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Abstract

The concept of canopy spectral invariants expresses the observation that simple algebraic combinations of leaf and canopy spectral
transmittance and reflectance become wavelength independent and determine a small set of canopy structure specific variables. This set includes
the canopy interceptance, the recollision and the escape probabilities. These variables specify an accurate relationship between the spectral
response of a vegetation canopy to the incident solar radiation at the leaf and the canopy scale and allow for a simple and accurate parameterization
for the partitioning of the incoming radiation into canopy transmission, reflection and absorption at any wavelength in the solar spectrum. This
paper presents a solid theoretical basis for spectral invariant relationships reported in literature with an emphasis on their accuracies in describing
the shortwave radiative properties of the three-dimensional vegetation canopies. The analysis of data on leaf and canopy spectral transmittance and
reflectance collected during the international field campaign in Flakaliden, Sweden, June 25—July 4, 2002 supports the proposed theory. The
results presented here are essential to both modeling and remote sensing communities because they allow the separation of the structural and
radiometric components of the measured/modeled signal. The canopy spectral invariants offer a simple and accurate parameterization for the
shortwave radiation block in many global models of climate, hydrology, biogeochemistry, and ecology. In remote sensing applications, the
information content of hyperspectral data can be fully exploited if the wavelength-independent variables can be retrieved, for they can be more
directly related to structural characteristics of the three-dimensional vegetation canopy.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction vegetation and atmospheric interactions and/or to monitor the
vegetated Earth from space, therefore, it is important to specify
those environmental variables that determine the shortwave

energy conservation in vegetation canopies; that is, partitioning

The solar energy that transits through the atmosphere to the
vegetation canopy is made available to the atmosphere by re-

flectance and transformation of radiant energy absorbed by
plants and soil into fluxes of sensible and latent heat and thermal
radiation through a complicated series of bio-physiological,
chemical and physical processes. To quantitatively predict the
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of the incoming radiation between canopy absorption, transmis-
sion and reflection.

Interaction of solar radiation with the vegetation canopy is
described by the three-dimensional radiative transfer equation
(Ross, 1981). The interaction cross-section (extinction coeffi-
cient) that appears in this equation is treated as wavelength
independent considering the size of the scattering elements
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(leaves, branches, twigs, etc.) relative to the wavelength of solar
radiation (Ross, 1981). Although the scattering and absorption
processes are different at different wavelengths, the interaction
probabilities for photons in vegetation media are determined by
the structure of the canopy rather than photon frequency or the
optics of the canopy. This feature results in canopy spectral
invariant behaviour for a vegetation canopy bounded from
below by a non-reflecting surface; that is, the difference be-
tween numbers of photons incident on phytoelements within the
vegetation canopy at two arbitrary wavelengths is proportional
to the difference between numbers of photons scattered by phy-
toelements at the same wavelengths (Knyazikhin et al., 1998,
2005) and is purely a function of canopy structural arrangement.
A wavelength-independent coefficient of proportionality is the
probability that a photon scattered from a phytoelement will in-
teract within the canopy again—the recollision probability
(Smolander & Stenberg, 2005). The canopy interceptance, de-
fined as the probability that a photon from solar radiation in-
cident on the vegetation canopy will hit a leaf, is another
wavelength-independent variable (Smolander & Stenberg,
2005) which is directly derivable from the canopy spectral
invariant. The canopy spectral absorptance is an explicit func-
tion of the wavelength-independent recollision probability and
canopy interceptance, and wavelength-dependent absorptance
of an average leaf. These three variables, recollision probability,
canopy interceptance and leaf absorptance, therefore, determine
the partitioning of the top of canopy radiation into its absorbed
and canopy leaving portions.

The spectral invariant relationships have also been reported
for canopy transmittance (Panferov et al., 2001; Shabanov et al.,
2003) and reflectance (Disney et al., 2005; Lewis et al., 2005),
suggesting that the canopy leaving radiation can further be
broken down into its reflected and transmitted portions. Wang
et al. (2003) hypothesize that a small set of independent vari-
ables that appear in the spectral invariant relationships suffice to
fully describe the law of energy conservation in vegetation
canopies at any wavelength in the solar spectrum. Such a result
is essential to both modeling and remote sensing communities
as it allows the measured and modelled canopy signal to be de-
composed into structurally varying and spectrally invariant
components. The former are a function of canopy age, density
and arrangement while the latter are a function of canopy bio-
chemical behaviour. Consequently, the canopy spectral in-
variants offer a simple and accurate parameterization for the
shortwave radiation block in many global models of climate,
hydrology, biogeochemistry, and ecology (Bonan et al., 2002;
Dickinson et al., 1986; Potter et al., 1993; Raich et al., 1991;
Running & Hunt, 1993; Saich et al., 2003; Sellers et al., 1986).
For example, Buermann et al. (2001) reported that a more
realistic partitioning of incoming solar radiation between the
canopy and the ground below the canopy in the NCAR Com-
munity Climate Model 3 (Kichl et al., 1996, 1998) results in
improved model predictions of near-surface climate.

In remote sensing applications, the information content of
hyperspectral data can be fully exploited if the wavelength-
independent variables can be retrieved, for they can be more
directly related to structural characteristics of the vegetation

canopy. For example, both the recollision probability and the
leaf area index (LAI) can be derived from hyperspectral data
(Wang et al., 2003). At a given effective LAI, the recollision
probability of the coniferous canopy is larger than its leaf
canopy counterpart due to within-shoot photon multiple inter-
actions (Smolander & Stenberg, 2005). The recollision prob-
ability combined with the LAI, therefore, has a potential to
discriminate between broadleaf and coniferous canopies. Such
canopy spectral invariant relationships have been exploited in
developing algorithms for retrieving LAI and fraction of ab-
sorbed photosynthetically active radiation (FPAR) from satellite
data of varying spectral band composition and spatial resolution
(Tian et al., 2003).

Smolander and Stenberg (2005), however, question the va-
lidity of the spectral invariant for canopy transmittance. They

1.0 — 0.0
—————————— - }Ak rL
1 ~
P S
08 10.2
@
g :
=
00l I
= 5
@ absorptance £
£ g
04 40.6 =
2 g
%] =
1< =
Q
0.2 0.8
—— reflectance
= = transmittance
0'0 o L 1 1 1 1'0
400 500 600 700 800 900 1000
Wavelength, nm
(b)
1.0 — - T T T T 0.0
N e =5 - \
} \
08| \ J0.2
\ @
g ' £
g \ g
= 06| i - <404 g
L]
% absorptance &
- I
P
§ 04 0.6 E
Y =
z :
Z,
0.2 —— reflectance 108
/—/ = = transmittance
0.0 L L L L L 1.0
400 500 600 700 800 900 1000

Wavelength, nm

Fig. 1. Canopy (panel a) and needle (panel b) spectral reflectance (vertical axis
on the left side) and transmittance (vertical axis on the right side) for a Norway
spruce (P. abies (L.) Karst) stand. Arrows show needle and canopy absorptance.
The needle transmittance and albedo follow the regression line 7, =0.47w—0.02
with R?=0.999 and RMSE=0.004. Measurements were taken during an
international field campaign in Flakaliden, Sweden, June 25-July 4, 2002
(WWW1, 2002).
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show that while the recollision probability and canopy inter-
ceptance perform well in estimating the spectral absorption of
both homogeneous leaf and shoot canopies, a proposed struc-
tural parameter for separation of downward portion of the can-
opy leaving radiation (Knyazikhin et al., 1998; Panferov et al.,
2001; Shabanov et al., 2003) can fail to predict spectral trans-
mittance of the coniferous canopy and spectral transmittance of
the leaf canopy at high LAI values. Panferov et al. (2001)
suggest that the spectral invariant relationship is not valid for
canopy reflectance while Lewis et al. (2003, 2005) and Disney
et al. (2005) have demonstrated its validity to describe the
transformation for leaf absorptance spectrum to canopy spectral
reflectance. The lack of physically based definitions of
wavelength-independent variables that determine separation of
the down- and upward portions of the canopy leaving radiation
is responsible for these conflicting results (Smolander &
Stenberg, 2005). The aim of the present paper is to provide a
solid theoretical basis for canopy spectral invariants. More
specifically, it addresses the following three questions. (i) How
can the wavelength-independent structural parameters be de-
fined to achieve an accurate and consistent parameterization
for canopy spectral response to the incident solar radiation?
(i1) How is the recollision probability related to the wavelength-
independent variables that control up- and downward portions
of the canopy leaving radiation? Finally, (iii)) How accurate are
these spectral invariant relationships?

The paper is organized as follows. Canopy spectral invariant
relationships reported in the literature are analyzed with data
from an international field campaign in a coniferous forest near
Flakaliden, Sweden, in Section 2 and Appendix A. Expansion
of the 3D radiation field in the successive order of scattering, or
Neumann series, and its properties are discussed in Section 3
and Appendix B. Spectral invariants for canopy interaction
coefficients, reflectance, transmittance and bidirectional reflec-
tance factors and their accuracies are studied in Sections 4—6.
Simplified spectral invariant relationships for use in remote
sensing and model studies are analyzed in Section 7. Finally,
Section 8 summarizes the results.

2. Canopy spectral invariants: observations

The aim of this section is to illustrate the canopy spectral
invariant relationships reported in the literature and to introduce
their basic properties using field data collected during an
international field campaign in Flakaliden, Sweden, June 25—
July 4, 2002. A description of instrumentation, measurement
approach and data processing is given in Appendix A.l. It
should be noted that the spectral invariant is formulated for a
vegetation canopy bounded from below by a non-reflecting
surface. However, we will use measured spectra without cor-
recting for canopy substrate effects (i.e., the fact that observed
canopies do not have totally absorbing lower boundaries). The
impact of surface reflection on canopy reflectance, absorptance
and transmittance is discussed in Appendix A.2 and summa-
rized in Fig. Al.

The canopy transmittance (reflectance) is the ratio of the
mean downward radiation flux density at the canopy bottom

(mean upward radiation flux density at the canopy top) to the
downward radiation flux density above the canopy. Similarly,
canopy absorptance is the portion of radiation incident on the
vegetation canopy that the canopy absorbs. These variables are
the three basic components of the law of shortwave energy
conservation which describe canopy spectral response to inci-
dent solar radiation at the canopy scale. 1f reflectance of the
ground below the vegetation is zero, the portion of radiation
absorbed, a(A), transmitted, #(1), or reflected, (1), by the can-
opy is unity, i.e.,

() +r(2) + a(i) = 1. (1)

Fig. 1a shows canopy transmittance and reflectance spectra
of a 50 m x50 m plot with planted 40-year-old Norway spruce
(Appendix A.1). This plot had been subjected to irrigation and
fertilization since 1987. The effective LAI is 4.37.

The leaf transmittance (reflectance) is the portion of radiation
flux density incident on the leaf surface that the leaf transmits
(reflects). These variables characterize the canopy spectral be-
havior at the leaf scale, are determined by the leaf biochemical
constituents, and can vary with tree species, growth conditions,
leaf age and their location in the canopy space. The leaf albedo,
(1), is the sum of the leaf reflectance, py (1), and transmittance,
(1), i.e.,

o(2) = pu(2) +TL(2). 2)

Fig. 1b shows spectral transmittance and reflectance of an
average needle derived from the Flakaliden data (Appendix A.1).
Measured spectra shown in Fig. la and b are used in our
examples.

2.1. Canopy spectral invariant for interaction coefficient

The canopy interaction coefficient, i(1), is the ratio of the
canopy absorptance a(A) to the absorptance 1—w(4) of an
average leaf (Knyazikhin et al., 2005, p. 633), i.e.,

a() _ 1-t(2)-r(4)
1-w(4) l-—o(4)

i(2) = 3)

For a vegetation canopy bounded at its bottom by a black
surface, this variable is the mean number of photon interactions
with phytoelements at wavelength A. The portion of photons
scattered by leaves is w(A)i(4). If w(41)=0, the canopy inter-
action coefficient, iy, is the probability that a photon from the
incident radiation will hit a phytoelement—the canopy inter-
ceptance (Smolander & Stenberg, 2005). For a vegetation can-
opy with non-reflecting leaves, the canopy absorptance and
interceptance coincide.

Fig. 2a shows the interaction coefficient, i(1), and mean por-
tion of photons scattered by leaves, w(1)i(1), as a function of
wavelength derived from measured spectra shown in Fig. 1
using Egs. (2) and (3). The canopy spectral invariant states that
the difference, i(1) —i(4¢), between portions of photons incident
on phytoelements at two arbitrary wavelengths, A and Ao, is
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Fig. 2. Panel (a): mean number of photon—vegetation interactions (interaction
coefficient), i(4) (solid line), and mean portion, w(2)i(1) (dashed line), of
scattered photons as a function of wavelength. Eqgs. (2) and (3) are used to
derive these curves from data shown in Fig. 1. Panel (b): frequency of values of
the recollision probability calculated with Eq. (4) using all combinations of 4
and Ay for which 1> 4 and |w(L)i(1) — @(2¢)i(%0)|>0.001. A negligible portion
of'the values exceeds unity due to ignoring the surface contribution (Wang et al.,
2003) and measurement errors.

proportional to the difference, w(A)i(1)—w(4¢)i(Ag), between
portions of photons scattered by phytoelements at the same
wavelengths, i.e., the ratio
i(A)—i(4
p= MR (4)
i(2)o(2)=i(Ao)w(Lo)

remains constant for any combinations of 4 and 4q (1# 4¢). The
coefficient of proportionality, p, is the probability that a photon
scattered from a phytoelement will interact within the canopy
again—the recollision probability (Knyazikhin et al., 2005;
Panferov et al., 2001; Smolander & Stenberg, 2005). Fig. 2b
shows the frequency of values of the recollision probability
corresponding to all combinations of A and Ay. Their distri-
bution suggests that the ratio (4) is invariant with respect to the
wavelength.

Setting w(19)=0, Eq. (4) can be rearranged to the form
i(A)[1=pa(A)] = ip. (5)

This equation has a very simple interpretation. The prob-
ability that photons incident on phytoelements will be scattered
and will interact within the canopy again is paw(4). The prob-
ability 1—paw(4), therefore, refers to those photons incident on
phytoelements which either will be absorbed or will escape the
vegetation as a result of the scattering event. The portion of
intercepted photons, i, therefore, is the product of the mean
number of photon-vegetation interactions, #(4), and the portion,
1—paw(A), of photons removed from the vegetation canopy as a
result of one interaction.
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Fig. 3. (a) Reciprocal of i(1) and (b) w(A)/[i(A)—io] versus values of the leaf
albedo w() derived from data shown in Fig. 1. The recollision probability,
p=0.91, and canopy interceptance, ip=0.92, are derived from the slope and
intercept of the line in panel (a) first. The interceptance, ip=0.92, is then used to
calculate w(A)/[i(A)— io]. In order to avoid division by values close to zero,
wavelengths for which i(1) —ip > 0.1 are used to generate scatter plot in panel (b).
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Eq. (5) can be rearranged to a different form which we use to
derive p and i, from field data, namely,

ﬁ:%-gwm. (6)

If the reciprocal of the canopy interaction coefficient calcu-
lated from measured canopy absorption and needle albedo
(Eq. (3)) is plotted versus measured needle albedo, a linear re-
lationship is obtained (Fig. 3a). The recollision probability, p,
and canopy interceptance, iy, can be specified from the slope
and intercept.

Smolander and Stenberg (2005) suggested that the recollision
probability may be assumed to remain constant in successive
interactions. Given i, the interaction coefficient formulated for
photons scattered one and more times is j;(A)=i(4)—io. If the
above assumption is true, then, as follows from Eq. (5), j1(A)[1 —
pa(A)]=pw(L)iy, and thus, the ratio w(1)/j;(4) is a linear func-
tion with respect to the leaf albedo. As one can see from Fig. 3b,
the data support the hypothesis of Smolander and Stenberg.

The canopy absorption coefficient, a(A)/iy, is the absorbed
portion of photons from the incident beam that the canopy in-
tercepts (Smolander & Stenberg, 2005). It follows from Egs. (3)
and (5) that

a(4)  1-w(l)
iy 1pw(l) @

The portion of intercepted photons that escape the canopy in
up- and downward directions, or canopy scattering coefficient,
is s(A)ip=1—a(L)/iy, i.e.,

s(4) o Lp

o = "Dt ®)
Fig. 4 shows correlation between canopy scattering coefficients
derived from measured spectra (Fig. 1) using equation 1 —a(4)/
iop with ip=0.89 (Fig. 3b) and from calculations using Eq. (8)
with p=0.93 (Fig. 3b).

The canopy absorption and scattering coefficients link canopy
spectral behavior at the canopy and the leaf scales. Indeed, the
ratios a(A)/iy and s(A)/iy (canopy scale) are explicit functions
of the leaf spectral albedo (leaf scale) and the wavelength-
independent recollision probability. The recollision probability,
therefore, is a scaling parameter that accounts for a cumulative
effect of the canopy structure over a wide range of scales. Theo-
retical analyses (Knyazikhin et al., 1998) and Monte Carlo
simulations (Smolander & Stenberg, 2005) suggest that the re-
collision probability is minimally sensitive to rather large changes
in the direction of the incident beam. The canopy absorption and
scattering coefficients, therefore, describe intrinsic canopy pro-
perties that determine the partitioning of the incident radiation into
its absorbed and canopy leaving portions. One of the uses of these
properties is in the interpretation of data acquired by spectro-
radiometers of different spectral bands and different resolutions
(Disney et al., 2006; Knyazikhin et al., 1998; Myneni et al., 2002;
Rautiainen & Stenberg, 2005; Tian et al., 2003; Wang et al.,
2003).

2.2. Canopy spectral invariant for reflectance and transmittance

A scattered photon can escape the vegetation canopy through
the upper or lower boundary with probabilities p and 7, respec-
tively. Obviously, p+1=1—p. Unlike the recollision probability
p (Fig. 3), the escape probabilities p and T vary with the number
of successive interactions. They, however, reach plateaus as the
number of interactions increases (Lewis & Disney, 1998). The
number of interaction events before this plateau is reached de-
pends on the canopy structure and the needle transmittance—
albedo ratio (Rochdi et al., 2006). Monte Carlo simulations of
the radiation regime in 3D canopies suggest that the escape
probabilities for up- and downward directions saturate after two
to three photon—canopy interactions for low to moderate LAI
canopies (Lewis & Disney, 1998). This result underlies the
following approximation to the canopy reflectance proposed by
Disney et al. (2005),

o(2)’R,
1=p,w(i)’

where R, R, and p, are determined by fitting Eq. (9) to the
measured reflectance spectrum.

If the probability p remains constant in successive interac-
tions, then R,=piy, Rr=ppip and p,=p. In this case, the first
term gives the portion of photons from the incident flux that
escape the vegetation canopy in upward directions as a result of
one interaction with phytoelements. The second term accounts
for photons that have undergone two and more interactions.
Violation of the above condition results in a transformation of
pio, ppio and p to some effective values Ry, R, and p, as a result
of the fitting procedure. The difference between the probabil-
ities and their effective values depends on how fast the escape
probability p reaches its plateau as the number of interactions
increases. A detailed analysis of this effect will be given in
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Fig. 4. Correlation between canopy scattering coefficients derived from data
shown in Fig. 1 using equation 1—a(A)/iy and from calculations using Eq. (8).
Data corresponding to the spectral interval 709 <A <900 nm are used to gen-
erate this plot. This interval excludes the noisy data (1>900 nm) and wave-
lengths for which 1 —a(4)/i3<0.05 (1 <709 nm).
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Sections 5 and 7. A simpler expression, assuming R,=p,R;, can
also be used, with a reduction in accuracy of the approximation
(Disney and Lewis, 2005).

Fig. 5 shows correlation between measured canopy reflec-
tance and canopy reflectance evaluated using Eq. (9) with
R=0.15, p,=0.59, and R,=p,R;=0.09. One can see that field
data follow the relationship predicted by Eq. (9) and therefore
support the approximation proposed by Disney and Lewis. In
this example, R; and p, give the best fit to the measured re-
flectance spectrum. These coefficients can also be obtained
from the slope and intercept of the regression line derived from
values of the needle albedo w and the reciprocal of /@ at wave-
lengths from the interval between 700 nm and 750 nm. In this
case, values of w are uniformly distributed in the interval [0.1,
0.9] and the canopy reflectance exhibits a strong variation with
o. These features allow us to minimize the impact of ground
reflection and measurement uncertainties on the specification of
R, and p, from the regression line.

Panferov et al. (2001) suggest that, if the needle transmit-
tance to albedo ratio 7 (4)/w(L) does not vary with the wave-
length, the spectral invariant in the form of Eq. (5) holds in the
relationship between canopy transmittance and leaf albedo, i.e.,

— t()
1_th(/l) .

(4 (10)

Here 1, is the zero-order canopy transmittance defined as the
probability that a photon in the incident radiation will arrive
at canopy bottom without suffering a collision (Smolander &
Stenberg, 2005). Analogous to Eq. (9), the use of the fitting pro-
cedure results in a transformation of the recollision probability to
its effective value p, due to neglecting variation in the escape
probability T with successive interactions. Fig. 6a shows corre-
lation between measured canopy spectral transmittance (Fig. 1a)
and canopy transmittance simulated with Eq. (10). Although
Eq. (10) poorly approximates the observed canopy spectral trans-
mittance in this particular case, the canopy interceptance,
ip=0.92 (Fig. 3a) and zero-order transmittance, #,=0.06
(Fig. 6a), follow the expected relationship, #,+ip= 1, sufficiently
well. In this example, 7, and p, were specified by fitting Eq. (10)
to the measured transmittance spectrum shown in Fig. 1a.

Fig. 6b shows correlation between measured canopy trans-
mittance and canopy transmittance evaluated with an equation
similar to Eq. (9), namely,

(11)

where the coefficients ¢, 7} and p, are chosen by fitting Eq. (11)
to the measured #(1). Analogous to Eq. (9), the coefficients T
and p, are effective values of the probabilities ti, and p. It can
be seen that a much better match with observed canopy spectral
transmittances has been achieved. A theoretical analysis of this
result will be given in Sections 5 and 7. It should be noted that
canopy transmittance is sensitive to the needle transmittance—
albedo ratio 1 (1)/w(4) (Panferov et al., 2001; Rochdi et al.,
2006). This may imbue wavelength dependence to the escape
probabilities for low order scattered photons.

To summarize, field data on canopy and leaf transmittance
and reflectance spectra support the validity of the theoretically
derived spectral invariant relationships reported in literature.
Two well-defined wavelength-independent variables, the recol-
lision probability and canopy interceptance, and the wavelength-
dependent leaf albedo determine the canopy absorptive proper-
ties at any wavelength of the solar spectrum. The non-absorbed
portion of the incident radiation can be broken down into its
reflected and transmitted portions. However, no clear physical
interpretation of the canopy structure dependent coefficients, p,.
and p,, appeared in the spectral invariant relationships for can-
opy reflectance and transmittance has been reported. This cur-
rently hinders their use in remote sensing and model studies.

3. Canopy spectral invariants: mathematical basis

The data analysis presented in Section 2 suggests that the
recollision and escape probabilities, their effective values and
leaf optical properties allow for a simple parameterization of the
spectral radiation budget of the vegetation canopy with non-
reflecting background; that is, partitioning of the incoming
radiation into canopy transmission, reflection and absorption at
any wavelength in the solar spectrum. Its accuracy depends on
how fast the escape probabilities reach their plateaus as the
number of interactions increases. The aim of this section is to
provide mathematical and physical bases for the process of
photon—vegetation successive interactions. The formulations of
Vladimirov (1963) and Marchuk et al. (1980) are adopted.

Let Vand 6V be the domain where radiative transfer occurs
and its boundary, respectively. The domain ¥ can be a shoot,
tree crown, or a part of the vegetation canopy with several trees,
etc. We use x and Q to denote the spatial position and direction
of the photon travel, respectively. We shall assume that (i) the
domain ¥ is bounded by a non-reflecting surface 6V, (ii) the
domain Vis illuminated by a parallel beam; and (iii) the incident
flux is unity (Appendix B.2). Let Qy(x,L2) be the distribution of

0.30 T T T T T

0.25 o0
@>0.9
0.20 | E

0.15 4

0.10 - 4

Simulated reflectance

0.05 - 4

0-00 L 1 L 1 L 1 L 1 L 1 L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Measured reflectance

Fig. 5. Correlation between measured canopy reflectance and canopy reflectance
evaluated using Eq. (9) with R;=0.15, p,=0.59, and R,=p,R;=0.09 for the
spectral interval 400 <1 <900 nm. The arrow indicates a range of reflectance
values corresponding to @ =>0.9.
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Fig. 6. Correlation between measured canopy transmittance and canopy
transmittance simulated using (a) Eq. (10) with #,=0.06, p,=0.67 and (b) Eq.
(11) with #,=0.06, 7;=0.017 and p,=0.94. In both cases, the sum of the canopy
interceptance, iy, (Fig. 3a) and ¢, is close to one, i.e., in+7=0.92+0.06=0.98.

uncollided photons in 7 defined as the probability density that a
photon entering V" will arrive at x along the direction Q without
suffering a collision. Under the conditions (i)—(iii), values of Qg
do not depend on the wavelength.

Uncollided photons can either be absorbed or scattered as a
result of the interaction with phytoelements. Given Q,, the
radiation field O, generated by photons scattered once can be
represented as Q;=TQ,. Here T is a linear operator that sets in
correspondence to Q,, the three-dimensional distribution of pho-
tons from @, scattered by the vegetation canopy once. In
the radiative transfer equation, it is an integral operator (Appendix
B.5). In Monte Carlo models, T is a procedure that inputs Q,
simulates the scattering event, calculates the photon free path and
outputs the distribution, Q;, of photons just before their next
interaction with phytoelements. In terms of these notations, pho-
tons scattered m times can be expressed as Q,,=7Q,,—1=T"Q,.
Unlike Q,, the distribution Q,, depends on the wavelength 1. The
distribution, 7;(x,L2), of photons in the domain V" with a non-

reflecting boundary 67 can be expanded in successive order of
scattering or, in Neumann series,

L(x,Q) =00+ TOy+ T*Q + ... + T" Qg +- - - (12)

The following notations are introduced to investigate the
Neumann series (12). Let || /]| be the interaction coefficient of a
3D radiation field f(x,Q) in the domain /] i.e.,

I1£1] = / / o(x, Q)|f (x, 2)|drde, (13)
A JV

where the integration is performed over the domain J and the
unit sphere 47. Here o is the extinction coefficient; that is, ods is
the probability that a photon while traveling a distance ds in the
medium along the direction € will interact with the elements of
the host medium. In terms of these notations, the canopy in-
teraction coefficient, i(4), and canopy interceptance, iy, are |||
and ||Qy||, respectively. The probability density, e,,(x,€2), that a
photon scattered m times will arrive at x along the direction
without suffering a collision can be expressed as

_ On(x,Q)

el Q) ==

(14)

A photon scattered m times will be scattered again with a prob-
ability of y,,+; where

1Om1]]
=———. 15

These probabilities are related as 7e,,=7,, 1€, + 1 (Appendix B.6).
The recollision probability, p,,+ is therefore the ratio of 7,4 to
the single scattering albedo w, i.e.,

Yin
P =2 (16)

The following mathematical results underlie the derivation
of the spectral invariant relationships (Riesz & Sz.-Nagy, 1990;
Vladimirov, 1963)

lgn Ym = Yoo> lgn en(x, Q) = e, (x, Q). (17)

In general, the probabilities e,,(x,£2) and 7,, vary with the scat-
tering order m. However, they tend to reach plateaus as the
number of interactions increases (Lewis & Disney, 1998). The
limits ., and e,, are the unique positive eigenvalue of the op-
erator 7, corresponding to the unique positive (normalized to
unity) eigenvector e, i.e., 7€,,= Y€ and ||e,||=1 (Vladimirov,
1963). These variables do not depend on the incident radiation
(Appendix B.4).

The convergence process given by Eq. (17) means that v,
and e,,(x,Q) do not vary much with the order of scattering m if it
exceeds a sufficiently large number, i.€.,7,, = Voo, €,(X, Q)< €,
(x,9) and Te,, =~ y,.e,, for m, m+1, m+2, ... The number m
depends on the initial radiation field Oy which, in turn, is a
function of the 3D canopy structure. Assuming negligible varia-
tion in 7y, and e,,(x,L2) for the scattering order m and higher and
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accounting for Egs. (12) and (14), the radiation field 7;(x,2) can
be approximated as (Appendix B.6)

[/l(x7 Q) - I).,m (xa Q) + 5/117 (18)
where
. Yin
Ln(x,2) =Y [|Oxllex + 1Omll ;= — ey, (19)
k=0 “Ym+1
5m = [/l(xz Q)illA,m (X, Q) (20)

The radiation field 7, ,,(x,L2) is the mth approximation to the
3D radiation field in the vegetation canopy, and 6, is its error.
Note that the non-negativity of e, k=1,2, ..., are critical to
derive Eq. (20). Egs. (18)—(20) underlie the derivation of the
canopy spectral invariant relationships and their accuracies. It
should be emphasized that these results are not tied to a particular
canopy radiation model. The operator 7 represents any linear
model that simulates the scattering event and the photon free
path for photons from a given field. We will use the 3D radiative
transfer equation to specify the operator 7 (Appendix B.5).

4. Canopy spectral invariant for the canopy interaction
coefficient

Knyazikhin et al. (1998) showed that the spectral invariant
relationship is accurate for ||/;e..||. The spectral invariant for the
canopy interaction coefficient i(A)=||/;]| is derived under the
assumption that ||/,e..|| = ||[;||. The relationship given by Eq. (5),
therefore is an approximation to i(4). Its accuracy depends on
how fast the sequence 7y,,, m=1,2,..., converges to the eigenvalue
V.- The analysis of field data summarized in Fig. 3 suggests that
variation in p,, =9,/ with the scattering order is negligible, i.e.,
the “zero” approximation (m=0) provides an accurate estimate
of i(4) and thus supports the above assumption. Here we
examine the accuracy of the spectral invariant for the canopy
interaction coefficient as a function of the scattering order m.

It follows form Eq. (19) that the mth approximation, i,,(1), to
i(4) is

m

in(2) =3 110+ 110ull ”’”“H

k=0
- m+1
. (21)
(kz: 1- 'Ym+1>
Here iy=||Qy|| is the canopy interceptance; 0o=1, and

oo 10 _ 10l el il

Ol [1Ok-1ll 1Okl [1Ool|
=Y1Y2" " Yo k=1 (22)

The error, di,,, in the mth approximation can be estimated as
(Appendix B.6)

|5lm| = |i(i)_im(;“) =

Sm+1i0a (23)

Eymt1 -
m+1

where

o0
Y - Oms 14k
gva_maXM’ Sm+1:§ "57 (24)
k=1 Yt 14k = Umn

Note that lim {/0,,= vy, If m is large enough, i.e., "V/0,+1 =
Y., the 12110 Oy 1+4/0m1 can be approximated by y%. Substitut-
ing this relationship into Eq. (24) one obtains s,, = Y,/(1 — ).

Two factors determine the accuracy of the mth approxima-
tion. The first one is the difference between successive appro-
ximations 7,,+ and 7,,+1+4 that is, the smaller this difference,
the more accurate the approximation is. Examples shown in
Fig. 3 suggest that the zero approximation provides an accurate
spectral invariant relationship for the canopy interaction coef-
ficient. Indeed, the canopy interceptances derived from two
methods (Fig. 3)) and from the canopy spectral transmittance,
io=1—1, (Fig. 6), agree well with each other. This can take place
if p1=p,.

The contribution of photons scattered m+1 or more times to
the canopy radiation field is the second factor. Their contri-
bution is given by 0, 1/(1—Ppms1) =2 /(1-7.,) which de-
pends on the recollision probability, p,, and the single
scattering albedo, w; that is, the higher y,,=p.,® is, the higher
order of approximation is needed to estimate the canopy inter-
action coefficient. This is illustrated in Fig. 7. One can see that
the difference p, —p; reaches its maximum at high p values.
The spectral invariant cannot be derived if p,,w=1 since the
Neumann series (12) does not converge in this case.
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Fig. 7. Correlation between p; and p, for different values of leaf area index
(LAI). Calculations were performed for a vegetation canopy consisting of
identical cylindrical “trees” uniformly distributed in the canopy layer bounded
from below by a non-reflecting surface. The canopy structure is parameterized in
terms of the leaf area index of an individual tree, Ly, ground cover, g, and crown
height, AH. The LAI varies with the ground cover as LAI=gL,. The stochastic
radiative transfer equation (Appendix C) was used to derive canopy spectral
interaction coefficient i(1) and canopy interceptance iy as a function of LAIL The
first p;, and second, p,, approximations to the recollision probability were
calculated as described in Section 2.1 using simulated values of /(1) and i(4) — io.
Here max{|p; —pa|/p1}=0.02. The crown height and plant LAI are set to 1
(in relative units) and 10, respectively. The solar zenith angle and azimuth of the
incident beam are 30° and 0°.
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5. Canopy spectral invariant for the canopy transmittance
and reflectance

Let the domain 7 be a layer 0 <z < H. The surfaces z=0 and
z=H constitute its upper and lower boundaries, respectively. We
denote by || f]|, and || /1|, the upward flux at the canopy top and
downward flux at the canopy bottom, respectively, of a radia-
tion field f(x,9Q), i.e.,

11l = [ @ [ aor. )l

z=0 2nt
W, = [ dr | dQf(r, Q)|ul, (25)
el

where u is the cosine of the zenith angle Q and 27" (27 )
denotes the upward (downward) hemisphere of directions. In
terms of these notations, the canopy reflectance, (1), and trans-
mittance, #(4), are ||[;||; and ||Z,||; (Appendix B.2).

Let p,, and 1, be the probabilities that a photon scattered m — 1
times will escape the vegetation canopy through the upper and
lower boundary, respectively, as a result of interaction with a
phytoelement (i.e., Appendix B.5)

_ LTl 1 IT"Qoll,

m 1 11 Tm__,i‘ 26
S0 ™ = w100 (26)

We term p,, and 7, escape probabilities. The escape probabilities
vary with the scattering order. It follows from Eq. (17) that they
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Fig. 8. Recollision probability, p,,=7,,/®, and escape probabilities, 7,, and p,,,
as a function of the scattering order m. Their limits are p,,=0.75, 7,,=0.125 and
Po=0.125. The relative difference ¢, ,,+, in the recollision probability is 3% for
m=0 and 0.8% for m=1. The relative differences in escape probabilities are
maxy>1 T304~ 3|/ T34k = 3.3%, and maxy>; |p3,—p3|/p30 = 4%. Calcula-
tions were performed for the 3D vegetation canopy described in Fig. 7. Crown
height, ground cover and plant LAI are set to 1, 0.16, and 10, respectively. The
solar zenith angle and azimuth of the incident beam are 30° and 0°.
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Fig. 9. Convergence of e, to the positive eigenvector, e,., of the operator 7. This
plot shows variations in the ratios maxgcar+{€m+1/en} (solid line) and
mingeoq+ {€mi1/€m} (dashed line) with the scattering order m. For m> 5, their
values fall in the interval between 0.98 and 1.04. Calculations were performed
for the 3D vegetation canopy described in Fig. 7. Crown height, ground cover,
plant, solar zenith angle and azimuth of the incident beam are the same as in
Fig. 8.

reach plateaus as the number of interactions increases. We denote
their limits by p,, and 7.

It follows from Eq. (19) that the mth approximation, 7,,(4)
and ¢,,(1), to the canopy reflectance and transmittance are

\ - Ompom .
rn(2) = Lmll, = | D2 puOicr + 220 i, (28)
k=1 1_'Ym+1

. Hmfm+1 .
t(4) = ||I/1,mHt =1+ Z Tk Op—1 + ——— | wiy. (29)
k=1 17'Ym+1

Here ty=1—1i, is the probability that that a photon in the inci-
dent radiation will arrive at canopy bottom without suffering a
collision, iy is the canopy interceptance; and 6 is defined by
Eq. (22).

Errors in the mth approximation of canopy reflectance and
transmittance can be estimated as (Appendix B.6)

9mpm+l

|5rm| = |r()h)_rm()~)|S(8r,m+l + S'Yﬁm-&-l) Sigmwi07 (30)

1_’\/m+1

O T ,
10tm] = [t(A)~tn(D)|<(8ems1 + Eymit) sy iy (31)
1_’Ym+1
Here is ¢, , defined by Eq. (24) and
m “Rm = Hm m
Eiem+1 = maxwy Siem = i +k7 (32)
k=1 Km+k =1 em Km+1

where k and k. represent either canopy reflectance (k=r, kn=
pm) OF canopy transmittance (K=t, Km="Tn).

In addition to two factors that determine the accuracy in the
mth approximation to the canopy interaction coefficient (cf.
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Eq. (23)), or,, and d¢,, also depend on the proximity of two
successive approximations K,.; and k,..+; to the escape
probabilities.

Thus, the errors in the mth approximations to the canopy re-
flectance and transmittance result from the errors in the recol-
lision and escape probabilities, and from a contribution of
multiple scattering photons to the canopy radiation regime. The
mth approximation to the canopy reflectance and transmittance,
therefore, is less accurate compared to the corresponding appro-
ximation to the canopy interaction coefficient. This is illustrated
in Fig. 8. In this example, the relative difference |7},,1+4— V1|’
V14 18 3% for m=0 and becomes negligible for m>1. The
zero and first approximations provide accurate spectral in-
variant relationships for the canopy interaction coefficient.
The corresponding differences in the escape probabilities do
not exceed 4% for m>2, indicating that two scattering orders
should be accounted to achieve an accuracy comparable to
that in the zero approximation to the canopy interaction
coefficient.

6. Canopy spectral invariant for bidirectional reflectance
factor

The mth approximation, [ ,(z=0,82), to the canopy bidi-
rectional reflectance factor (BRF), is given by Eq. (19). Its error,
|6,,(z=0,9)| can be estimated as (Appendix B.6)

|0m|< o SBRF m+1

m+1

|€ +I+/\’<z :07Q>7em+k(z :Ov‘Q)‘ "Y k1" Y ‘
m + max +1 m+1 ,

X a.
k>1,Qe2nt

entk(z=0,Q) k>1 Vm-tk+1
(33)
o o 0m+l+k o
SBREm+1(2 = 0,Q) = 0 emk(z =0,9Q). (34)
=1 m+1

Here 27" in Eq. (33) denotes the upward hemisphere of directions.
If m is large enough, i.e., "V/0,1 =y, and e+ = e, the term
SBREm+1 can be approximated as Sprrm+1 = €xVoo/(1 7). Its
values, therefore, are mainly determined by the contribution of
photons scattered m+ 1 and more times to the canopy radiation
regime.

As it follows from Eq. (33), the accuracy in the mth appro-
ximation to the canopy BRF depends on the convergence of )+«
and e, to the eigenvalue, V.., and corresponding eigenvector,
€., of the operator 7. Convergence of the former is illustrated in
Fig. 8. Fig. 9 shows variations in maxgca,+{en+1/en} and
mingeoy+{eny1/en} with the scattering order m. In this example,
the difference e,,+1+4—e,+1 1S negligible for m >4, indicating
that the fourth approximation provides an accurate spectral
invariant relationship for the canopy BRF. Variation in the
probability e,, with the scattering order m should be accounted
to evaluate the contribution of low-order scattered photons.
Recently Rochdi et al. (2006) reported a sensitivity of the
canopy BRF to the leaf transmittance, 1y, versus albedo, w,
ratio. This result suggests that the number m at which e,
saturates is a function of 1 /w.

7. Zero-order approximations to the canopy spectral
reflectance and transmittance

The theoretical analyses indicate that while the zero appro-
ximation is accurate for the canopy interaction coefficient, the
canopy transmittance and reflectance require more iterations to
achieve a comparable accuracy. The empirical analyses pre-
sented in Section 2 suggest that the zero approximations simu-
late observed spectral reflectance and transmittance sufficiently
well if the recollision probability in the spectral invariant rela-
tionships is replaced with some effective values. Here we derive
effective recollision probabilities for canopy reflectance and
transmittance and examine accuracies in the modified zero
approximations.

It follows from Egs. (16), (22), (28) and (30) that the canopy
spectral reflectance can be represented as

wp1pPy | WP1P; .
L) = A or = 1 S,
r(2) = ri(4) + on p1+17p2w+17p2w 1 | wig
I*wpzAH .
I-prw @pPrto (35)

Here S,.; is defined by Eq. (B10) and the term 4, charac-
terizing the accuracy in the first approximation is

Ar,l = 17&& [1 +Sh1]- (36)
P1P2

The data analyses suggest that the reciprocal of the canopy spec
tral reflectance normalized by the leaf albedo w varies “almost”
linearly with @ (Section 2.2). Based on this observation, we
replace the relationship between the reciprocal of 7/(wipp;) and
the leaf albedo w with a regression line Y=o, —fB,p2w. Co-
efficients R and p, in the approximation (9) with R,=p,R1, can
be specified from the slope f- and intercept o, as

i ,
R =201 pr=pzﬁ—, (37)
Oty Oty
! 1_Ar 1
o = 1—2p2/ ————w(2-3w)do,
0 l_pzl‘n]w (38)
B 6/l 124 2w-1)d
= ——ow(2w-1)dw.
0 lfpzl‘rﬁlw
Similarly, the canopy transmittance is
Thw ipT
()t =5 . ==, p =P2&- (39)
Pt Oy Oy

Here o, and f3, are given by Eq. (38) where 4,.; is calculated
using the escape probabilities 71, 72, and the coefficient S;; (see
Eq. (B10) in Appendix B.6). We term this approach an ‘inverse
linear approximation’. Note that if the escape probabilities do
not vary with the scattering order (4,1 =4, =0), the slopes and
intercepts in the linear regressions models are equal to p, and
unity, respectively, and the inverse linear approximation coin-
cides with the zero approximation. If variations in the escape
probabilities become negligible for m>2, (&2~ 0, k=r.f), the
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effective probabilities p, and p, are functions of p1, p2, p2, p1
and py, p», T2, T1, respectively.

Fig. 10 shows variation in the reciprocal of #(4)/w and (#(4)—
to)/w with the leaf albedo and the corresponding regression lines
as well as recollision probability p, and its effective values, p,.and
s as functions of the leaf area index (LAI). Fig. 11 demonstrates
the energy conservation relationships (27) for m=1. The escape
probabilities are calculated from Egs. (37) and (39) as R,/iy and
T'/i. One can see that the impact of the regression coefficients o,
and o, on the escape probabilities is minimal; that is, a deviation
from the relationship R/ip+T1/ip+p;= 1 does not exceed 5%.
This is not surprising because values of (1 — 4, 1)/(1 — 4, 1p>w) in
Eq. (38) for o, (k=r) and o, (k=¢) are multiplied by the function
w(2—3w) whose integral is zero. Note that the sum of the
recollision and escape probabilities derived from field data is 1.06
(Figs. 3, 5 and 6b). A discrepancy of 6% is comparable to
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Fig. 10. (a) Reciprocal of #(1)/w and (#(1)—ip)/w as functions of the leaf albedo
and their linear regression models. (b) Recollision probability p, and its effective
values p, and p, as functions of the LAI. Calculations are performed for the 3D
vegetation canopy described in Fig. 7 with input parameters as in Fig. 8 (panel a)
and Fig. 7 (panel b).
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Fig. 11. Energy conservation relationship p;+7;+p;=1 for different values of
the leaf area index. The escape probabilities p; and 7, are calculated as the ratios
of coefficients R, and 7 in the inverse linear approximations to the canopy
interceptance i, i.e., p; =Ry/iy and 1, =R,/iy. The difference p; +1,+p;—1 does
not exceed +0.05. Calculations are performed for the 3D vegetation canopy
described in Fig. 7. Note that the recollision and escape probabilities derived
from field data (Figs. 3a and 6b) satisfy p; +1,+p; —1=0.06.

uncertainties due to the neglect of surface reflection (Fig. Al).
The effective values of the recollision probabilities, p, and p,,
however, depend on f3. and f3, (Fig. 10b).

Since eigenvalues and eigenvectors of the operator 7' are
independent on the incident radiation, the limits p,, p., and 7.,
of the recollison and escape probabilities do not vary with the
incident beam. Smolander and Stenberg (2005) showed that the
first and higher orders of approximations to the recollision
probability are insensitive to rather large changes in the solar
zenith angle. Although the first approximations to the escape
probabilities exhibit a higher sensitivity (Fig. 12) to the solar
zenith angle, their sum, p; +7,=1—p;, remains almost constant.
This is consistent with our theoretical results suggesting that the
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Fig. 12. Recolision probability, p;, its effective values, p, and p,, escape
probabilities, p; and 7;, and the canopy interceptance, iy, as functions of the
solar zenith angle. Eq. (26) is used to specify p; and 7,. Calculations are
performed for the 3D vegetation canopy described in Fig. 7 with input
parameters as in Fig. 8.
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Fig. 13. Relative error in the canopy reflectance as a function of the single scattering albedo for three values of canopy leaf area index, 1, 3 and 7.5.

canopy interaction coefficient requires less iterations to reach a
plateau compared to the canopy reflectance and transmittance.
The sensitivity of the effective recollision probabilities to the
solar zenith angle is much smaller compared to the canopy
interceptance.

Fig. 13 shows relative errors in the inverse linear appro-
ximation and the mth approximations, m=1, 2 and 3, to the
canopy reflectance as a function of the leaf albedo and leaf area
index. The error decreases with the scattering order. For a fixed
m, it increases with the leaf albedo and canopy leaf area index.
This is consistent with the theoretical results stating that the
convergence depends on the maximum eigenvalue Y., =p,w;
that is, the higher its value is, the higher order of approximation
is needed to estimate the canopy reflectance. In this example,
the third and inverse linear approximations have the same ac-
curacy level, i.e., they are accurate to within 5% if @ <0.9. The
data analyses do not reject this conclusion (Fig. 5). The relative
error in the canopy transmittance (not shown here) exhibits
similar behavior. More advanced approaches that provide the
best fit not only to the canopy reflectance and transmittance but
also to the shortwave energy conservation law are discussed in
Disney et al. (2005).

8. Conclusions
Empirical analyses of spectral canopy transmittance and

reflectance collected during a field campaign in Flakaliden,
Sweden, June 25—July 4, 2002, support the validity of the theo-

retically derived spectral invariant relationships reported
in literature; that is, a small set of well-defined measurable
wavelength-independent parameters specify an accurate rela-
tionship between the spectral response of a vegetation canopy
with non-reflecting background to incident solar radiation at the
leaf and the canopy scale. This set includes the recollision and
escape probabilities, the canopy interceptance and the effective
recollision probabilities for canopy reflectance and transmit-
tance. In terms of these variables, the partitioning of the incident
solar radiation between canopy absorption, transmission and
reflection can be described by explicit expressions that relate
leaf spectral albedo to canopy absorptance, transmittance and
reflectance spectra.

In general case, the recollision and escape probabilities vary
with the scattering order. The probabilities, however, reach
plateaus as the number of interactions increases. The canopy
spectral invariant relationships are valid for photons scattered m
and more times where m is the number of scattering events at
which the plateaus are reached. Contributions of these photons
to canopy absorption, transmission and reflection can be accu-
rately approximated by explicit functions of saturated values of
the recollision and escape probabilities, the single scattering
albedo and the canopy interceptance. Variation in the probabil-
ities with the scattering order should be accounted to evaluate the
contribution of low order scattered photons.

The numerical and empirical analyses suggest that the re-
collision probability reaches its plateau after the first scatter-
ing event. This is a sufficient condition to obtain the spectral
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invariant for the canopy interaction coefficient that accounts for
all scattered photons. The theoretical and numerical analysis
indicates the escape probabilities require at least one more
scattering event to reach the plateau. The theoretical, numerical
and data analyses, however, suggest that the spectral invariant
for canopy reflectance and transmittance can be applied to all
scattered photons if one replaces the recollision probability in
the spectral invariant relationships for canopy reflectance and
transmittance with the some effective values. Their accuracies
depend on the product of the recollision probability and single
scattering albedo; that is, the higher these values are, the lower
their accuracies. The numerical analysis suggests that the
relative errors in the spectral invariant relationships for canopy
transmittance and reflectance do not exceed 5% as long as the
single scattering albedo is below 0.9. The recollision probabil-
ity, its effective values and escape probabilities are appeared to
be minimally sensitive to rather large changes in the solar zenith
angle.

The probability density that a photon scattered m times will
escape the vegetation canopy in a given upward direction con-
verges to the wavelength-independent positive eigenvector of
the transport equation as the number m of interactions increases.
This property allows us to formulate the spectral invariant for
the canopy bidirectional reflectance factor; that is, the angular
signature of photons scattered m and more times is proportional
to the positive eigenvector. The coefficient of proportionality is
an explicit function of the single scattering albedo, the re-
collision probability and the number m of scattering events. The
numerical analysis suggests that the convergence can be
achieved after three to four interactions.

Recall that the spectral invariant relationships are valid for
vegetation canopy bounded from below by a non-reflecting
surface. The three-dimensional radiative transfer problem with
arbitrary boundary conditions can be expressed as a superpo-
sition of the solutions of some basic radiative transfer sub-
problems with purely absorbing boundaries to which the spec-
tral invariant is applicable (Davis & Knyazikhin, 2005;
Knyazikhin & Marshak, 2000; Knyazikhin et al., 2005; Wang
et al., 2003). This property and the results of this paper suggest
that spectral response of the vegetation canopy to the incident
solar radiation can be fully described by a small set of inde-
pendent variables which includes spectra of surface reflectance
and leaf albedo, the wavelength-independent canopy intercep-
tance, recollision probability, its effective values and escape
probabilities. This has significant implications for the effective
exploitation of canopy radiation measurements and modelling
methods. In particular, it allows for the decoupling of the struc-
tural and radiometric components of the scattered signal. This in
turn permits better quantification and understanding of the struc-
tural and biochemical (wavelength-dependent) components
of the signal, which by necessity are generally considered in a
coupled sense.
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Appendix A. Field data
A.1. Description of field campaign and measurements

The Flakaliden field campaign was conducted between June
25 and July 4, 2002 with the objective of collecting data needed
for validation of satellite derived leaf area index (LAI) and
fraction of photosynthetically active radiation (FPAR) absorbed
by the vegetation canopy. There were 39 participants from sev-
en countries: Sweden, Finland, United States, Italy, Germany,
Estonia, and Iceland. Flakaliden is located in northern Sweden,
a region dominated by boreal forests. Canopy spectral trans-
mittance and reflectance, soil and understorey reflectance spec-
tra, needle optical properties, shoot structure and LAI were
collected in six 50 m x50 m plots composed of Norway spruce
(Picea abies (L.) Karst) located at Flakaliden Research Area
(64°14'N, 19°46'E) operated by the Swedish University of
Agricultural Sciences. Each plot has its own variables and
controls to determine factors that influence tree growth, i.e.,
experimental treatments of the plots involve tree response to
variations in irrigation and fertilization. Data collected in an
irrigated and fertilized plot (plot 9A) are used in Section 2.

Simultaneous measurements of spectral up- and downward
radiation fluxes below, and upward radiation fluxes above the
50 m x50 m plots from 400 nm to 1000 nm at 1.6 nm spectral
resolution were obtained with two ASD hand-held spectro-
radiometers (Analytical Spectral Devices Inc., 1999). A
helicopter was used to take ASD measurements above the
center of each plot at heights of 15, 30 (used in this study), and
45 m. The ASD field of view was set to 25°. A LICOR LI-1800
spectroradiometer (LI-COR, 1989) with standard cosine
receptor was placed in an open area to record spectral variation
of incident radiation flux density between 300—1100 nm at 1 nm
spectral resolution. All spectroradiometers were inter-calibrated
by taking a series of simultaneous measurements of downward
fluxes in an open area. We followed the methodology of Wang
et al. (2003) to convert the measured spectra to canopy spectral
reflectance and transmittance. Note that the spectral measure-
ments were made under ambient atmospheric conditions of
direct and diffuse illumination. This can cause some “spikes” in
spectral downward radiation fluxes at the Earth’s surface
(Fig. 1a), e.g., due to variation in the fraction of the direct ra-
diation (Verhoef, 2004). The impact of direct and diffuse com-
ponents of the incident radiation on canopy spectral invariant
relationships is discussed in Wang et al. (2003).

Current year, 1-year and 2-year-old spruce needles were
sampled from six different heights in the control and irrigated
with complete fertilizer plots and their transmittances and re-
flectance spectra were measured under laboratory conditions
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using ASD FieldSpec Pro spectroradiometer and LICOR LI-
1800-12s External Integrating Sphere (LI-COR, 1989). We
followed the measurement methodology documented in
(Daughtry et al., 1989; Mesarch et al., 1999). Needle spectral
reflectance and transmittance of an average needle were ob-
tained by averaging 50 measured spectra with a high weight
given to the 2-year-old needles (80%) and equal weights to the
current (10%) and 1-year (10%) needles. More details about
instrumentation and measurement approach can be found in
WWWI (2002).

A.2. Uncertainties due to the neglect of surface reflection
In the framework on one-dimensional radiative transfer
equation, the canopy transmittance, #(1), reflectance, (4), and

absorptance, a(1), can be represented as (Knyazikhin & Marshak,
2000; Wang et al., 2003)

tgs (/)

H(2) = W = tgs(4) + t(A) pgu(A)1s(4), (A1)
r(4) = ras(4) + 1(4) psur (D15 (4), (A2)
a(4) = aps(4) + t(2) psyr(A)as(4). (A3)

Here, pq, is the hemispherical reflectance of the canopy ground.
Variables rgg and rg; fgs and tg; ags and ag denote canopy
reflectance, transmittance, and absorptance calculated for a vege-
tation canopy (1) illuminated from above by the incident radiation
and bounded from below by a non-reflecting surface (subscript
“BS”, for black soil); and (2) illuminated from the bottom by
normalized isotropic sources and bounded from above by a non-
reflecting boundary (subscript “S”). These variables are related
via the energy conservation law, i.e., a,+r;+#=1,i=BS, S.

The canopy spectral invariants are formulated for fgg, rgg and
ags. In Section 2, the measured spectral transmittance, ¢, and
reflectance, r, are taken as estimates of rgg and fzgg. The ab-
sorptance agg is approximated using Eq. (1). It follows from
Eqgs. (A1)—(A3) that the relative errors, 4,, 4, and 4,, and in
ags, tgs and rgg due to the neglect of surface reflection can be
estimated in terms of ¢, 7 and pg,, measured during the Flakaliden
field campaign as

aBs_(l_I’_Z) t t
4, = = t <— P (A4
I—— l_t_rpsur( s+ rS) l_t_rpsur ( )
— — t
4, = tBS = Psur’S=<Psur; a4, = : :BS psur 5= psun (AS)

Thus, our approximations overestimate fgg and rgg, and
underestimate ags. Since neglected terms fs, s, and fg+rg are
below unity, Egs. (A4) and (A5) provide the upper limits of 4,,
A, and 4. Fig. A1 shows upper limits of the relative errors as a
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Fig. Al. Upper limits of the relative errors 4,, 4,, and 4, in estimates of gs, 7gs
and apg due to the neglect of surface reflection.

function of the wavelength. As one can see, measured canopy
absorptance approximates agg with an accuracy of about 5%.
Deviations of measured canopy transmittance and reflectance
from tgg and rgg in the interval 400 < A <700 nm do not exceed
5%. Contribution of the canopy ground to transmittance and
reflectance in the interval 700 <A <900 nm is significant and
cannot be ignored.

Appendix B. 3D radiative transfer equation and its
properties

Below, the formulation of the radiative transfer in three-
dimensional vegetation canopies of Knyazikhin et al. (2005) is
adopted. The mathematical theory of the radiative transfer
equation can be found in Vladimirov (1963).

B.1. Operator notations

Let L and S, be the streaming-collision and scattering linear
operators defined as

LI, =QeVJ,(x,Q) + a(x, Q)J,(x, Q),

(B1)
S = / G (x, Q' Q)T (x, ')dQ’ .
47

Here Qe VJ; is the directional derivative that quantifies change
in J;(x,£2) near x in direction Q; o and o, are the total
interaction cross-section (extinction coefficient) and differential
scattering coefficient. These coefficient are related as

/ 05(x, Q' —Q)dQ = w(x, Q" )a(x,Q), (B2)
4n

where @ is the single scattering albedo (Knyazikhin et al.,
2005). For ease of analysis, we assume that the single scattering
albedo does not depend on x and ©Q’. It coincides with the leaf
albedo in this case. In radiative transfer in vegetation canopies,
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the extinction coefficient does not depend on the wavelength
(Ross, 1981).

B.2. Boundary conditions

Let the domain V be illuminated by a parallel beam of unit
intensity. Interaction of shortwave radiation with the vegetation
canopy in V'is described by the following boundary value prob-
lem for the 3D radiative transfer equation (Knyazikhin et al.,
2005; Ross, 1981)

L], =S8,J;, (B3)

Ji(xp, Q) = 0(2-Q), xpeoV, Qen,<0. (B4)
Here Q, is the direction of the incident beam; n, is the outward
normal at point x,&0V, and J;(x,Q) is the monochromatic
intensity which depends on the wavelength, A, location x and
direction Q. The flux, F*, of radiation incident on the canopy
boundary is given by Ft = [ |n, ®Qo|H(—n;, ®Q)dr, where
‘H is the Heaviside function. For boundary conditions used in
Section 5, F*=|uo|0V, where uy is the cosine of the polar angle
of Qy and 67 is the area of the canopy upper boundary. The
boundary condition for the lower boundary is set to zero. Under
conditions (i)—(iii) (see Section 3), the intensity, 7,(x,Q2), of
radiation field in V' is given by the solution of the boundary
value problem (B3) and (B4) normalized by F*, i.e., [,=J,/F".

B.3. Comments on Eq. (17)

In the framework of functional analysis, Eq. (13) is a norm in
the Banach space of integrable functions, and 7 is a linear
operator acting in this space. Eq. (17) are valid for any linear
operator satisfying some general conditions (Riesz & Sz.-Nagy,
1990) which are met for the three-dimensional transport equa-
tion (Vladimirov, 1963) and Monte Carlo models of the ra-
diative transfer (Marchuk et al., 1980).

B.4. Eigenvectors and eigenvalues of the radiative transfer
equation

An eigenvalue of the radiative transfer equation is a number y
such that there exists a function e(x,) that satisfies yLe=S;e and
zero boundary conditions. Since the eigenvalue and eigenvector
problem is formulated for zero boundary conditions, y and e(x,L2)
are independent on the incoming radiation. Under some general
conditions (Vladimirov, 1963), the set of eigenvalues and
eigenvectors is a discrete set. The radiative transfer equation has
a unique positive eigenvalue, Y., that corresponds to a unique
positive eigenvector, e,, (Vladimirov, 1963).

B.5. Successive orders of scattering approximations

The intensity, /;(x,©2), satisfies the integral radiative transfer
equation 7, =71, + O, (Knyazikhin et al., 2005). Here 7=L" 'S,,
and Q, satisfies LOy=0 and the boundary conditions (B4)
normalized by the incident flux F*. The boundary conditions

and the streaming-collision operator do not depend on wave-
length, and thus, Q, is wavelength independent. The solution
L=(E-T) 'Q, to the integral radiative transfer equation can
be expanded in the Neumann series (12) where Q,,=T7"Qo
satisfies the equation LQ,,=S,0,,-1 and zero boundary con-
ditions. The symbol £ denotes the identity operator. Integrating
this equation over spatial and directional variables and taking
into account Eq. (B2), one obtains the following energy con-
servation relationships

17" Ooll, + 117" Qoll, + 17" Qoll = || T Qo] (B5)
Eq. (27) is obtained by dividing Eq. (B5) by ||T" ' Qy|l.
It follows from Egs. (26) and (14) that
p = LIT"Qoll, _ 1 IT"Qoll [[T"Qoll,
"o|IT Q][ oI Qoll (1T Qo
=—"|lew]],- B6
2 ey, (B6)

This equation can be rewritten as |e,,||,,=®p,./V,. Similarly,
Hem||t:a)1m/ym-

B.6. Error in the mth approximation

It follows from Eq. (14) that
70,

v el = ||Qm+lH Qm+1 _ — Te
1¢m+1 — - - m-
" Ol 1Ol [1Oml|

(B7)
Taking into account the operator identity Z T+ = (E-T)™!
and Eq. (B7), one gets k=0

Om = 1;(x, Q)L m(x, Q)

=T(Z Tk>Ton—||Qm| Tl g
k=0

1_'merl
-1

— 10, [T(E—T) en—

Te,,
“Ym+1

1
- (E—T)em]
1_’Ym-',-l

-1
1 m
= ||QmHT(E—T) [em— em_’_’Ym+le +1:|
1_7m+1 1_’Ym+l

o (e-1) [

— (|0ull 22N (Trepi—Then).

1_Vnz+l =1

It follows from Eqgs. (B7) and (22) that

00
_ o+ O [ _ Ymy1
Om = oz = § % Cm+k+1 Cm-+k
Ym+1 —l m+1 'Ym+1+k
00

. O Ok Ym+1+4k™ Ym+1
=l E 9*—‘“<em+k+1—em+k e Cuk |-
Ym+1 m+1 'Ym+1+k

(B8)

The upper bound to the error 9,, follows directly from Eq. (B8).
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Let x and «,, represent either canopy reflectance (k=r, k,,=
pm) OF canopy transmittance (k=t, k,,=1,,). Integrating 9,,|u|
over the upward (downward) directions and taking into account
Egs. (22), (26) and (B6) one gets

Ok = ||0m]],

0 =, 0
_ iO m+1 m+k+1 <||em+k+l||;<_
1_’merl =1 0m+1

Ym+1
_ym—+||em+k||l<)

m+1+k
o0
i 9m 0m+k+1 (COKm+I+k Ym+1 me+k>
0 —
l_merl k=1 gm
o0
. Om Herk Ym+1
= wlol_4 E 0 Km+1+k— Km+k
’Ym+l k=1 m ’Ym+k
0 =~ 0
wi mKm+1 m+k Km+k <Km+l+k ’Ym+1>
= Wiy —

Ymt1+k  Ym+1+k Ymtk

17'Ym+1 =1 9m Km+1 Km+k Ym-+k
. Ome+1
= Wl 1_45‘}{,"‘17
Ym+1
(B9)
where
Ok Kk (Kmit ok Kmik | Yk Yt
Sx,m = Z + .
=l On Kmi Km-+k Ym-+k
(B10)

It follows from Eq. (B10) that |S, | < (&1 €y mi1)Sicm-
Estimate (23) can be obtained in a similar manner.

Appendix C. Simulation of the 3D canopy radiation regime

The domain V' is a parallelepiped of horizontal dimensions
Xg, Y4, and height H. The top, 6V;, bottom, &V}, and lateral,
oV, surfaces of the parallelepiped form the canopy boundary
OV, Trees in Vare represented by cylinders with the base radius
rg and the height H. Non-dimensional scattering centres
(leaves) are assumed to be uniformly distributed and spatially
uncorrelated within tree crowns. The extinction coefficient
takes on values () and zero within and outside the tree
crowns, respectively. The centres of crown bases are scattered
on OV according to a stationary Poisson point process of
intensity d. The amount of leaf area in the tree crown is
parameterized in terms of the plant LAI, Lo, defined as the
total half leaf (needle) area in the tree crown normalized by the
crown base area 7r5. In the Flakaliden research area, its value
varies between 5 and 15. The canopy LAI is gL, where g=1
—exp(—nrid) is the ground covered by vegetation (Huang et
al., in press). A uniform and bi-Lambertian models are
assumed for the leaf normal distribution and the diffuse leaf
scattering phase function, respectively (Knyazikhin et al.,
2005; Ross, 1981). Leaf hemispherical reflectance and
transmittance are assumed to have the same value. The
stochastic radiative transfer equation is used to obtain vertical
profiles of horizontally averaged 3D radiation field 7;(x,92)
(Huang et al., in press; Shabanov et al., 2000). A detailed
description of the stochastic model used in our simulations can
be found in Huang et al. (in press).
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