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I. ABSTRACT

The Kubelka-Munk radiative transfer model is
combined with an approximation of Kauth-Thomas
greeness and brightness transforms to derive appro-
ximate closed form expressions for crop greeness
and brightness surrogates in terms of canopy bio-
mass. The greeness relation derived resembles
an existing empirical relation between leaf area
index and greeness. A simple growth model based on
interception and utilization of photosynthetically
active radiation is developed and used to describe
the time evolution of greeness and brightness.

The model developed does not yet yield definitive
profile calculations but suggests a conceptual
framework which may be found useful for further
profile analysis.

II. INTRODUCTION

Functionsl’ approximating the Kauth-Thomas
(K-T) greeness™ vs. time trajectories of crops are
useful in processing” Landsat Multispectral Scanner
(MSS) data for crop identifigation and for simula-
tion of agricultural scenes.

Greeness vs. time trajectories have been exten-
sively studied and a,juseful profile form has been
developed by Badhwar™ and by Crist and Malila.

This form is empirical and there is no comparable
relation for brightness vs. time.

The goals of this research are: a) to show a
link between the theory of radiative interactions
and the time behavior of greeness and brightness
measures; and b) to derive the temporal behavior of
brightness over a crop's growing season.

A model or theory accomplishing these goals
must contain three components: 1) a model of radi-
ation interaction relating canopy material physical
properties to canopy reflectances; 2) an analysis
relating K-T greeness and brightness (or surrogates)
to variables and parameters occurring in the radi-
ation interaction model; and 3) a plant growth model
relating the time evolution of variables in the
radiation interaction model to parameters which

characterize a plant, its environment, and its
growth.

In this effort it is convenient to use biomass
as the primary measure of vegetation quantity.

ITI. BACKGROUND

. 1 .
There is™ a strong correlation between K-T
greeness ane vegetation quantity. Daughtry et al.
and Badhwar® have used a relation of the form

G = T (1-"RLATy (1)

where EL and & are empirically determined to be at
least approximately constant to relate greeness (§)
to leaf area index (LAI).

1,2
Badhwar ’" and others have used a closed form
expression
2
b - -
G(e) = G (e/e )P eme(EEy) . (2)
o o -0
=G t<t
o o
where t 1is emergence time gnd § 1is soil greeness

to estimate emergence times”’” and growth stages

for crops. The constants b and c are primarily
determined by crop species. The inflection points
and maximum correlate with growth stage. The time
between inflection points is correlated with crop
growing season length. These observations suggest
that greeness profiles have a well defined crop
specific form highly correlated with plant growth.
. 12-15

There have been many studies of the spec-
tral properties of canopies and leaves in both the
visible and infrared (IR). These studies show
that leaf and canopy reflectances are causally re-
lated to chlorophyll content and to the number and
size of interfaces between materials of different
indices of refraction in the plant tissue.

As plants mature changes occur in the spectral
properties of the plant components which are rela-
ted to changes in histology and chlorophyll content.
The relation between canopy reflectance and leaf
reflectance is determined by the radiative inter—
actions among the canopy components and is affected
by areal biomass density or LAI and soil background
reflectance.

Chlorophyll content and biomass density are
factors which affect both plant growth and canopy
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spectral response. It is thus reasonable to be-
lieve that the link between greeness profiles and
plant phenology is not fortuitous but a reflection
of conditions and processes which indicate onto-
genetic stage, affect further plant growth, and are
directly instrumental in determining spectral
response.

Iv. APPROACH

The work reported in this paper consists of
three parts: 1) analysis of canopy reflectance us-—
ing simple (Kubelka-Munk) radiative transfer
theory to relate spectral response to the quantity
and type of vegetation present, to chlorophyll
content, and to parameters which are related to
histology and are indicative of a plant's age and
health; 2) analysis of the K~T greeness and
brightness expressions to obtain simpler two wave-
length band reflectance surrogates; and 3) formu-
lation of a plant growth model describing the
time evolution of the biomass components corres-
ponding to definite spectral components of the
canopy. Calculation of the greeness and bright-—
ness profiles to be expected for a typical, albeit
hypothetical, crop is then straightforward.

Appropriate greeness and brightness surrogates
are found to be a linear combination of reflect-
ance of the red chlorophyll absorption spectral
region and of a band in the IR. The reflectances
in these expressions are evaluated using Kubelka-
Munk (KM) theory and greeness and brightness are
obtained as explicit functions of biomass, canopy
infinite depth reflectances (IDRs), and extinction
coefficients at the two wavelengths. The IDRs
and extinction coefficients are related to the ab-
sorption and scattering coefficients for green
(chlorophyll containing) and nongreen material.

A model which consists of three differential
equations is developed for the time evolution of
live green, live nongreen, and senescent or dead
biomass. The model is based on interception of
photosynthetically active radiation (PAR) by the
canopy, transformation of the radiation energy to
chemical energy, and partitioning of the photo-
synthate among the three biomass components. It
includes the effect of plant respiration and
senescence.

V. THE RADIATION INTERACTION MODEL

Kubelka-Munk (KM) theory is the simplest radi-
ative transfer model relating canopy reflectance
and transmission to biomass density, canopy compo-
sition, and component optical parameters. It is a
bulk scattering theory which assumes that the
canopy can be adequately idealized as a laterally
uniform collection of randomly oriented scattering
and absorbing elements. The one layer model used
here also assumes vertical uniformity. The model
also assumes that incident radiation is diffuse.
For strongly ordered canopies and direct illumina-
tion these assumptions may be inadequate but it is

believed that this idealization is conceptually
useful. '

It is reasonable to believe that for a speci-
fic plant species under fixed cultural and envir-
onmental conditions green LAI and green biomass
are proportional. It is also likely that at a
given growth stage there will be a strong linear
correlation between green biomass and total biomass.
For further model development it is desirable to
use biomass as the primary measure of plant compo-
nent density.

The plant canopy is assumed to be a homogen-
eous mixture of randomly oriented components
having different scattering and absorption proper-
ties. The total radiative scattering and absorp-
tion coefficients are assumed to be linear func-
tions of the amounts of different materials present
in the canopy. The component absorption coeffic-
ients are functions of pigmentation and the number
of refractive index interfaces present.

Different interaction mechanisms are prominent
in different spectral regions—-chlorophyll absorp-
tion in the visible region of the spectrum and
scattering (because of the lack of absorption) in
the near IR.

A. KUBELKA-MUNK THEORY

In this approximation the reflectance R, is
-2k m
N (Rm, -RO,A)(l—R0 Rm,x)(l—e x)

-Zka

A N (3)

(1'Ro,me,x)_(Rm,x_Ro,A)Rm,l

where m is the biomass density, Ro soil background
reflectance,

a _ 20,
R =1+ ——)‘ [1 »/1_+ ] ] (4)

© A ok A

kK

a [

ky = [1+ A + A (5)
oy EN

The quantity R_,is the IDR of the canopy. The
subscript A deslignates a specific small wavelength
interval (A,X+AX) and o) and o, are the mass absor-
ption and scattering coefficients.

B. THE LINEARIZED KUBELKA-MUNK EQUATION

Simpler expressions for reflectance and trans-
mission can be obtained since O<R_ ,<1 and
O<R0,A<1' Equation (3) is then approximately

Ry = Ry \#(R, \-R_ )(1-e Ziexmy (6)
Park and Deering have found this approximation to
agree with the KM equation to within 0.2% (red
reflectivity) and LeMaster and Chance?l have ob-
tained the same equation as an approximation to the
one layer Suits?? model.

The approximation of transmittance is

T = (@)
which shows that kA is the extinction coefficient
for the canopy.

e—kxm
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Reflectance at any wavelength depends on the
canopy composition through its effect on k and

R A or equivalently oy and Oy .

Y

C. THE CANOPY AS A MIXTURE OF MATERIALS

For a homogeneous mixture of materials with
absorption coefficients g and scattering coeffi-
cients 03, the total absorptlon and scattering
coefficients are

n n
T
Q)L = L 0.)‘, m, (83)
Mpog=1 5t
1y
= —— L ooy, m, (8b)
mLi0y i i
n
my = 'E m, (8¢c)
i=1

where n is the number of components, my is the mass
density of the ith component and m,, the total mass
density of the composite material.

In a two component system where m, is the
green biomass and m, is the non-chlorophyll con-
taining biomass we get from (8)

ay = (Trryxdoy, /(L+x) (9a)

gy = (1+§)X)0A1/(1+X) (9b)

£ T T (9e)
wherep ) “Az ‘ o - oxz’ . _Tl
* S ) N ™

and equations (4) and (5) become

(Lrxw) T 2(1+xE) oy

R, ,=1- (an /oy, )1/ 1+ -1 (10)
(1+xg) 17 7AM (1) oy,
2 2k
SN
K, (; 21+xu)( ary /9y )+ (1+xu)2 M
(1+x8)° a1
(1+5X) Y
(1+X) 1 (1

Equations (10) and (11) can be expressed in
terms of the IDRs and extinction coefficients for
the pure components. The resulting form is more
convenient for some calculations. Define ,R

17w
to be the IDR for the green biomass component,;
ZRw the IDR for nongreen biomass, lkm the ex—
tindtion coefficient for green biomass,’and ,k_
the extinction coefficent of the nongreen biomads.

The the IDR for the composite canopy is

R, = (1+F) - /(1+0)2 1 (12)
where F is the so-called Kubelka-Munk function16
1 (1-1Re (1-9Re 3)°
F = [ +XE, 2]
(Lexg)) = 24R, 2.

The composite extinctlon coefficient is

(1 0 ,//(1+e)(1km R (2 . A) (13)
where o GZ 2
A M *Ap %L
e)\:x[2€x+(£)‘+u)‘);- +2Hy -——]/[1+T+—]
1 o)1 19y,

V1. GREENESS AND BRIGHTNESS SURROGATES

Kauth-Thomas greeness is a linear combination
of radiances in which the coefficients of two
visible channel radiances are negative while the
coefficients of two IR channels are positive.
Brightness is a linear combination of channel rad-
iances in which all coefficients are positive.

The behavior of MSS K-T greeness and brightness
expressions are similar to combinations of one red
and one IR reflectance.

Expressions for the greeness and brightness
surrogates are obtained by combining their defini-
tion with the KM solutions. The expression for
greeness in terms of biomass that is obtained
resembles the empirically determined greeness LAI
relation (1) but is more complicated. The most
important aspect of this derivation is that a rela-
tion for brightness is obtained from a parallel
derivation.

A. SURROGATE DEFINITION

The contribution of the two visible bands can
be approximated by a single reflectance Ry. The
Landsat MSS Ch 2 reflectance is chosen for this
purpose. Contributions of the two IR channels can
be approximated by a single reflectance R,.
Greeness and brightness surrogates are then defined
by

= —g- ; >

G 23R 18,Rs 811850 (14a)

= >

B b1R1+b2R2, bl’bZ 0 (14b)
B. SURROGATE DEPENDENCE ON BIOMASS

The greeness and brightness surrogates are
related to soil reflectance, canopy extinction
coefficient, and canopy IDR by the KM reflectance
relations. Combining equations (14) with the
linearized KM relations yields

6-G = (8,-G ) (1-e Zm) (5a)
B-B_ = (B_-B)(1-e721™) (15b)
where G = —g1R0’1+g2R0’2 (15¢)
B = biR 1*DoR, 5 (15d)
. e-2k2m_ —Zklm
Gce = Gm—gZ(Rw,Z—RO,Z)( 1 —2k1m ) (156)
-e
e—2k2m_e—2k1m
B = Bw—bz(Rw,Z—Ro’z)( ok m ) (15f)
l-e 1
Gm = ¢g1Rm’1 + gZRm,Z (15g)
Bm = blRm,l + bZRm,Z (15h)
and Rm’l’ Rw,z, Ro,l and Ro,2 are the red and IR
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canopy IDRs and red and IR soil reflectances while
k. and k, are the red and IR extinction coeffi-
c}ents. Although the greeness and brightness
surrogates have the same form their behavior may
be significantly different because the second term
of equations (15e) and (15f) will be a larger frac-
tion of the total infinite canopy depth attribute
in the case of brightness. Brightness will there-
fore be much more sensitive than greeness to
changes in k,, k, and biomass. The difference be-
tween canopy infinite depth IR reflectance and soil
IR reflectance will also have a greater effect on
brightness profiles.

If we choose g, and g, SO that the soil
greeness is zero, (}Sa) can be written

G = & (1-e"24m)

If LAI is proportional to biomass density (LAI
= %em) G = 6m<1—e‘3%l LAL,

which is equivalent to the empirical equation for
greengss (1) after proper identification of ém
and 1.

2

The derivation leading to this equation for
greeness has also led to an equation for bright-
ness.

VII. THE GROWTH MODEL

Two links between the production of biomass
and spectral interactions are exploited to provide
a growth model: 1) the role of chlorophyll absorp-
tion both as a driver of plant growth and as the
determinant of visible reflectance and 2) the
relation between interception of radiation ard re-
flectance. The absorption in the red chlorophyll
band is taken to represent PAR absorption since
both red and blue absorption depend primarily on
chlorophyll concentration and will be approximately
proportional.

The fraction of visible (PAR) radiation not
transmitted through the canopy is 1—e_k1M1, where
My=mq, the dry biomass of chlorophyll containing
material. For canopies composed primarily of
green leaves and stems, nearly all the intercepted
PAR radiation will be absorped by chlorophyll
containing material and hence available to drive
growth.

In this section an integral equation is
proposed for total biomass growth under these
conditions. It is a generf}ization of the equa-
tion used by Gallo, et al. but differs from it by
using green biomass rather than total biomass and
by taking metabolic use of intercepted solar energy
(respiration) into account.

The spectral profile equations require chloro-
phyll and nonchlorophyll containing component
biomasses as inputs. To obtain these quantities
the total biomass growth is assumed to result from
the growth of live chlorophyll containing biomass

M., live non-chlorophyll containing biomass M and

’
senescent, chlorotic, or dead plant material &3.

Equations for the three biomass components are
formulated from the assumption that the PAR energy
intercepted by green biomass and converted to chem—
ical form by photosynthesis first provides for the
respiratory requirement of the green biomass and
that the residual photosynthate is distributed
among green biomass production, and live nongreen
biomass production and respiration.

Total live biomass accumulation is decreased
by death and senescence processes which are
assumed to be time dependent because of the effect
of plant aging.

Live biomass which is not above ground (i.e.,
roots) is not explicitly considered in this model
but may be taken into account by assuming that
only a fraction of the live nongreen biomass
affects reflectance.

A. MATHEMATICAL EXPRESSION OF GROWTH

The proposed equation for biomass production
is £
M= [7(nSP -8
T
t,
i

lMl - BZMZ) dt (16)

where M_ is the total biomass produced over the
time interval (t,,tf), S is PAR insolation at the
top of the plant canopy, n is the efficiency of
conversion of energy into dry matter, P is the
proportion of incident radiation intercepted by
green biomass, B, is the respiration rate of green
biomass, and B8, 1s the respiration rate of live
nongreen biomass.

In analogy with Gallo et al. P is
P - 1 k1M1 (17)
Combining the two equations we obtain

-k, M
Mp = JIns(1-e™"171)-p,M -8 M, ] dt (18)
and the equivalent differential equation

dM

~k,M
i - nS(l-e 1 1)_81M1 —82M2 (19)
This equation is now split into three equations:
dM
1 kM
ol o[ nS(1-e 1)—81M1]—71M1 (20)
dM
2 -k, M
3o = (1-9)[ns(1-e 1 1)-8.M, ] ~B M, -y M, (21)
Egé = M+ M
de © Tt T Yo (22)

where ¢ is the fraction of photosynthate used for
the production of new green biomass, Yy is the
death rate of green biomass components, and Y, is
the death rate of nongreen biomass. Note thaf

m, is

=M, + M (23)
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In general,®,n, S, and perhaps 8, and B8, as
well as v, and Y, will be functions o% time %ecause
of environmentalchanges or plant physiological
changes related to ontogenetic stage.

1f the differential equations are solve numer-
ically the time variation of these quantities can
be taken into account, but in this paper calcula-
tions are made with all the quantities except Y

and Y2 assumed constant.

VIII. NUMERICAL CALCULATIONS

In this section a greeness and brightness pro-
file will be calculated for a hypothetical green
plant canopy.

In this example the plant ''death' rate in
equations (20-22) is taken to be of the form

Y1 = Y11 + let
Y2 = Y21 + Yzzt
where Yll’ Y Y2 , and Y are constants for

3
a substantialzportlon of t%g plant growth period.
This form is the simplest which embodies the idea
of a plant component death rate which is propor-
tional to the age of the live components.

The basic definition of 'dead'" biomass is
biomass which is not metabolically active. In this
example the carbohydrate stored in grain is con-
sidered to be "dead" as is the truly dead biomass
derived from senescent leaves and stems.

The quantity Y was not held constant in this
example but varied to simulate the effect of
changes in physiology with ontogenetic stage.
Similarly the parameter Y,, was given two differ-
ent values corresponding to vegetative growth and
storage of carbohydrate in grain. The value of ¢
was a constant (®=.4) and was not varied from one
growth stage to another though appropriate varia-
tion would probably lead to more realistic biomass
vs. time curves.

Equations (20-22) were put into nondimensional
form before integration to remove the need for
absolute values of parameters and initial biomass.
Biomass is nondimensionalized by dividing by
M* = £S°(1 day) so

XMy /M5 =My M5 =M R,

while nondimensional time is t Blt°

Green material biomass and the PAR extinction
are related through light interception.  Typically
light is reduced to about 95% of its incident
value at a LAI of about 5.0 with normal crop
planting densities. (This is only meant to be a
very rough estimate.) A value for k, of .599 where
the units of k, must be (LAI)_1 is compatible with
this assumptioni. The ''units" of mass must then be
the quantity of green leaves required to produce
an LAI of 1 for a one meter® area of soil. The
object of this section is to display relative
changes in biomass, reflectance, greeness and

brightness rather than magnitudes and since the
quantities entering into reflectance calculations
depend either on ratios of biomass or on the pro-
duct of biomass and extinction coefficient, no
difficulty is encountered with these "units". The
relation between LAI, green biomass, and PAR
attenuation establishes a value of o correspond-
ing to these units if it is assumed tﬁ%t in the PAR
and red absorption region all/c 24,0 and £ 21.0
where the subscript value A="1 corresponds to the
red band or PAR.

A rough estimate of 8, was made by comparing
the slope of the total biomass equations with the
slope of a logistic curve which would saturate at a
biomass value of 5x103 times the biomass assumed
present at t=1. Time from t=1 to inflection was
50 days. The value obtained was 8=.0735 day .
This forces the units of £S. In this example a
value of £S/B8.,=5.965 was chosen to be compatible
with attainment of a maximum LAI of 5.0 if death
rate terms in the growth equations were negligible.
In addition to these quantities, 8., Y, s Y.n»

A 1 .
Yoqs and vy must be specified. %hese are speci-
fieé by thei¥ ratios to B,, the green biomass
respiration rate. The values used are:
82/81 =1 ; 711/51:.00012; Y21/61:.000012.

A plot of the nondimensional green, nongreen,
and dead biomass is given in Figure 1. 1In this
example the initial values

le/s1 =.004 ; Y22/B1 = .000033
were used. Y12/81 was changed to .004 with
/B, = .00317at 't = 38.7. This represents a

Y22l 1 X .

change from the vegetative growth to grain pro-—
duction phases of the growth cycle. At £=52.15,

Y 2/81 was set to .016. This corresponds to the
rapid decrease of green material and LAT seen at
the end of a growth season. It should be noted
that neither the time scale nor the absolute

value of the masses in Figure 1 are meaningful in
themselves. It is the shape of the curve and the
relative masses that are important. However, if we
multiply all the biomasses by 2.55 to bring it to
our originally estimated LAI of 5, we change the
ratio £S/B, which will affect the shape of the
curve. But if we also multiply B, by 2.55 and
preserve the ratio we will change the value of

k., /B, which will change the shape of the curves
unless we correspondingly modify k,—-the extinction
coefficient. Further in our exampie the computed
length of the growing season is much longer (by a
factor of perhaps 6) than we initially assumed.
Thus to adjust our curve to the assumed data we
should have to increase B, and £S/B, while keeping
the original value for k, and iterate on the other
parameters until we again find acceptable biomass
curves. If we continued this iterative procedure
until a good fit for all observable quantities was
obtained for an actual crop we would obtain new
estimates of all the parameters of the differential
equations. Experience indicates that it would also
be necessary to develop a time varying value of ¢
to achieve good results. Carrying out the para-
meter estimation procedure outlined above is beyond
the scope of this paper but is mentioned to
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indicate the steps which must be taken to apply

the growth model and profile generation technique
to a real crop. For the example of this section it
should merely be noted that green LAL of only about
2 is reached by the growth model and the greeness
of the hypothetical crop is therefore expected to
be low. The build up of nongreen biomass in the
simulated canopy is very large leading to negative
greeness at the end of the growth period.

Equations (15) were used to generate the
greeness and brightness surrogate vs. time curves
in Figure 2. The values

gl: 1. H g2=.1. H b1=,1. H bzzl.

Ro’l_.ZO,, RO’Z—.AO
were used and equatioms (12) and (13) were used
to calculate the reaquired IDRs and extinction
coefficients. It is noted that despite the formal
similarity of the greeness and brightness equations
(15a and b) the curves resulting from numerical
evaluation are quite different for greeness than
for brightness. This difference in behavior
results from the different effects of changing
nongreen to green biomass ratios on ém, Em, Gm,

B_, k, and k,. 1In Figures 1 and 2 it is noted that
© 2 .

the greeness curve closely follows the green bio-

mass curve whereas the brightness curve follows the
sum of live and dead nongreen biomass.

The values of u=(x +x3)/x and m=x_+X,+X
were obtained from the p%ant growth calculations
previously discussed. The values of other para-
meters in (12) and (13) were obtained as described
below.

The assumed value of al /01 corresponds to
R 1:.101. It is assumed t%at % =1 and that the
scattering coefficient in the visible is essen-
tially the same as for the IR (o, ,.=0,,) so that
o, =0 (all scattering coefficients have approx—
i ate%% the same value). It is also assumed that
=1.2a 97 that is, the visible absorption coeffi-
ent fof nongreen material is slightly larger
an the IR absorption for nongreen material. Also
=a so the infrared absorption coefficient for
g%éen and nongreen material is about the same. The
IR composite IDR for green and nongreen material

is about .20 which leads to a21/021=a22/022 ~,06

and a12/012:.072 and Hy= a22/a21 2,06 with

—

N

1
m
1
1
h

Rt 0

1R 2 sz =.70. Then from equation (10)

R’ :.685%. Using the assumed composite extinc-—
tion coefficient k,=.599, the ratio x=(x +x3)/x
and equations (11) and (13), is fodnd to be

k
1.1129 while ka 1:.25205. T%en’ikm 2:.25045
=_k ’ s
2

03’2'

IX. CONCLUSION

The main conclusion of this paper is that
spectral temporal profiles can be understood in
terms of a causal chain extending from the micro-
scopic histological and biochemical level to large
scale field spectral measurements. Using simple

radiation interaction theory it is possible to
relate greeness and brightness changes to changes
in canopy biomass density and composition result-
ing from growth. Brightness shows a more complex
behavior than greeness because of the effect of
soil reflectance but is conceptually closely
connected. The derived greeness surrogate
expression is closely related to the empirical
greeness function (1) whenever LAI is proportional
to biomass. The quantity corresponding to Em

is a weak function of time because of its depend-
ence on biomass. This complication is an unavoid-
able consequence of the fact that greeness is a
combination of the radiances at two wavelengts.

The ability to relate spectral temporal behav-
ior to biophysical processes should facilitate
application of multispectral analysis techniques to
new situations and research problems. The work
presented in this paper is not meant to be a
substitute for proven profile techniques, but a
conceptual tool to assist in understanding certain
aspects of the physical and physiological basis
of multitemporal behavior.
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