) program, on different sites located in the Mexican part of the 

Upper San Pedro River Basin. This Basin was selected as the focal area for SALSA 

experiments (Goodrich et al., 1998), and spans the Mexico-US border from Sonora to 

Arizona. Several major vegetation types are represented in the basin, including riparian 

communities, desert shrub-steppe, grasslands, oak savanna and ponderosa pine 

woodlands.  
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Grasslands are dominated by C4 perennial bunchgrasses, which make up different 

communities according to topographic and edaphic conditions. Our study is focused on 

the plains grassland community in the Mexican part of the basin, found on the upland 

flats, gentle slopes and some lowlands, and dominated by shortgrasses and midgrasses, 

whose dominant species are grama species (Bouteloua gracilis, B. repens, B. hirsuta, B. 

eriopoda, B. curtipendula), three-awns (e.g. Aristida ternipes), lovegrasses (e.g. 

Eragrostis intermedia), and curly mesquite (Hilaria belangeri ).  

 

The annual precipitation ranges from 250 to 500 mm with approximately two thirds falling 

during the ‘monsoon season’ from July to September (Osborn et al., 1972). This bimodal 

rainfall pattern promotes two growing periods, a minor one in late winter and early spring 

if temperatures are favorable, and the major one making up about 90% of the annual 

aboveground biomass production, during the summer monsoon season (Cable, 1975).  

 

The experiment was carried out during the two first weeks of September 1996, close to 

the period of grassland peak biomass (Nouvellon, 1999). One site representative of the 

shortgrass prairie and located close to the village of Morelos was selected for heavy field 

measurements. On that site, species composition was quantitatively estimated, and 

some important canopy parameters such as clump densities, Leaf, Stem and Plant 

Specific Area (LSA, SSA and PSA), Stems and Leaves Angle Distribution (SAD and 

LAD), and plant area distribution as a function of the plant height were estimated all over 

the season for the main species. A more detailed description of these measurements is 

given in Nouvellon (1999). At the period of the measurements, the mean plant canopy 

height (defined as the height which includes 80% of the aboveground plant area) was 

17.5 cm.  
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Gap fractions and radiation extinction coefficients in the 5 LAI-2000 measurement 

angles were estimated as follows:  

First, PAI was estimated on 160 one square-meter plots in the experimental site. The 

plots were spaced every 10 meters on 200 m transects oriented along the slight slope 

(about 1 to 2%). On each plot, PAI was estimated with the LAI-2000 from one reading 

above the canopy followed by 5 readings beneath the canopy, and another reading 

above the canopy. Inside the one-meter square plots, the five readings were taken 

systematically and evenly spaced along the diagonals (like the five dots on a die). 

According to the practical recommendations suggested by Li-COR (1990), 

measurements were performed early in the morning, when the proportion of diffuse 

radiation was high, and the canopy around the sensor was shaded from direct solar 

radiation by placing the operator between the sensor and the solar location. A 180o view 

cap was used for obscuring the operator. After PAI was estimated with LAI-2000, on the 

same day, aboveground biomass on each plot was estimated from clipping plants, and 

weighing them after a 72h drying period at 70oC.  PAI was estimated on each plot from 

biomass measurements (g DM m-2) and Plant Specific Area (m2 (g DM)-1) obtained the 

same week for the main species.  

 

In a second step, in order to increase the size of the sampling used for gap fraction 

estimations, gap fractions and PAI were estimated with LAI-2000 in 24 other shortgrass 

prairie sites distributed across the basin, and covering a wide range of PAI, due to 

varying soil conditions and grazing history. For each site, mean PAI and mean gap 

fractions on the 5 LAI-2000 measurement angles have been obtained from LAI-2000 

measurements performed on 15 locations spaced every 15 m along transects, with the 

same protocol as the one described above.  
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4. Results 

 

4.1 - Destructive vs. non-destructive measurements 

PAI estimated for the 160 plots using the LAI-2000 were compared to the PAI estimated 

from biomass and PSA estimations (Figure 2). The results show the spatial variation of 

PAI along the transects and a good correlation between Li-COR and PSA-estimated PAI 

values, despite a high scattering due to the small size of the plots. These results also 

indicate that LAI-2000 underestimates the PAI by about 12%. As previously mentioned, 

similar results have been obtained by several authors (e.g. Chason et al., 1991; Chen et 

al., 1991; Fassnacht et al., 1994; Hanan and Bégué, 1995; Stenberg, 1996).  With the 

relationship presented in Figure 2, it was possible to correct the under-estimation of PAI 

measured with the LAI-2000 at the other 24 shortgrass ecosystem sites. 

 

 

4.2 - Canopy Leaf and Stem Angle Distributions  

The orientation of foliage elements (e.g. stem and leaves) of the canopy is important 

information for describing light penetration in the canopy (e.g. Eq. 4). Leaf Angle 

Distribution (LAD) and Stem Angle Distribution (SAD) were estimated at the 

experimental site during the first week of September, taking into account the LAD and 

SAD of the main species, and their relative contribution to total leaf area and total stem 

area (Figure 3a).  The Leaf and Stem Angle Distribution (LSAD), the information 

required for describing light interaction within the canopy, was estimated from LAD and 

SAD and the relative contribution of leaves and stem to the total plant area.  
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SAD was found to be highly erectophile, while LAD was intermediate between a 

spherical and uniform distribution as described by De Wit (1965). In our study, we found 

that LAD changed significantly during the growing season (data shown in Nouvellon, 

1999). Early in the season, LAD was found to be highly erectophile, and a progressive 

shift toward less erectophile LAD was observed along the growing season. Similar 

results have been reported for different perennial grass species (e.g. Dewit, 1965). 

However, the variations of LSAD over the season were less important than expected 

because the shift toward less erectophile LAD was compensated by a higher 

contribution of the highly erectophile stems to the total plant area in the later stages of 

plant development. A detailed description of seasonal changes in leaf and stem angles 

distribution was not the focus of this study, and detailed information for these grasslands 

can be found in Bégué et al. (2000).  

 

The computations performed further in this study required a mathematical expression for 

describing LSAD. To describe the LSAD, we therefore have used the two-parameter 

beta distribution function proposed by Goel and Strebel (1984):  
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where 2l represents the leaf (plus stem) inclination (here expressed in radian), : and < 

are the two parameters of the distribution, and '(x) is a gamma function which can be 

approximated by (Goel and Strebel, 1984) 
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The value of the two parameters : and < can be easily estimated from measured LSAD, 

as they only depend on the average and variance of the leaf (plus stem) inclination 

angle, <2l> and <2l
2> (see Goel and Strebel (1984) for more details). Calculated <2l> 

and <2l
2> were 65.6o and 4739.7o2, respectively (by comparison the mean MTA 

estimated from LAI-2000 measurements was 62.3o), and this resulted in : and < values 

of 0.7168 and 1.9242 respectively. From comparison of the cumulative inclination angles 

simulated using Eq. 16 with the measured cumulative inclination angles, one can 

observe the ability of the beta function to correctly reproduce the measured LSAD 

(Figure 3b). Simulated LSAD was also compared with the LSAD of an erectophile and a 

spherical canopy (as defined by Dewit, 1965). This figure, as well as : and < values, 

indicate the pronounced erectophile characteristics of the canopy.   

 

 

4.3 - Directional radiation extinction coefficients k(θθ)  

Figure 4 shows gap fractions measured on the 25 sites in the five LAI-2000 angles 

plotted against the estimated PAI (corrected from the LAI-2000 underestimation, c.f. 

Figure 2). As expected, the canopy transmittance decreased as the PAI increased, and 

for all the five angles, Eq. 14 was found to fit very well the measured transmittances 

(r2>0.97). The gap fractions decreased as the zenith angle increased, primarily because 

the path length of a ray of radiation inside the canopy increases with solar zenith angle 

(the path length is simply calculated as the height of the canopy divided by the cosine of 
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zenith angle), and secondarily because for this LSAD, the fraction of foliage projected in 

the direction 2 (G(2)) increased with the zenith angle 2 (Figure 4f).  

 

The clumping effect was evidenced by the fact that for each zenith angle the measured 

transmittances were significantly higher than the transmittances simulated for a canopy 

with a Random Leaf Dispersion (RLD) and same LSAD (Figure 4). The extinction 

coefficients kNR(2) obtained from the measurements for the five LAI-2000 angles are 

compared in Table 1 to the extinction coefficients k(2) calculated for the RLD canopy.  

 

The leaf dispersion coefficients 8(2), calculated as the ratios between estimated 

extinction coefficients kNR(2) and simulated extinction coefficients k(2), indicated that 

clumping effect was not negligible (Table 1; Figure 5a).  The reduction of the extinction 

coefficient in the clumped canopy was as high as 14% compared to the extinction 

coefficient of a RLD canopy. The clumping effect appeared to be poorly dependent of 

the solar zenith angle, as the dispersion parameter 8(2) varied only in the range 0.86 to 

0.88. However, we observed a very slight increase of 8(2) with the solar zenith angles 

that was fitted with a linear equation (Figure 5a). The latter equation was subsequently 

used to simulate the extinction coefficient of the clumped canopy for all solar zenith 

angles (Eq. 13). The results showed a very good agreement between simulated 

extinction coefficients and extinction coefficients estimated for the 5 LAI-2000 

measurement angles (Figure 5b).  

 

The method proposed for simulating the extinction coefficients of a clumped canopy for 

any solar zenith angle, using easily obtained LAI-2000 transmittance measurements 

might therefore be very useful due to its simplicity and accuracy. However, to obtain 
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these results, we were required to use LSAD measurements which are time consuming 

to obtain and which are known to be approximate (Goel and Strebel, 1984; Kuusk, 1995; 

Andrieu et al., 1997). In order to test the sensitivity of the estimated extinction coefficient 

to the LSAD used for simulating them, we have applied the method using LSAD different 

from the measured LSAD. The results obtained using a spherical and a uniform LSAD 

distribution (as defined by Dewit, 1965) showed that estimated 8(2) are highly sensitive 

to LSAD, so that slight errors on the estimation of LSAD would result in significant errors 

on 8(2) estimations (Figure 5c). On the other hand, the extinction coefficients obtained 

using the spherical and uniform LSAD were nearly indistinguishable from those obtained 

using the measured LSAD, and agreed very well with the extinction coefficients 

estimated for the 5 LAI-2000 measurement angles (Figure 5d). These results are 

interesting as they suggest (1) that the inescapable errors associated with LSAD 

estimations might not have significantly affected our estimations of the extinction 

coefficients for any solar zenith angle, and (2) the method might be applicable without an 

accurate a priori knowledge of the LSAD of the canopy.  

 

Furthermore, due to the strong sensitivity of 8(2) to the LSAD, if a model exists to 

describe the angular course of the leaf dispersion parameter, it might be possible to 

invert the LSAD by comparing the estimated values of 8(2) with the simulated ones. 

Such a model as been proposed by Kuusk (1995) for clumpy sparse canopies. The 

model describes the angular course of 8 by accounting for the correlation of leaf 

positions in both horizontal and vertical directions (see also Kuusk, 1991, for more 

details). In this model, the leaf dispersion parameter has its minimum value in the 

vertical position (where the dependence of the positions of canopy elements in 
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neighbouring layers is the highest), and increases to one toward the horizon. This 

angular course is expressed as (Kuusk, 1995) 

 

)(tan
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z

−−
−−= ,       (18) 

 

where 8z is the dispersion parameter in the vertical direction (8z=8(0)), and a is a 

parameter which depends on the mean chord length of the leaves (Kuusk, 1991) and the 

height of the canopy, but is generally obtained by fitting (Kuusk, 1995). The feasibility of 

using Eq. 18 for inverting the LSAD had been tested using a procedure which minimized 

the difference between 8(2) simulated following Eq. 18, and estimated in the five LAI-

2000 measurements angles following Eq. 15. The values of the four unknown 

parameters (8z, a, : and <) were simultaneously adjusted, using a minimization 

algorithm based on the simplex method (Nelder and Mead, 1965). The values of the 

adjusted parameters converged toward a unique solution after a few iterations: 0.7448, 

1.6322, 0.6841 and 1.4817 for 8z, a, of : and <, respectively. Adjusted 8(2) and LSAD 

are presented on Figure 5c and 6 respectively. The adjusted LSAD were found to be 

slightly less erectophile than the measured one. In the experiment, the bending of the 

leaves had not been measured and had not been taken into account for LSAD 

estimations. As a consequence, the LSAD estimated from measurements might slightly 

overestimate the erectophile character of the canopy (overestimate the MTA). The 

adjusted LSAD may therefore be closer to reality than the estimated one. MTA 

calculated from adjusted LSAD was 60.9o, which was close to the mean MTA estimated 

from LAI-2000 measurements (62.3o).  
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4.4 - Instantaneous and daily integrated PAR interception and absorption 

Unlike the extinction coefficients for direct solar radiation, total interception and 

absorption were not measured in our experiment. In the case of semi-arid grasslands 

sparse canopies, characterized by low PAI, previous studies (e.g. Bégué 1991, 1992; 

Bégué et al., 1994; Hanan and Bégué, 1995) have already demonstrated that as soon 

as direct interception is correctly estimated (taking into account the clumping of the 

canopy), Eq. 14, 8, 2 and 9 accurately reproduce the diurnal patterns of measured total 

interception and absorption.  Our objective was not to present another validation of this 

model, but rather to assess some specific points that have been poorly documented for 

shortgrass prairies, namely (1) the effect of clumping, cloudy conditions and soil albedo 

on total absorption and (2) the quantitative difference between IPAR and APAR.  

 

The parameters required for the model are (1) the incoming PAR geometry, (2) the 

optical properties of the leaves, and (3) the soil albedo in the PAR region. Concerning 

the PAR geometry, we have considered two cases: (1) a completely cloudy day for 

which the incoming PAR is totally diffused, and (2) a completely clear day. In this latter 

case, the proportion of diffuse radiation had been estimated following the empirical 

equation used by Bégué (1994):  

 

)cos(25.0
25.0

)(
s

diffuse tP
θ+

=  .        (19) 

 

Leaves reflectance, transmittance and absorptance in the PAR region had been 

estimated to 0.09, 0.04, and 0.87, respectively, from spectral data presented in Asner et 

al. (1998). Simulations were performed for two soil albedos: 0.15 and 0.25.  
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PAR interception 

Efficiencies of direct, diffuse, and total hourly interception (fdirect, fdiffus and fIPAR, 

respectively) simulated for a completely clear day of the first week of September (doy 

246) for three contrasting PAI were compared with the efficiencies of an RLD canopy 

with the same LSAD (Figure 7). For a completely cloudy day, fIPAR equals fdiffuse and 

therefore exhibits no directionality, as shown from measurements by many studies (e.g. 

Impens and Lemeur, 1969; Hipps et al., 1983) for crop canopies. On the contrary, for a 

completely clear day, fIPAR exhibited important directional effects. The “dish shape” 

obtained is similar to those observed by Ripley and Redmann (1976) on a North-

American mixed-grassland, or by Hanan and Bégué (1995) on a Sahelian grassland. For 

small solar angles, fdiffuse was higher than fdirect while for large solar angles, fdiffuse was 

lower than fdirect. This explained the decrease of total interception efficiencies for the 

largest solar angles associated with high proportions of diffuse radiation. The daily 

variations of PAR interception were much less than those of incoming PAR, as the 

interception efficiencies were the lowest when the incoming PAR was the highest (Figure 

7d).   

 

The extinction coefficients for total interception kIPAR(2), can be calculated from total 

interception estimations:  
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f

k IPAR
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θ
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=  .       (20) 

 

The coefficients for a completely clear day and for a completely cloudy day are 

presented for two contrasted PAI (Figure 8). Unlike the extinction coefficients for direct 
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solar radiation, the coefficients for diffuse radiation –and consequently for total radiation- 

vary (decrease) with the PAI.  

 

Daily interception efficiencies simulated for different PAI were higher for a cloudy day 

than for a clear day (Figure 9). The efficiencies for the RLD canopies were higher than 

for the clumped shortgrass canopies. The curves fitted using Eq. 1 appeared to 

underestimate fDIPAR for low PAI, and to overestimate fDIPAR for high PAI, especially 

for the cloudy day. This result is explained by the decrease of the extinction coefficients 

for diffuse and total radiation with PAI (Figure 8). As a result, the relationship between 

fDIPAR and PAI is better described by an equation with 3 parameters (Figure 9c et 9d):  

 

)exp( 2 PAIkbafDIPAR −−= .       (21) 

 

The fitted coefficients are reported on Table 2. For each case, a and b coefficients had 

very similar values. As a consequence, Eq. 21 can be simplified in an equation of two 

parameters:  

 

)]exp(1[ 3 PAIkcfDIPAR −−= .       (22) 

 

Low values of c parameter indicate that the curve departs importantly from the curve 

described by Eq. 1. For a day with a high proportion of diffuse radiation, c is expected to 

be lower than for a day with a low proportion of diffuse radiation. In Eq. 21 and 22, a and 

c parameters represent the asymptotes of the curves (fDIPAR for very high PAI), while 

the products b.k2 and c.k3 represent their initial slope. Comparisons of these coefficients 

indicate that the increase of fDIPAR associated with higher ratio of diffuse: direct 
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radiation is important for low PAI, while for very high values of PAI (which are not 

expected for such ecosystems), fDIPAR for a cloudy day might be slightly lower than for 

a clear day. The fitted coefficients also indicate that clumping effect is important for low 

PAI, but tends to be negligible for high values of PAI.  

 

PAR absorption 

Instantaneous absorption efficiencies for different PAI and the two soil albedos were 

compared to interception efficiencies (Figure 10). Results showed that for a clear day 

instantaneous absorption efficiencies presented less directionality than interception. 

However, the directional effect remained important. For example, for a PAI of 0.3 and a 

soil albedo of 0.25, absorption efficiency was 0.35 at 7h and 0.16 at noon. When PAI 

was high and soil albedo was low, absorption was less than interception all over the day. 

The opposite pattern was obtained when PAI was low and soil albedo was high. In most 

cases, absorption was lower than interception for large solar zenith angles, and higher 

than interception for small solar zenith angles.  

 

Daily integrated absorption efficiencies calculated as a function of PAI were compared 

with interception efficiencies (Figure 11). The variations of fDAPAR with PAI were very 

well described by Eq. 21. As for fDIPAR, fitted parameters a and b were very similar, 

and therefore Eq. 22 fit very well fDAPAR. This latter equation is used by most studies to 

fit measured fDAPAR (e.g. Hipps et al., 1983). The values of the c parameters were 

much lower than for interception (Table 2). This indicated that (1) the departure from Eq. 

1 is higher for absorption than for interception, and (2) for high PAI absorption is less 

than interception.  

 

Further analysis of c parameters and the c.k3 products indicated that:  
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(1) Absorption during cloudy days was higher than during clear days when PAI was low 

(Figure 12a), while the asymptotic value for a cloudy day was slightly less than for a 

clear day. For a PAI close to zero, fDAPAR for a cloudy day was about 1.17 the 

fDAPAR for a clear day. This ratio was only 1.05 for a PAI of 1.5. The effect of the 

diffuse: direct ratio was slightly higher for the shortgrass clumped canopy than it 

would be for an RLD canopy;  

(2) The clumping effect was high for low PAI, but low for high PAI (Figure 12b). For a 

clear day and a PAI close to zero, absorption of a RLD canopy was approximately 

1.14 the absorption of a clumped shortgrass canopy, while it was only 1.07 for a PAI 

of 1.5. The clumping effect was slightly higher for a clear day than for a cloudy day;  

(3) Higher soil albedo led to higher absorption for low PAI, but for high PAI the effect of 

soil albedo was negligible (Figure 12c). The effect of soil albedo was slightly higher 

for a clear day than for a cloudy day (Figure 12d).  

 

Daily integrated absorption vs. daily integrated interception 

Daily interception and absorption efficiencies for different PAI, soil albedo and cloud 

conditions were compared (Figure 13). For a soil albedo of 0.15, fDAPAR was higher 

than fDIPAR when the PAI was less than 0.5 (cloudy day) or 0.8 (clear day). When the 

PAI was higher than these thresholds, fDIPAR was higher than fDAPAR. The difference 

was not negligible (e.g. fDIPAR = 1.04 fDAPAR for a PAI of 1.5). For a soil albedo of 

0.25, fDAPAR was higher than fDIPAR until PAI as high as 1.4 (cloudy day) or 1.7 (clear 

day). For higher PAI, fDIPAR was higher than fDAPAR. The difference between fDAPAR 

and fDIPAR can be very significant for low PAI and high soil albedo. For example, for a 

soil albedo of 0.25 and a PAI close to zero, fDIPAR was only 0.85 fDAPAR (clear day).  
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5. Discussion and conclusions  

 

Our objectives were to estimate the PAR extinction coefficients in shortgrass 

ecosystems, to study the effects of clumping, sky conditions, and soil albedo on PAR 

absorption, and to evaluate the difference between PAR interception and PAR 

absorption.  

 

In a first step, gap fractions measured by a LAI-2000, together with independent 

measurements of PAI and LSAD, were used to estimate the leaf dispersion parameter 

8(2) of the Markov model. This parameter is a useful indicator of the clumpiness of the 

canopy and its estimation might therefore be a convenient way to track canopy structure 

changes associated with phenology, and to compare the clumping in canopies from 

different ecosystems.   

 

Estimated 8(2) were found to be highly sensitive to the LSAD used for their estimation. 

Similar results have been shown by Baret et al. (1993). This indicates that many 

estimates of 8(2) reported in the literature may not be accurate, as they often have been 

obtained from approximate LSAD. Therefore, more attention should be paid to the 

accuracy of LSAD. Unfortunately, the methods currently used for measuring LSAD are 

time consuming and may not be very accurate (Goel and Strebel, 1984; Kuusk, 1995; 

Andrieu et al., 1997). On the other hand, thanks to the sensitivity of 8(2) to LSAD, it has 

been shown that both the beta distribution describing LSAD and the Kuusk model 

describing the angular course of the leaf dispersion parameter 8(2), can be 

simultaneously inverted using gap fractions measured with an LAI-2000.  
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In a subsequent step, extinction coefficients simulated for all solar zenith angles using 

Markov chain processes and estimated 8(2) were used as input to a simple radiative 

transfer model taking into account first and second order scattering. Simulations of 

instantaneous and daily integrated PAR interception and absorption were subsequently 

used for studying the effects of clumping, sky conditions and soil albedo on PAR 

absorption.  

 

Instantaneous PAR absorption showed marked directional effects for clear sky 

conditions. Consequently, for shortgrass ecosystems, the use of a constant extinction 

coefficient in canopy photosynthesis models working at an hourly time step would give 

inaccurate estimations of the PAR absorbed by the canopy.  

 

The effects of clumping, sky conditions, and soil albedo were all found to be significant 

for low PAI, but much smaller for high PAI. These results are consistent with those of 

Hipps et al. (1983) who found that measured efficiencies of PAR absorption in wheat 

canopies were independent of sky conditions when PAI was high, but were significantly 

influenced by cloud clover when PAI was small. As shortgrass ecosystems are 

characterized by low PAI (e.g. Knight, 1973; Hazlett, 1992; Nouvellon, 1999), neglecting 

these effects would give inaccurate estimations of PAR absorption.  To stress the 

importance of sky conditions, the increased absorption efficiencies for cloudy days 

coincide with higher climatic efficiencies (the proportion of PAR in the incoming solar 

radiation above the canopy) (Monteith, 1972; Bégué, 1991; Nouvellon, 1999). As both 

these effects are neglected in most canopy photosynthesis models, this might result in 

important underestimation of the PAR available for photosynthesis during cloudy days.  
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Daily PAR absorption was found to be significantly higher than PAR interception for low 

PAI, especially when soil albedo was high, and lower than PAR interception for high PAI. 

In canopy photosynthesis models, PAR absorbed by leaves is often estimated from 

simple exponential-like relationships calibrated using PAR interception measurements. 

Our results indicate that in such models, the PAR available for photosynthesis might be 

significantly underestimated in the first stages of the growth (when PAI is low), and may 

be overestimated in the later stages of the growing season.  

 

In the present study, extinction coefficients derived from LAI-2000 measurements using 

a methodology based on Markov chain processes were incorporated in a simple 

radiative transfer model. They could instead be introduced in a more detailed 

multispectral radiative transfer model taking into account multiple scattering, hot-spot, 

soil background bidirectional reflectance, etc. (Kuusk, 1995). It could satisfactorily 

simulate clumped canopy multispectral reflectance without the need for a heavy 

parameterization of canopy structure.  
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FIGURE CAPTIONS 

 

Figure 1: Comparison between fdirect (Figure 1a) or k (Figure 1b) simulated (following Eq. 

3 to 7) for the five LAI-2000 angles (o) and for all solar zenith angles (continuous lines) 

assuming a random leaf dispersion, a spherical LAD and two PAI (0.5 and 1.5) with fdirect 

(Figure 1a) or k (Figure 1b) adjusted following Hanan and Bégué (1995) (dashed lines) 

using Eq. 11 and the values of fdirect simulated in the five LAI-2000 angles.  

 

Figure 2: Relationship between Plant Area Index (PAI) estimated by LAI-2000 and PAI 

estimated from biomass and Plant Specific Area (PSA) measurements (Morelos site).  

 

Figure 3: LAD, SAD and LSAD estimated from measurements at the Morelos (Figure 

3a); and comparison between estimated LSAD and LSAD adjusted using the two-

parameter beta distribution function (Figure 3b). An erectophile and a spherical LAD are 

presented for comparison.  

 

Figure 4: Gap fractions T(θ) measured by LAI-2000 plotted against PAI (circles) (Figures 

4a,b,c,d,e). Continuous lines represent adjusted gap fractions. They are compared with 

gap fractions simulated for a canopy characterized by the same LSAD but with a 

Random Leaf Dispersion (RLD) (dashed lines). Figure 4f compares G values estimated 

from LAI-2000 gap fraction measurements (o) and G values simulated for the RLD 

canopy (dashed lines).  

 

Figure 5: Comparison of (1) (Figure 5a) the leaf dispersion parameters 8 estimated from 

LAI-2000 gap fraction measurements and estimated LSAD (circles), and adjusted from 

the five estimated values of 8 (continuous lines), (2) (Figure 5b) the extinction 

coefficients simulated from the Markov model using fitted values of 8 (continuous lines), 

estimated from LAI-2000 measurements (circles), and simulated from the Poisson model 

(assuming a random leaf dispersion) (dashed lines), (3) (Figure 5c) the leaf dispersion 

parameters 8 adjusted from LAI-2000 measurements assuming a uniform LSAD (dashed 

line) or a spherical LSAD (dotted line), adjusted by inverting both the LSAD (Eq. 16-17) 

and the Kuusk's model describing the angular course of 8 (Eq. 18; continuous line), and 

adjusted using estimated LSAD (continuous bold line), and (4) (Figure 5d) the extinction 

coefficients simulated from the Markov model using the values of 8 estimated assuming 
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a uniform LSAD (dashed line), a spherical LSAD (dashed line), and estimated LSAD 

(continuous lines).  

 

Figure 6: Comparison of the LSAD adjusted by inverting the two-parameter beta 

distribution (together with the Kuusk's model describing the angular course of 8) (dotted 

line), and the LSAD estimated from measurements (continuous line).  

 

Figure 7: Hourly interception efficiencies for direct radiation (Figure 7a), for diffuse 

radiation (Figure 7b), and for total PAR (Figure 7c), and fluxes of total PAR intercepted 

(Figure 7d) simulated for a clear day (first week of September). The efficiencies 

estimated for the shortgrass canopies and for different PAI (continuous lines) are 

compared to the efficiencies calculated for canopies with Random Leaf Dispersion (RLD) 

(dotted lines).  

 

Figure 8: Daily variations of the extinction coefficient of total PAR simulated for a clear 

day and a completely cloudy day, and for two contrasting PAI.  

 

Figure 9: Daily interception efficiencies of the shortgrass canopies (Figures 9a and 9c) or 

the canopies with Random Leaf Dispersion (RLD) (Figures 9b and 9d), simulated for 

different PAI, for a clear day (stars) and a completely cloudy day (circles). Continuous 

lines represent the curves adjusted from Eq. 1 (Figures 9a and 9b) or from Eq.  21 

(Figures 9c and 9d). Adjusted equations are shown on each figure, and estimated 

coefficients are also reported on Table 2. 

 

Figure 10: Comparison of hourly absorption efficiencies (continuous lines) simulated for 

three PAI, and hourly interception efficiencies (dotted lines). The efficiencies were 

calculated for a completely clear day (Figures 10a and 10c) and a completely cloudy day 

(Figures 10b and 10d), and for a soil albedo of 0.15 (Figures 10a and 10b) or 0.25 

(Figures 10c and 10d). 

 

Figure 11: Daily absorption efficiencies of the shortgrass canopies simulated for different 

PAI (diamonds), for a completely clear day (Figures 11a and 11c) or a completely cloudy 

day (Figures 11b and 11d), and for a soil albedo of 0.15 (Figures 11a and 11b) or 0.25 

(Figures 11c and 11d). Continuous lines represent the curves adjusted from Eq.  21. 
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Adjusted equations are shown on each figure, and estimated coefficients are also 

reported on Table 2. Adjusted curves are compared to the curves adjusted to daily 

interception efficiencies (dotted lines).  

 

Figure 12: Effects of sky conditions (Figure 12a), clumping (Figure 12b) and soil albedo 

(Figures 12c and 12d) on the daily absorption efficiencies, as a function of PAI.  

 

Figure 13: Variations of the ratios between the daily interception efficiencies (fDIPAR) 

and the daily absorption efficiencies (fDAPAR) of the shortgrass canopies, as a function 

of PAI. These ratios are presented for a clear day and for a cloudy day, and for two 

contrasting soil albedos.   
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Table 1: Extinction coefficients of the clumped shortgrass canopies kNR(2), estimated 

from LAI-2000 measurements, and extinction coefficients simulated for a RLD canopy 

with a same LSAD, k(2). The leaf dispersion parameter, 8(2) is calculated as the ratio 

between estimated kNR(2) and simulated k(2).  

 

Table 2: Estimated coefficients of the three exponential equations (Eq. 1, 21, 22) used to 

describe the efficiencies of daily integrated interception (fDIPAR) and absorption 

(fDAPAR) in the shortgrass canopies or in RLD canopies, for a completely clear day or a 

completely cloudy day, and for two soil albedos.  

 

 

 


