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S T E L L I N G E N 

Wegens een vereenvoudigde representatie van de verstrooide straling 
in modellen voor de absorptie van straling door gewassen zijn deze 
modellen ongeschikt voor het berekenen van de reflectie in teledetec-
tie-toepassingen. 

Dit proefschrift 

Het modelleren van de bodem als een horizontaal, isotroop reflecte­
rend oppervlak is een acceptabele vereenvoudiging in modellen voor 
gewasreflectie. 

Dit proefschrift 

3. De invloed van azimutale componenten in de bladhoekverdeling op de 
richtingsafhankelijke reflectie is zodanig groot dat met deze compo­
nenten rekening gehouden zou moeten worden bij de interpretatie van 
teledetectie- waarnemingen. 

Dit proefschrift 

4. Het corrigeren van gescande beelden voor helderheidsverschillen die 
samenhangen met de geometrie van de waarneming geeft alleen verbe­
tering onder condities die niet aan de hand van die zelfde beelden te 
verifiëren zijn. 

Dit proefschrift 

5. Het mag verwacht worden dat een reflectiemodel waarin de s t ructuur 
van gewassen op fractals is gebaseerd, meer inzicht geeft in de invloed 
van de gewasstructuur op de waargenomen helderheden en met name 
op de spreiding in die helderheden. 

MANDELBROT, B., The fractal geometry of nature; W.H. Freeman 
& Co., San Fransisco (1982). 



6. Het systeem voor de verkiezing van student-leden in de clusterbesturen 
van de Landbouwuniversiteit is voor wat betreft het bestaan van de eis 
tot registratie negatief discriminerend voor de s tudenten, en voor wat 
betreft de registratie-eisen in strijd met de bedoeling van de wetgever. 

Kiesreglement Clusterbesturen Rijkslandbouwuniversiteit 1988. 

De garantieregeling voor boventallige leerkrachten in het basisonder­
wijs verlaagt de kwaliteit van dat onderwijs, ondanks het feit dat door 
deze regeling ook de leerling/docent-verhouding verkleind wordt. Deze 
kwaliteitsverlaging is groter naarmate meer scholen onder hetzelfde be­
stuur vallen. 

Diverse circulaires Ministerie van Onderwijs en Wetenschappen. 

8. De implementatie van een priority-queue als ternaire heap is in veel 
gevallen efficiënter dan een implementatie als binaire heap. 

KNUTH, D.E., The art of computer programming, Vol. 3 / Sorting 
& searching; Addison-Wesley Publishing Company, Reading, Massa­
chusetts (1973). 

9. Vanwege de verkeersveiligheid zou de looprichting in de Veluweloop 
omgedraaid moeten worden. 

10. Het in veel computertalen gebruikte begrip real als type-aanduiding 
voor niet-geheeltallige numerieke entiteiten in discrete machines is ver­
warrend en principieel onjuist; een juistere aanduiding zou zijn ap­
pro x-real. 

11. Onderzoek met gebruik van computers is als pianospelen: je moet aan 
de presentatie niet kunnen merken hoe moeilijk de techniek is. 

Jan Arie den Duik 
The Interpretation of Remote Sensing, a feasibility study 
Wageningen, 12 april 1989 
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Chapter 1 

The interpretation of remote 
sensing data 

The interpretation of remote sensing data is a very difficult and complicated process. 
Especially in case of passive techniques (techniques in which the already present radi­
ation is used, and the observer does not use his own radiative source), the measured 
radiation coming from a crop is a function of a great number of factors. These are 
the directional distribution of the downward radiation that is reflected by the crop, the 
reflective properties of the crop and the underlaying soil, the optical properties of the 
atmosphere, the observation direction and the properties of the sensor. 

Even if it is assumed that the atmosphere is absolutely transparant for the reflected 
radiation (which is surely an oversimplification if the sensor is located at some distance 
from the crop) and assumed at the same time the sensor is fully calibrated, the number 
of factors that govern the intensity of the radiation, measured when the sensor is pointed 
to the earth surface is still large. Of these factors only the observation direction is known 
accurately. The directional distribution of the downward radiation can generally only 
be estimated, because it is a function of the direction of the sun and the transmissive 
properties of the atmosphere which may change continuously, due to changes in humidity 
or other factors. 

Focussing on the observed crop itself, it will be clear that also here a number of factors 
play a role in its reflective properties. To mention some of them: 

• The total surface of the reflecting organs. 

• The relative position of these organs. 

• Their orientation. 

• The optical properties (reflecting and transmission coefficients) of these organs. 

• The reflective properties of the soil underneath. 

Knowledge about some of these properties is in fact the ultimate target which legiti­
mates the efforts that must be provided when remote sensing data are interpreted, but 
most of the mentioned properties can be considered to be also sources of noise in this 
interpretation process. 
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For instance, as long as a crop is not closed, the soil reflection is a factor that influences 
directly the measured reflection of that crop. The reflection coefficient of the soil is very 
sensitive to the moisture content of the upper layer, so the measured radiation depends 
on a factor that is generally not only of very limited importance, but also hardly known, 
because it can vary very rapidly. Also changes in the orientations of the leaves of a crop 
may cause serious differences in the reflected radiation in one direction, and the cause 
of these changes may be wind, a factor that is generally of little importance and not 
known. 

Of course, in spite of the problems that are mentioned, remote sensing may be of 
great value in many situations. For instance, in the visible part of the spectrum, the 
differences between the reflection of a bare soil and of a closed crop are so large that 
they can be distinguished under all conditions. Remote sensing has also been proved 
to be a good tool for recognition of crops and even varieties within one species can be 
distinguished under some conditions. But, if one tries to use remote sensing for the 
determination of quantitative properties of crops serious problems arise, because of the 
number of unknown factors that influence the radiation that comes from the crop. 

A more formal way to describe a reflecting crop is to consider it as a system that 
interacts with an input (the incoming radiation). The result of this interaction is an 
output (the reflected radiation). The reflection process is of a deterministic nature, 
which means that the output completely depends on the properties of the input and on 
the properties of the system itself. So, if the input should be known with an acceptable 
level of accuracy and the reflective properties of the crop are also known, the output of 
the system (e.g. the reflected radiation) could be predicted. However, the interpretation 
of remote sensing data is a process that goes completely the other way around: a part 
of the output is measured and the optical properties of the system are to be calculated. 
Only a part of the output is measured, because the output does not only consist of the 
upward flux, leaving the crop after being reflected, but also its spatial distribution and 
the measurements of the reflected radiation only concern one direction. On the other 
hand in modern remote sensing techniques, this is done for several wavelength bands 
simultaneously. 

Also the input can only be estimated with a limited accuracy, due to the knowledge of 
the atmospheric properties. This is because the incoming radiation is measured near 
the sensor, at some distance of the reflecting crop. 

To make things even more complex, the interest of the interpreter does generally not 
concern the optical properties of the crop themselves, but some other properties that are 
known to influence the reflective behaviour, like biomass or development stage. Figure 
1.1 shows the components of the reflecting system in a very schematic way. At the 
upper lefthand side we see an arrow, marked I. This arrow stands for the input of the 
system, being the incoming radiation near the crop. The box R in the centre of the 
figure depicts the reflective behaviour of the crop, and the arrow O that leaves the box 
at the upper righthand side symbolizes the output of the system. The two circles beside 
the box indicate the crop properties that influence the reflective behaviour of the crop. 
One of them (Pi) s tands for the properties that are of interest, the other (P2) depicts 
those crop properties that influence the reflection too, but which are not of interest. 

The interpretation of remote sensing is basically a reconstruction process: from the 
measured elements of the output and an estimation of the input, the interpreter must 

14 
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Figure 1.1: A schematic view of a reflecting 
crop. See text for meaning of symbols. 

reconstruct the reflective behaviour R of the crop and from that , the values of the 
parameters that are symbolized with P i . The problem in this reconstruction process is 
that the number of unknown factors in Pi , P2 and, to some extend, I exceeds generally 
the number of measured elements of 0. This makes the reconstruction process only 
unambiguous, if so many elements of Plt P2 and I or relations between these elements are 
known, that the number of independent entities is as small as the number of measured 
outputs. Only on a very limited scale, like under trial field conditions the number of 
known elements of P and / may be so great that the inversion or reconstruction can be 
performed. On a large scale base this is generally not the actual situation. 

In this study it will be shown that under the usual circumstances the reconstruction 
can yield only approximate quantitative values for the elements of P\. This is done by 
defining a model of a reflecting crop, where several factors of P can be given a value 
independently. Also the input I can be varied over a range of possible values, after 
which the variations in O are compared to the variations in elements of P and I. 

The result of the study is a set of estimations of possible errors that may occur when 
remote sensing data are used for quantitative crop analysis. 
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Chapter 2 

Reflection models 

Because several reflection models already exist, it makes sense to compare the properties 
of these models with the features that a reflection model that can be applied in crop 
yield prediction should have. To do so, it is important to discuss at first these desired 
features. This is done in Section 2.1. In Section 2.2 some existing models are discussed. 
Finally, in Section 2.3 it is concluded that , for different reasons, the existing models are 
not suitable to evaluate the applicability of remote sensing methods. So in the next 
chapter a new model is developed. 

2.1 Crop reflection models 

To be able to model the reflective behaviour of a crop, it is absolutely necessary to know 
which crop properties influence the reflection and what is their quantitative influence 
on the reflection of the intercepted radiation. 

In recent decades, various authors have published models that describe the behaviour 
of plants as radiation interceptors. These models have generally been developed to 
explain or to take account of the photosynthetic activity of the plant, and hence the 
accent is on an accurate description of the absorption of the intercepted radiative energy 
in relation to the total incoming flux. From this point of view, reflection is merely a loss. 
Because in the photosynthetically active part of the spectrum, plants absorb almost all 
of the incoming radiation, photosynthetic activity is almost completely governed by the 
primary radiation, i.e. by the radiation that comes directly from the sky and that has 
not previous been reflected or transmitted by plant organs. The influence of the so-
called secondary radiation is small, so for the calculation of the photosynthetic activity 
the directional distribution of this radiation may be simplified strongly, with only a few 
consequences. A simple example may illustrate that an absorption model need not deal 
very precisely with the reflected fraction of the intercepted radiation. 

2.1.1 Pr imary and secondary reflection 

Assume a crop with a very high leaf area index or LAI. The LAI of a crop is defined 
as the ratio of the total one-side leaf surface and the (horizontal) soil surface below the 
crop. Its dimension is m 2 /m 2 . The reflection coefficient of the individual leaves is p, 
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the transmission coefficient is r and the absorption coefficient is a. Of course the sum 
of these is equal to 1, so 

p + r + a = l (2.1) 

All leaves are horizontally oriented and p, r and a are assumed to be independent of the 
angle of incidence. The LAI is so high that the influence of the soil may be neglected. 
So, because all incoming radiative energy Do is intercepted by a leaf at some depth in 
the crop, the total primary absorption Ap is: 

Ap = a.D0 (2.2) 

Kubelka & Munk (1931) derived and solved a set of differential equations (the so-called 
KM-equations), that describe the total downward flux Dt)d and the total upward flux 
Ut,d at some depth in the crop as functions of the incident flux D0, the leaf reflection 
and transmission coefficients p and r and the depth in the crop d (d is expressed in LAI 
units). This set is: 

dDtid/dd \ _ ( T-l p \ ( Dt4 

for d = 
for d -

= 0 (top) 
-» oo 

: A,o 
: A,«, 

and Ut,oo 

= Do 
= 0 
= 0 

dut,d/dd j \ -p - ( T - I ) ; \ ut4 j ( 2 3 ) 

(The minus signs in the lower line signify that the upward flux is concerned). The 
boundary conditions under the given assumptions are: 

(2.4) 

The solution of these equations as given by Kubelka & Munk is presented in Appendix 
A. For the total upward flux at the top of the crop Ut,o it holds that: 

Ut,0 = — . ( l - T - \ / ( l - T? - /,'") (2.5) 

The total crop absorption At is: 

At = D 0 - Ut,0 = A,, { l - -• (l - r - y ( l - r ) 2 - / ) J (2.6) 

The primary absorption Ap is: 

Ap = a.DB = (l-p-T) .DO (2.7) 

The secondary and higher order absorption A, is equal to the difference between At and 
Ap. 

A, = At-Ap (2.8) 

= D0. j l - y ( l - r - y/(l - T)2 -P2)]- D0. (1 - p - r) 

= B0.L + T-J.(l-r-^-~r7^)J (2.9) 
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In the photosynthetically active range of the spectrum (300 - 700 nm), the values for p 
and r are much smaller than one. This permits the following simplifying approximations: 

*-'+'- ̂  M'-fe) (2-10) 
D0.\p + T~l—^.\\ 1 

2 Mr^)])} 

4 ( = 0.96.Z)0 

ylp = 0.88.A, -

A, = 0.08.Z?0 ? 

»0 .92.4 , 

s 0.08.4, 

4 . « D0.(T + P/2) (2.11) 

An approximation with p = 0.08 and r = 0.04 is: 

(2.12) 

(2.13) 

(2.14) 

Hence over 90% of the total absorption by the crop is absorption of primary radiation. 
The influence of the directional distribution of the non-primary radiation in the crop 
on the absorption and hence on the photosynthetic activity is therefore negligible. This 
property justifies a very simple implementation of the secondary fluxes, including the 
reflected radiation, in absorption models. 

The situation is completely different for the reflected radiation. This can be shown by 
comparison of the total reflected flux Utja and the primary reflected flux at the top of 
the crop Up>0. These are: 

Utfi = — . ( l - r - V ' ( l - T ) 2 - ^ ) (2.15) 

0p,o = D0. f°° p- (e-d)2 .dd 

Up,0 = D0.p/2 (2.16) 

Figure 2.1 shows the relations between the incoming flux D0 and the different upward 
and downward fluxes inside the crop. Two diagrams have been drawn: one for the 
visible part of the spectrum and one with characteristic values for infrared radiation. 

It is illustrative to examine the ratio between UPi0 and Ut,o as a function of the optical 
parameters of the leaf. In Figure 2.2 this ratio is drawn as a function of the scatter 
coefficient a and the ratio reflection coefficient/scatter coefficient r. a and r replace p 
and r . Their mutual relation is: 

a = p + T (2.17) 

r = p/a (2.18) 

Figure 2.2 shows that for all combinations of p and r that occur in practice, the primary 
upward flux UPlo plays an important role in the total upward flux, where in case of 
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Figure 2.1: Flux profile in a crop with horizontal leaves. Figures show downward fluxes in the 
left halves, upwards fluxes in the right halves of the figures. The downward flux Dt is split up in 
the direct incident flux Dp and the flux that has already been intercepted and remitted flux D„. 
The total upward flux Ut is split up in the direct reflected flux Up and the multiple scattered 
flux U„. 
a): Visible radiation, p = 0.08, r = 0.04. 
b): Near-infrared radiation, p = 0.45, r = 0.40. 
The vertical axis gives depth in LAI-units, the horizontal axis the flux. (Dt = 1 at the surface.) 
The horizontal axes of the left and right halves are drawn with different scales. 

visible radiation the ratio UPi0/Ut>0 exceeds 90%. It can therefore be expected that the 
directional distribution of the reflected radiation depends for an important part on the 
directional distribution of the primary upward flux Up$. 

The interpretation of remote sensing images is always based on the measured reflection 
in one single direction for each pixel in the image. A second simple model will show that 
the directional reflection of a crop not only depends on the total reflection of the crop, 
but also on the reflective properties of the crop components, on their solid distribution 
and, in particular on the directional distribution of the incident radiation. 
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0.4 

0.2 

0.0 

Figure 2.2: Ratio between UPin 
and Utfl of a canopy with infi­
nite LAI and horizontal leaves. 
The figure shows values for all 
combinations of a = p + r and 
r = p/cr (for further explana­
tion see text). The figure has to 
be read as shown in the small 
triangle. The dots indicate the 
applied values for visible (V) 
and near-infrared (IR) radia­
tion in the other figures in this 
chapter. 

2.1.2 A simple model for the directional distribution of the 
reflected radiation 

This model is based on a crop with infinite depth and a spherical leaf angle distribution. 
This means that all possible leaf orientations occur with equal density. The calculations 
concern the visible part of the spectrum, and therefore the leaf reflection and transmis­
sion coefficients p and T are small. As computed in the previous subsection this causes 
the major part of the upward flux to be the result of reflection of primary incident 
radiation. The calculation of the directional distribution of this primary crop reflection 
proceeds as follows. 

Assume all incoming radiation incidents from one source direction i (the sun), with 
inclination 0. The observer looks at the crop in direction b with inclination v. The 
azimuthal angle between directions i and 6 is 7 (see Figure 2.3). For every depth d 
in the crop (d expressed in LAI-units) the direct incident radiation can be calculated 
as a fraction of the incoming flux above the crop. Exponential radiation extinction is 
assumed. Only the primary reflected radiation is taken into account, so the extinction 

Figure 2.3: Nomenclature of angles and directions as used 
in the model in Subsection 2.1.2. 
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is equal to the interception. The interception coefficient K is the product of the relative 
pathlength 1/sinö and the ratio between the projected leaf surface perpendicular to 
the direction of incidence and the total leaf surface. Because of the spherical leaf angle 
distribution this value is 0.5, regardless of the direction of incidence, so for K it holds 
that: 

Ä" = 0 .5/s in0 (2.19) 

The remaining radiation intensity Pij (expressed as a fraction of the incident radiation 
and assuming exponential extinction) at depth d is now: 

Pi,d = e-(°- 5 / s i n 8) ' i (2.20) 

An equivalent expression can be used to express the radiation that leaves the crop from 
depth d in upward direction with an inclination v as a fraction Puj of the total radiation 
in that direction generated at depth d. The remaining fraction of this radiation is: 

Pu.d = e-
<-°-6's'mv^d (2.21) 

It also holds that the reflection from direction i to direction b is proportional to a 
factor F, which depends on p, r , 8, v and 7 and to the interception at depth d. This 
interception I is the product of K and layer thickness dd: 

lid = (0.5/ sin 6).dd (2.22) 

The total reflection Rd.dd that is caused by a thin crop layer with thickness dd at depth 
d now becomes: 

Rd,dd = Pi,d.Pu,d.F{p,T,0,v,7)Jdd (2.23) 

Integration of Rd.dd over 0 < d < 00 yields the total reflection R. F does not depend on 
d, and can therefore be removed from the integral part of the function: 

R=F(p,T,8,v,7). H Pi4.Pu4.Idd (2.24) 
Jo 

Substitution of Equations (2.20), (2.21) and (2.22) yields: 

/•°° / 1 0.5 , 0.6 \ A 0 . 5 
R = F(p,T,e,v,7). e - U e + . i .vH) .—-.dd (2.25) 

Jo \ ) sin 8 

Integration of Equation (2.23) results in: 

R= . SmV. F(p,r,9,v,7) (2.26) 
sinu + smo 

The radiance Hf, in some direction b is proportional to the flux in that direction divided 
by the sine of the inclination. Hence, the radiance in direction b with inclination v is 
(ignoring a proportional factor): 

Hi, = R/ sin v 

= F(p,T,8,v,-y)/(s\nv + sm0) (2.27) 

The next step to take is the calculation o{ F (p,T, 8,v,j). F can be computed as the sum 
of the contributions of the leaf surface elements with all possible orientations. Because 
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of the continuous distribution of these orientations, F can be computed as an integral 
of the product of the contribution W of leaves with one orientation c and the relative 
density of these leaves. 

Leaves are considered to be Lambertian reflectors and transmittors. For the radiation 
W remitted in direction b, the combination of the direction of incidence i, the direction 
of remission b and the normal direction c of an arbitrary leaf element (again ignoring a 
proportional factor), is now: 

W = |cos/i;,c.cos^C|i,|.[p V T ] (2.28) 

In Equation (2.28), fiPiq depicts the angle between arbitrary directions p and q. If 
the product of the cosines in Equation (2.28) is positive, the reflection situation exists 
and p must be applied; if the product is negative we are dealing with transmission 
and T must be used. Equation (2.27) already takes account of the interception caused 
by an increasing pathlength with decreasing 6. So, for the calculation of F only the 
relative orientations of directions i, b and c are of interest. The leaf angle distribution 
is spherical. This means that the relative density of the leaves in a given orientation is 
equal for all orientations, and hence, that we are free to choose any other orientation for a. 
coordinate system without additional problems with the interception coefficient or with 
the leaf density distribution function. The formula to calculate the angle /^12 between 
two arbitrary directions (<^>i,Xi) a nd (fa,X2) is known from spherical trigonometry: 

cos/x12 = s inxi-s inx2 + cosxi- cosx2- cos (fa - fa) (2.29) 

An adapted form of Equation (2.29) must be applied twice in Equation (2.28). But, 
because the coordinate system may be oriented freely, the orientation of a new system 
with </> and \ a s the pseudo azimuth and pseudo inclination respectively can be chosen in 
such way that both i and b are vectors in the equator plane (the plane where x = 0). In 
this (fa x)-coordinate system it holds for both cosines from Equation (2.28) that when 
they are substituted by Equation (2.29), one of the sines of the first term becomes 0 and 
one of the cosines becomes 1, yielding a serious simplification. The azimuthal orientation 
of this coordinate system is chosen in such way that i coincides with (f> = n/2 (see Figures 
2.4a and 2.4b). These figures also show that only a quarter of the complete sphere has 
to be considered: each line through the centre of the sphere intersects the sphere in 
two opposite points, where the sphere surfaces, which in fact are representatives of leaf 
elements, are parallel. So we can limit ourselves to the points on the upper hemisphere. 
It is also true that if fa = </> + 7r and x ' = Xi then it holds that cos/v,b = cos/zCij and 
cos/z;]Ci = cos/j;iC. So the calculations can be limited to that part of the hemisphere 
with 0 < <f> < it and 0 < x < T / 2 . The total reflection factor F (p,r,0,v,f) can now be 
computed as the integral of W (from Equation (2.28)) over this part of the sphere. A 
factor cosx must be included in the integral because the integration concerns a spherical 
surface: 

F= T f " w (p, r,i,c,b). cos x-àx-44 (2-30) 
Jo Jo 

Figure 2.4 shows that if 0 < (/> < 7r — p,ib, reflection occurs, whereas if w — fiij, < </> < n 
we are dealing with transmission. (At the boundaries 0, TT — fiiib and 7r the value of W 
is 0.) Application of Equation (2.29), but with angles ßic and ficj, instead of (fax) a* 
the spherical surface yields: 

cos fiic = cosx- c o s (""/2 — 4>) = cosx- s m < f > (2.31) 

cos^i,]C = cosx- c o s (7r/2 — ßi,b — 4>) = cosx- s m (ßi,b + fa (2.32) 
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*M.b 

Figure 2.4: Orientations in the model of Subsection 2.1.2. 
a): The directions and their mutual relations in the original orientation. 
b): The sphere of Figure 2.4a is rotated in such way that the great circle G is in the equator 
plane. Orientation of <j> and the situation with respect to a surface element C perpendicular 
to direction c are drawn. It can be seen that, if C should be in the grey region of the sphere, 
remittance from i* to 6* is the result of the transmission by leaf element C. 

(Notice that in the (</>,x) coordinate system the inclinations of b and i are both equal 
to 0.) 

Substitution of Equations (2.31) and (2.32) in (2.30) and addition of a minus sign for 
the transmission results in: 

-MV,t f/2 

cos x- s in(/ i i , i> + <f>) • sin <p.dx-drf> • 

TT/2 

F = p / 
Jo Jo 

• •• — T / ƒ cos3 x- sin(/x;i, + <j>). sin <p.dx-d<j> (2.33) 
JTT—^, i h Jo 

Because there are no combined factors of <f> and x> this integral may be rewritten as: 

{ / •T-W.i fir 1 f*/2 

PJO ƒ {<j>) .d4> - r. 1^j (<f>) . d A . Jo g(x).dX 
With: 

ƒ(</>) = sin(</> + mib) . sin</> 

g(x) = cos3x 

After some conversion and reduction, integration of these functions yields: 

/ ƒ ((/>) .d<p = ƒ sin(<j> + (iib) .sin(f>.d(f> 

<f> sin2<A sin (^.sin/iii, 
2 " 4 - ) - c o s / V + 2

 i" 

J 9{x)-dx = J cos3
X-dx 

= s inx 
sin3X 

3 
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(2.35) 

(2.36) 

(2.37) 

(2.38) 

(2.39) 

(2.40) 



Substitution of Equations (2.38) and (2.40) in (2.34) and substitution of the values for 
the integration boundaries gives: 

F = Ö i(P + T ) (W ~ Pifi) + COS/Xi,i, + sin/ii | ( ) - 7T.T. COS/*;,(,} (2-41) 
o 

As in the previous subsection, p and r are replaced by the scatter coefficient a and the 
ratio reflection coefficient/scatter coefficient r. Equation (2.41) can now be reduced to: 

F = o k { ( 7 r ~ f^i.b) cos fii<b + sm fii<b} - (1 -r.cr) .TC. cos fiiib) (2.42) 

= a {sin pip - m,!,, cos (!{,!, +r.-K. cos mtb} (2-43) 

As done before in Equations (2.24) and (2.26), the constant 1/3 is ignored. Regrouping 
yields: 

F = (T{sin/ii](, + (7r.r - pitb) . c o s^ i , } (2.44) 

According to Equation (2.27), the relative radiance H (a,r,i,b) in direction 6 is now 
given by the equation: 

H (<r,r,i,b) = . —; .{sin/x i6 + (ir.r - fj,i<b). cos fiiib} (2-45) 
sin0 + sinu 

Where for piib it holds that (Equation (2.29)): 

fiib = arccos (sinö. sinn + cos#. cosu. cos7) (2.46) 

Some calculations were carried out with this model for two values of r (0.5 (p = r ) 
and 1.0 (reflection only)) and for two values of 6 (30° and 60°). Diagrams of the ratio 
H (cr,r,i,b) /H (a,r,i, zenith) are presented in Figures 2.5 and 2.6. 

If an aeroplane is used for the collection of remote sensing data, the directions in which 
the radiation is measured may deviate up to 45° from the nadir direction. The result is 
that, depending on the relative position of the observed spot with respect to the position 
of the plane, the radiation coming from this spot is measured in one single direction 
somewhere in a cone with a half top angle of 45° and with the zenith direction as the 
central axis. By examination of Figures 2.5 and 2.6 it can be concluded that differences 
of up to a factor 2 can occur between the directional radiances within this cone. Even 
if it is taken into account that up to 50% of the reflected radiation may be completely 
diffuse because of the different distribution of the sky irradiation and of the more diffuse 
character of the second-order reflection of the crop (for instance for infrared radiation), 
differences of up to 50% within the observed cone will occur. It is possible that other 
differences in radiance must be superimposed on these, because of other factors such as 
variations in leaf-angle distributions and non-Lambertian behaviour of leaves. 

A simular calculation was done for a crop with vertical leaves only. The results are 
presented in Figures 2.7 and 2.8. Because of the fact that H (cr,r,i, zenith) is equal to 
0 in this case, the radiances are divided by the radiance in direction i instead of by the 
radiance in the zenith direction. 

The previous calculations prove that the radiation that is reflected by a crop cover shows 
large differences in the directional radiance, even if the crop itself has very simple optical 
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Figure 2 .5: Relative radiance differences in the direct reflected flux by a canopy of infinite 

depth with a spherical leaf angle distribution for two values of the rat io r. The zenith radiance 

is set to 1. 

a): r =0 .5 -> p = r = t r /2. 

b) : r=1 .0 -» p = a, r = 0. 

Sun's inclination is 60°. The dashed circle indicates an inclination v of 45°. 

F i gu re 2.6: As Figure 2.5, sun's inclination is 30° 
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6 = 6 0 ' 
r = 0.5 

Figu re 2 .7: Relative radiance differences in the direct reflected flux by a canopy of infinite 

depth with vertical leaves without azimuthal preference for two values of rat io r. The backward 

radiance in direction of incidence is set to 1. 

a): r =0 .5 -> p ~ T = <r/2. 

b): r=1 .0 -» p - <T,T = 0. 

Sun's inclination is 60°. The dashed circle indicates an inclination v of 45°. 

F i gu re 2.8: As Figure 2.7, sun's inclination is 30°. 
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and geometrical properties. The interpretation of remote sensing images is always based 
on the (differences in) radiance in different pixels, generally in several wavelength bands. 

So, for a good interpretation it must at least be possible to estimate what differences 
between observed radiances are caused by variations in crop properties and what dif­
ferences are caused by different viewing directions. Moreover, one must take account of 
the fact that , if some time elapses between consecutive observations, the distribution of 
the sky irradiation and the direction of major incidence change because the sun moves 
across the sky. 

For more complex situations (a layered crop, wind disturbance, soil influences) it is not 
possible to calculate the differences in radiance with a simple analytical method from 
the properties of crop and soil. To do this requires a numerical crop reflection model 
that has enough possibilities for incorporating those properties that really affect the crop 
reflection. However, before developing such a model, the merits and demerits of some 
existing models with respect to the target of this study, (viz. a good approximation 
of the reflected fraction of the incident radiation and of its spatial distribution) are 
examined in the next section. 

2.2 Existing models 

In this section four existing models are briefly described and their properties are com­
pared with the requirements of a model that can be applied in this study. The models 
that are discussed are De Wit's photosynthesis model (Subsection 2.2.1), Suits' reflec­
tion model (Subsection 2.2.2), Goudriaan's model (Subsection 2.2.3) and Chen's model 
(Subsection 2.2.4). 

2.2.1 De Wit ' s photosynthesis model 

In the 1960s, De Wit (1965) published a method for calculating photosynthesis. One 
of the major components of his method is the calculation of the interception of the 
incoming radiation. To do this, he applied a numerical model based on two principles: 

• The crop is divided into thin layers, each layer having an LAI of 0.1. Within 
individual layers, mutual shading and multiple reflection and transmission are 
ignored. 

• Except for the gaps in each layer, both the reflected and transmitted radiation 
are assumed to be isotropically scattered in a Lambertian way. The leaf angle 
distribution is only used to calculate the interception in each layer, not to calculate 
the directional pattern of the remitted radiation. 

De Wit distinguished nine inclination classes, both for radiative fluxes and for the leaf 
inclination orientations. Each class covers a range of 10°. Each possible leaf angle dis­
tribution can be modelled, as can every possible distribution of the incoming radiation. 
Azimuthal non-uniformity is ignored, all orientations with equal azimuths are lumped 
to one inclination class. Finally, the soil reflection coefficient is set at 0.10. 
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De Wit's model shows very good results for the calculation of the interception of the 
incoming radiation and with that , for the calculation of photosynthesis. Also, the 
total crop reflection, expressed as the ratio between the total upward flux above the 
crop and the incoming flux, is approximated fairly well. The directional distribution 
of the upward flux is, however, not computed but, as mentioned earlier, is fixed to a. 
Lambertian distribution. Because of these simplifications, the model is not suitable for 
the interpretation of remote sensing observations. 

2.2.2 Crop reflection according to Suits 

In 1972, Suits published a model that in its original form is mainly usable in developing 
theories. This model is based on the Duntley equations (Duntley, 1942), similar to 
the model developed two years earlier by Allen et al. (1970). In Suits' model, all 
leaves and other crop elements are replaced by their projections to three mutually 
perpendicular planes (one horizontal and two vertical planes). The Duntley equations 
are used to calculate the forward and backward scatter coefficients in the crop, and, 
based on those coefficients, the complete radiation profile. A relaxation method is used 
to calculate the complete diffuse radiation profile, based on the assumption of ideal 
Lambertian properties of the projection of the leaves. Because of the high absorption, 
and with that , the low scatter in the visible part of the spectrum, this relaxation process 
works so fast that after one iteration step fairly accurate results are generally obtained. 
Because of the extreme simplification in the modelling of the leaf angle distributions 
(only horizontal leaves and vertical leaves in two perpendicular directions), this model 
is, like De Wit 's model, not suitable for the calculation of the azimuthal distribution of 
the reflected radiation. 

2.2.3 Goudriaan's model 

In 1977, Goudriaan presented a layered crop model. This model is developed, starting 
with a crop with only horizontal leaves and equal reflection and transmission coefficients. 
In some steps he introduces a model with the possibility to model a crop with an 
arbitrary leaf angle distribution and unequal reflection and transmission coefficients for 
the leaves. Other crop properties are similar to those in the De Wit 's model: Lambertian 
scattering by the leaves and absence of azimuthal preference. The calculations are 
based on a relaxation method. Like De Wit, Goudriaan uses nine inclination classes 
for leaf angles and for upward and downward radiation. Unlike De Wit, the optical 
behaviour of a layer is not assumed to be Lambertian, but calculated as a function of 
the leaf angle distribution. Because the model was primarily developed to calculate 
light absorption, azimuthal uniformity of the crop is assumed and no azimuthal classes 
for the radiation are distinguished. All possible directions within one inclination class 
are lumped together. The result is that also this model is too rough to calculate the 
directional crop reflection. 
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2.2.4 Chen's reflection model 

In 1984, Chen published a model that deals with most of the properties relevant to this 
study. He distinguishes 9 inclination classes and 36 azimuthal classes for radiation and 
for leaf orientation, i.e. in all 9*36 = 324 direction classes. Leaf orientations are defined 
as planes perpendicular to the 324 reference vectors. Chen makes use of the Kubelka-
Munk equations. To do so, he redefines them for application to matrices and vectors. 
In his model, fluxes are represented by vectors with 324 elements, and the reflection 
and transmission coefficients from the KM-equations are written as 324 * 324 matrices, 
in a similar way as will be described in Section 3.1. The KM-equations permit the 
calculation of the reflective and transmissive properties of a layer of arbitrary thickness, 
so Chen's model also allows this. 

If the model is to be used for the calculation of the reflection of a non-homogeneous 
crop, this crop is defined as a stack of internally homogeneous layers. These layers can 
be combined by means of the adding algorithm, which will be presented in Subsection 
3.1.8. Non-Lambertian leaf properties do not cause problems. The model is used in 
combination with nine inclination classes in the generalized KM-equations (for the 
incoming radiation). The azimuthal distribution within each class is set to be equal to 
the distribution that is found after the remission at the first intercepting layer. If the 
model is applied to crops that show no azimuthal preference in their leaf orientation 
distribution, the computing time can be considerably reduced. 

From a theoretical point of view, Chen's model could be applicable for the research on 
the directional reflectance of crops. In the infrared region of the spectrum, however, 
the scatter is so great that the approximation of the directional distribution of the total 
radiation by the distribution of the primary scattered radiation is not sufficient, so a 
complete calculation is needed. In the case of a non-uniform azimuthal distribution of 
the leaves, this causes repeated inversion and multiplication of matrices with 324*324 = 
104976 elements, which is practically impossible. 

2.3 Conclusions 

The models presented in Section 2.2 all have their merits and demerits. The models 
of De Wit, Suits and Goudriaan are inadequate for the calculation of the directional 
reflectance because they lack aspects that, as shown by the results presented in Figures 
2.5 to 2.8, should be incorporated in the model required. Chen's model should be 
applicable, but in the infrared region the computing time becomes unacceptably long, 
so this model becomes unwieldy. But by using many aspects of these models as building 
blocks, a new model can be developed. This TURTLE model is presented in the next 
chapter. 

30 



2.4 List of symbols used in Chapte r 2 

A, 

At 

b 
b* 

c 

C 

d 

dd 

D0 

Dp 

D. 

A 
Dt,d 

ƒ , g 
F 

i 
i' 

Idd 
K 

Pu,d 

r 
R 
Rd,dd 

UP,d 

u, 
ut 

ut,d 

w 
a 

7 
e 

primary absorption 

secundary absorption by the crop 

total absorption by the crop 

observation direction 

direction b in the rotated coordinate system 

normal direction to a leaf surface element 

leaf element perpendicular to direction c 

depth in the crop (LAI units, top=0) 

layer thickness 

downward radiation above the crop 

primary downward flux 

secundary downward flux 

total downward flux 

total downward radiation at depth d 

arbitrary function names 

distribution function for reflection 

radiance in direction b 

source direction 

direction i in the rotated coordinate system 

interception by a layer with thickness dd at depth d 

interception coefficient 

ratio downward radiation intensity at depth d / down­

ward radiation intensity at the surface 

ratio upward radiation intensity at the surface /upward 

radiation intensity at depth d 

ratio reflection coefficient/scatter coefficient 

total reflection in direction 6 

upward radiation intensity caused by reflection by a layer 

thickness dd at depth d 

direct reflected upward flux 

primary upward flux at depth d 

secundary upward flux 

total upward flux 

total upward radiation at depth d 

radiation remitted by one leaf element 

absorption coefficient 

azimuthal angle between source and observation direction 

inclination of the sun 

angle between directions p and q 

E q n . 

2.2 

2.8 

2.6 

2.28 

2.3 

2.22 

2.2 

2.3 
2.34 
2.23 
2.27 

2.22 

2.19 

2.20 

2.21 

2.18 

2.24 

2.23 

2.16 

2.3 

2.28 

2.1 

2.19 
2.28 

F ig . 

2.3 
2.4 

2.4 

2.1 

2.1 

2.1 

2.3 
2.4 

2.1 

2.1 

2.1 

2.3 
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Eqn. Fig. 
p reflection coefficient 2.1 

a scatter coefficient 2.17 
r transmission coefficient 2.1 
v inclination of the observation 2.21 
<f>p azimuth of direction p in the rotated coordinate system 2.29 

Xp inclination of direction p in the rotated coordinate system 2.29 
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Chapter 3 

TURTLE, H A R E and SOIL model 

In Chapter 2 it was proved that for the interpretation of remote sensing observations 
a detailed crop reflection model is needed, and that such a model is not available. 
Therefore model TURTLE (an acronym for The Universal Reflection and Transmission 
model for Layered crop Experiments) was developed. It is presented in Section 3.1. 
With the TURTLE model it is possible to calculate the complete flux profile inside a 
crop. This can be an advantage in some cases, especially if it is used for calculations on 
photosynthetic activity or if one is interested in the available radiation at some depth 
in the crop. A disadvantage of the model is the amount of computing time required. 
Because in remote sensing one is in general only interested in the reflective behaviour 
of a crop as a whole, an adaption of the formulas used in the TURTLE model could be 
made to decrease the number of calculations considerably. This is done in the model 
that is described in Section 3.2, the model HARE (= Handy and Accurate Reflection 
model for crop Experiments). Because the reflective behaviour of a crop is not only 
determined by the crop itself, but also by the soil, also a separate SOIL submodel is 
developed. This model is described in Section 3.3. 

3.1 The TURTLE model 

The TURTLE model is a discrete mathematical description of a continuous physical 
process. The physical process that is modelled is the reflective behaviour of a crop. It 
was proved in Chapter 2 that a crop is a very complex reflector, which results almost 
automatically in a complex model. The description of the TURTLE model in this section 
is therefore divided in several parts that are discussed separately. The general aspects of 
the model (Subsection 3.1.1), the definition of reference directions (Subsection 3.1.2), the 
optical properties of leaves and their modelling (Subsection 3.1.3) and the description 
of the geometry of a layer (Subsection 3.1.4) are discussed in turn. In Subsection 3.1.5 
the optical properties of the leaves and the geometrical structure of a layer are used to 
derive the optical behaviour of that layer as a whole. A simple soil model is presented 
in Subsection 3.1.6. In Subsection 3.1.7 a short review of the ignored crop properties is 
presented. Layers are combined to a crop in Subsection 3.1.8, after which in Subsection 
3.1.9 the consequences of this partitioning of a crop in layers is discussed. Finally in 
Subsection 3.1.10, the model is verified and validated by comparing the results it yielded 
with the results found by analytical methods and those found by Goudriaan (1977). 
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/ , - - • " " / i I/ , ' ~"VN\ Figure 3.1: Discretisation of the continuity of all 

Y / --jf-L' \ 1 possible solid directions. Vector V represents all di-

\ . I - ' ' ' M ~Z^ rections originating in M that intersect the sphere's 

<Z- ~~^"^ surface somewhere in region S. 

3.1.1 General description of the TURTLE model 

As in other numerical models of crop reflection, the continuity of all possible directions 

is replaced by a number of reference directions. Each reference direction represents all 

directions in a cone around it (Figure 3.1). Leaf directions are defined by the normal 

direction on the leaf-plane. In the TURTLE model, 46 directions are distinguished. 

Similar to Chen's model these directions are used as ray directions for radiation and 

as normal vectors of leaf orientations. The total canopy is divided into layers. For 

each layer the optical and geometrical parameters of the canopy elements (leaves) may 

be defined separately. For these input data, a set of matrices that defines the optical 

behaviour (reflection, transmission and absorption) of that layer is computed for each 

layer. All matrices have 46 * 46 elements. Each matrix element (j,i) or (k,i) depicts 

the fraction of an incident flux from the direction that is indicated by index i and that 

leaves the latter in direction j or that is absorbed by leaves with normal direction k. All 

calculated matrices can be considered as sets of coefficients of linear equations. These 

equations denote the relations between the vector that represents the radiation that hits 

a layer and the vectors for the reflected, transmitted and absorbed radiation. 

In the computations with the model two soil models are used. Where the TURTLE 

model is verified by comparison with other models, a flat soil with Lambertian properties 

is assumed. The calculations on hypothetical and real crops in Chapters 4 and 5 are 

done with a more sophisticated soil model, in which the soil is modelled as a rough 

plane. That model is presented and validated in Section 3.3. 

Because all relations between fluxes are given as coefficients of linear equations, the 

reflective behaviour of the crop can be written as a. large set of linear equations and 

solved in that way. A complicating factor in the calculations is the mutual dependence 

between the input and output vectors, which makes double inversion of a large coefficient 

matrix necessary. (The downward output of one layer is the input from above for the 

next layer, whereas one of the output vectors of the latter is an input for the former 

one.) The number of equations is 46 + 92 * (total LAI/LAI per layer). For a crop with 

an LAI of 5 and an LAI per model-layer of 0.1, this means a set of 4646 equations with 

the same number of unknowns. Of these, only 46 are of interest for the description of 

the canopy reflection. 

Fortunately, there is a method to solve this type of problem as a series of smaller sets 

of linear equations. This so-called 'adding method' was described by Van der Hulst 

(1980) and was applied by Cooper et al. (1982). An advantage of this method is that 

the matrices that represent the influence of the canopy on the incoming radiation are 
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computed independently of this radiation, so the results of the calculations can be used 
as a set of linear transformation matrices. These matrices can be applied to the input 
vector that describes an arbitrary incoming radiation to compute the flux distribution 
throughout the canopy, and the upward reflection of the radiation above the canopy. 

3.1.2 Distribution of the reference directions 

A commonly used method to distribute all directions in a hemisphere over a set of 
representative vectors, is to divide a spherical surface into regions. All radiant vectors 
to points in one region are represented by the radiant vector of the centre of that region 
(Figure 3.1). 

Models that are based on this concept are generally based on a partitioning according to 
meridians and parallels on a globe. All intersections of a predefined selection of merid­
ians and parallels are used as reference directions. This method has a disadvantage: 
with equidistant values du between the parallels, the represented solid angles per vec­
tor decrease with increasing inclination K and the angles between azimuthally adjacent 
directions decrease too. When one tries to keep the represented solid angles unchanged, 
the 'cones' toward the zenith become narrow rectangles or even triangles. 

A good partitioning of the spherical surface should fulfil the following principles: 

• The angles between the representative vectors of adjacent regions are equal. 

• The shape of the regions is circular, to minimize the maximum angle between 
represented and representative vectors. 

• All regions are of equal size. 

The best way to fulfil the three given conditions should be a partitioning into hexagons 
like a honeycomb. But from solid geometry it is known that in a polyhedron the sum of 
the angular deficiency over all vertices is 47r. (The angular deficiency is the difference 
between 2ir and the sum of the face angles that meet in one vertex.) This property 
of convex polyhedrons is called Descartes' formula (Williams, 1972). The face angle of 
a hexagon is 2TT/3, and because three faces meet in each vertex, the sum of the face 
angles in each vertex is 1-K. Therefore the angular deficiency is 0 for one vertex, and this 
can never sum to 47r. This means that a solution with only hexagons must be rejected. 
(In fact, if a vertex is the intersecting of three faces, and the angular deficiency in that 
vertex is 0, that means that these faces are in one plane.) 

To close a surface that consists of polygons to a polyhedron some polygons with fewer 
than six edges are needed. To meet the second condition as well as possible, pentagons 
are a good alternative. The face angle of a pentagon is 37r/5. If in all vertices three faces 
meet, this angle must be subtracted from 27r/3 to obtain the individual contribution 
for one angle of one pentagon to the total angular deficiency. This contribution is 
27r/3 — 37r/5 = 7r/15. The contribution of one pentagon is 5ir/15 = 7r/3, so the number 
of pentagons needed to close the sphere is (4ÎT) / ( f /3 ) = 12. (Notice that hexagons do 
not contribute to the angular deficiency, so their number is unlimited with respect to 
the angular deficiency.) 
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n: 6 
a: 1.05 
6:1.13 
b: 1 

n: 16 
a: 0.39 
6: 0.68 
b: 19 

n: 21 
a: 0.30 
6 : 0.59 
b: 43 

n: 46 
a: 0.14 
6: 0 4 0 
b: 450 

n: 61 
Q: 0.10 
6: 0.35 
b: 1050 

n: 81 
Q: 0.08 
6 :0 .30 
b: 2460 

Figure 3.2: Possible partitionings of one face of a peiitadodecaeder that result in a partitioning 
of the surface of a sphere in hexagons and pentagons. With each figure are given: 
n: The number of polygons on a hemisphere. 
a: The represented solid angle per direction. 
6: An estimation for the mean angle between adjacent vectors. 
6: An approximation of the relative number of basic calculation steps (compared to the simpliest 
one) for a model based on that specific partitioning. 
The pentagonal face is drawn with a dotted line, the partitionings with solid lines. 

The possible numbers of hexagons can be derived from a distribution drawn on a. do­
decahedron (a regular polyhedron with 12 pentagonal faces). It suffices to draw one 
pentagon with its possible partitionings. All parts of the face except for the central one, 
must be a hexagon itself, or it must be possible to complete such part to a hexagon 
with corresponding parts of adjacent faces. In Figure 3.2 some of these partitionings 
are drawn. The possibility chosen must necessarily be a compromise between the need 
for a good representation of the continuity of the spherical surface by a discrete number 
of points on it on one hand, and on the other hand the need for a so limited number 
of points that the computing process is technically executable. The computing time 
needed for matrix multiplications and inversions is roughly proportional to the third 
power of the number of vectors, and the angle between them is proportional to the 
square root of this number; so, halving the mean angle between adjacent vector leads 
to the computing time increasing by a factor of 64. As the result of the need to reach 
a balance between these conflicting demands, the TURTLE model is based on parti­
tioning according to Figure 3.2d. This means that the chosen number of directions in 
the hemisphere is 46 with a mean angular distance of about 24° = 0.42 rad. The cal­
culation of the directions is carried out with a computer program. The directions that 
coincide with face-centres and vertices on a dodecahedron are computed by use of the 
geometrical properties of a dodecahedron, the directions of the remaining vectors are 
computed in such way that the differences between adjacent directions are minimized. 
A view of the upper hemisphere with the 46 faces is shown in Figure 3.3. The data 
about the vectors are listed in Appendix B. 

3.1.3 Optical properties of the leaves 

When a leaf intercepts a light beam, the result of this process can be divided into three 
separate fractions: a reflected fraction R, a t ransmitted fraction T and an absorbed 
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Y = 0° 

Figure 3.3: The distri­
bution of hexagons and 
pentagons and reference 
directions on the up­
per hemisphere. For 
some directions the vec­
tors are also presented. 

fraction A. These fractions sum to 1: 

R+T+A= 1 (3.1) 

The total reflected fraction is the sum of two reflection processes: a fraction R„ is 
reflected at the leaf surface, and a fraction Ri is caused by multiple scattering by the 
leaf tissue: 

R0 + Ri = R (3.2) 

Another way to divide the reflected fraction is to split it into a diffuse fraction Rd and 
a specular reflected fraction R3: 

Rd + R, = R (3.3) 

In the case of very thin leaves, it is possible that a fraction of the light that impinges 
a leaf will pass through that leaf tissue unaffected. So, the transmitted fraction T can 
also be split up into two separate fractions: the ' transparently' t ransmitted fraction Tt 

and a fraction that leaves the leaf after multiple scattering Tj: 

Tt + Td (3.4) 

Although for most crop species Tt for individual leaves is so small compared with the 
other fractions that it could be neglected, it has been incorporated into the model. It 
can also be applied to describe gaps in clusters of leaves, like the spaces between the 
needles of conifers. 

R0 (and also Tt) depends on the angle of incidence, so the other parameters do also. 
Therefore, R0, Ri, Td, Tt and A cannot simply be introduced as model parameters. For 
each combination of the incident direction i and the leaf orientation k, these coefficients 
have to be computed from the angle of incidence ai,k and other parameters, a is the 
angle between the incident direction and the leaf's normal direction. 

Specular reflection only occurs at the leaf's surface. For a dielectric boundary its mag­
nitude can be computed with Fresnel's law, as a function of the refraction index n of 
the leaves, the angle of incidence a and the angle of refraction ß (the refraction index of 
the air is so close to 1 that it is omitted from the formulas), ß is computed with Snell's 
law: 

ß = arcsin ( ) (3-5) 
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The surface reflection R0 is computed with Fresnel's law with a;»., ß{^ and n as param­
eters, and ignoring polarization. Fresnel's law is: 

1 f / s i n ( a - / 3 ) \ 2 / t a n ( a - / m 2 ) 
Ä ° ( a ^ ) = 2 | l s h ^ T ^ ) J +Un(«+/?)J ƒ (3-6) 

It is possible that the leaf's surface is so curled that the basically specular reflected 
fraction R0 seems to be scattered diffusely, at least partly. For this purpose a roughness 
index r is introduced. The specular (RB) and diffuse (R0d) reflected fractions of R0 are 
now: 

R. = {l-r)*R0 (3.7) 

R„d = r*R„ (3.8) 

The remaining fraction of the intercepted radiation P penetrates the leaf: 

P = l-Ro (3.9) 

On its way through the leaf, the fraction P will loose energy by internal scattering and 
absorption. Some of it will reach the opposite side of the leaf. The fraction that does 
so depends on the transparency of the leaf and the pathlength through the leaf. The 
transparency is indicated by a transparency index t, which gives the unaffected fraction 
of P for perpendicular traversal. The relative pathlength is equal to the reciprocal of 
cos/3 . Because the surface-crossing process also occurs on the underside of the leaf, the 
fraction P has to be applied again as a multiplification factor to describe the transparent 
transmission, Tt: 

Tt = P.t1/cos/3.P = p2.t1/coslS (3.10) 

All radiation that is not reflected at the surface and not transmitted transparently is 
assumed to be scattered diffusely or absorbed: 

D = l-R0-Tt (3.11) 

Equation (3.11) is equivalent to: 
D = P-Tt (3.12) 

The distribution of D over absorption and scattering will be assumed to be independent 
of the angle of incidence a. Two indices are used to describe this distribution: an 
absorption index a, to compute the absorbed fraction A: 

A = a.D (3.13) 

and a diffuse reflection index d to compute the fraction that is reflected by internal 
scattering Ä;: 

Ri = d.{D-A) (3.14) 

= D.(l-a).d (3.15) 

Now, the total diffusely reflected fraction Rd is: 

Rd = Ri + R„d (3.16) 

and the remaining fraction of D is the diffusely transmitted fraction, T: 

Td = D - A - Ri (3.17) 

= D.(l-a).(l-d) (3.18) 

A scheme of the interaction between leaf and radiation is presented in Figure 3.4. 
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Figure 3.4: Scheme of the distribution of the ra­
diation I that incidents on a leaf over the five pos­
sible output destinations. R, (specular reflection), 
Rd (diffuse reflection), A (absorption), Td (diffuse 
transmission) and Ti (transparant transmission). 
For further explanation see Subsection 3.1.3. 

3.1.4 Geometrical s t ructure of a crop layer 

The geometrical distribution of the canopy elements is an important factor in the cal­
culation of the directional dependence of the reflection. One of the major constraints 
in existing models is the representation of the geometrical distribution of the canopy 
elements. In most models, the influence of azimuthal variation cannot be modelled at 
all, and the modelling of inclination density distributions is sometimes limited to a small 
number of very smooth or hypothetical distributions. 

The TURTLE model does not have the mentioned defects. All conceivable leaf-orienta­
tion distributions can be defined merely by setting the relative densities for all reference 
directions to the appropriate values. According to this principle, special leaf-orientation 
distributions can be defined very simply: to model a hypothetical crop with only hori­
zontal leaves, the element of the vector that belongs to the vertical (normal) direction 
is set to 1, and all others to 0. For a spherical distribution with an equal density in 
all directions, all 46 elements of this vector are given the value 1/46. A distribution of 
only vertical leaves can be presented by distributing unity over the 15 near-horizontal 
normal-directions. This is an approximation, because exactly horizontal vectors (and 
hence vertical planes) do not occur in the model. The LAI of a layer can also be taken 
into account. To do this, all vector elements must be multiplied with the desired LAI. 
Because they initially summed up to 1, their sum will now be this LAI. For instance, if a. 
layer with a spherical leaf angle distribution with a total LAI of 0.1 has to be modelled, 
all vector elements must be set equal to 0.1/46 = 0.002174. 

3.1.5 Optical properties of a crop layer 

The optical properties of a layer are a function of the optical properties of the leaves in 
that layer and their orientational distribution. The effect of leaves on incident radiation 
can be summed for all leaf directions to obtain the properties of a layer. This statement 
holds only if the LAI per layer is so low that mutual covering of leaves and multiple 
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scattering can be ignored. 

Intercept ion — A fraction of all the radiation from direction z that penetrates in layer 
I is intercepted by leaves in direction k. This fraction 1^ depends on: 

• The LAI of the leaves in the considered direction (LAIk). 

• The projection of the leaf surface on a plane perpendicular to direction k ( |cos^ t j . | , 
(f>i^ can be computed from the orientations of i and k with Equation (2.29)). 

• The relative pathlength of the beam through the layer (1 / s inu , ) . 

In equation: 
Ik,i = LAIk.\cos<f>i:k\/sinvi (3.19) 

(Because in this subsection all equations concern only one model layer, all layer indices 
/ are deleted from the symbols used in this subsection.) 

This intercepted fraction ƒ*.,; must be distributed over five output destinations, propor­
tional to the distribution factors from Subsection 3.1.3 (here presented in parentheses, 
following the corresponding output destination): 

• A diffusely reflected fraction {Rd) 

• A diffusely transmitted fraction (Td) 

• A specularly reflected fraction (-R») 

• A transparently transmitted fraction (Tt) 

• An absorbed fraction (A) 

The values of the distribution factors depend on the appropriate value of 0;*. 

Diffuse reflection and transmiss ion — The diffusely scattered fractions Ik,i-Rd 
(reflection) and Ik,i-Td (transmission) are distributed over all output directions. The 
distribution is proportional to the cosines of the reflection angles <j>kj between the normal 
vector on the leaf plane k and the output direction j . Because all vectors j represent 
an equal part of the space, these cosines can be used without additional weight factors. 
Notice that for a part of the combinations (incident direction i - leaf direction k -
output direction j) leaf transmission leads to layer reflection and vice versa (see Figure 
3.5). The total effect can be written as Rd,j,k,i ( f° r layer reflection) and T^j^.i ( f° r layer 
transmission): 

Äo>,i = h,i• J ° r fc4 - j • IRd V Td) (3.20) 
L m = l \COS (pk,m\ 

and 

Td,j,k,i = 4,i-^46—j '~;—r- [Td V Rd\ (3.21) 

The choice between the first and the second element from the factors [Rd V Td] and 
[Td V Rd] depends on the value of cos (j>itk- cos <j>k,j'- if this value is positive, the former 
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