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The Role of Canopy Structure in the Spectral
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Abstract—This paper presents empirical and theoretical I. INTRODUCTION
analyses of spectral hemispherical reflectances and transmit- .
tances of individual leaves and the entire canopy sampled at two AND surface processes are important components of the
sites representative of equatorial rainforests and temperate conif- terrestrial climate system. An accurate description of in-

erous forests. The empirical analysis indicates that some simple teractions between the surface and the atmosphere requires reli-
algebraic combinations of leaf and canopy spectral transmittances gp|e quantitative information about the fluxes of mass and mo-

and reflectances eliminate their dependencies on wavelength . .
through the specification of two canopy-specific wavelength-in- mentum over terrestrial areas, where they are closely associ

dependent variables. These variables and leaf optical properties t€d with the rates of evapotranspiration and photosynthesis.
govern the energy conservation in vegetation canopies at any given The vegetation canopy is a special type of surface because of its
wavelength of the solar spectrum. The presented theoretical devel- role in the Earth’s energy balance and also, due to its impact on
opment indicates these canopy-specific wavelength-independentihe global carbon cycle. The problem of accurately evaluating

variables characterize the capacity of the canopy to intercept and -
transmit solar radiation under two extreme situations, namely, the exchange of carbon between the atmosphere and terrestrial

when individual leaves 1) are completely absorptive and 2) totally Vegetation has received scientific [1] and also, political attention
reflect and/or transmit the incident radiation. The interactions of  [2].

photons with the canopy at red and near-infrared (IR) spectral The solar energy that transits through the atmosphere to
bands approximate these extreme situations well. One can treat the vegetation canopy is made available to the atmosphere by
the vegetation canopy as a dynamical system and the canopy eqectance and transformation of radiant energy absorbed by

spectral interception and transmission as dynamical variables. - .
The system has two independent states: canopies with totally Plants and soilinto fluxes of sensible and latent heat and thermal

absorbing and totally scattering leaves. Intermediate states are a radiation through a complicated series of biophysiological,
superposition of these pure states. _Such an intgrpretation provides chemical, and physical processes. Therefore, to quantitatively
powerful means to accurately specify changes in canopy structure predict the vegetation and atmospheric interactions, it is

both from ground-based measurements and remotely sensed data. . . . : .
This concept underlies the operational algorithm of global leaf important to specify those environmental variables that drive

area index (LAI), and the fraction of photosynthetically active the short-wave energy conservation in vegetation canopies.
radiation absorbed by vegetation developed for the moderate Thatis, partitioning of the incoming radiation between canopy
resolution imaging spectroradiometer (MODIS) and multiangle absorption, transmission, and reflection. Many studies investi-
gnbagmq spsectroradllg(r)ngtei_r (MISR) instruments of the Earth  gated the interaction of solar radiation with vegetation canopies
serving System (EOS) Terra mission. through canopy radiation models (see for example, [3], [4]).

~ Index Terms—EOS Terra, leaf area index (LAI), multiangle Most of them, however, were aimed at examining the scattering
imaging spectroradiometer (MISR), moderate resolution imaging - hehavior of various types of vegetation which is correlated with
zgﬁgitrr]c;radlometer (MODIS), radiative transfer, vegetation remote vegetation-atmosphere processes [5], [6]. In the forests, for
' example, the interactions of photons with the rough and rather

thin surface of tree crowns and also, with the ground exposed
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tion of leaf area index (LAI) and fraction of absorbed photosynipper tree layer (upper canopy), 30 m and higher (up to 60
thetically active radiation (fAPAR) based on the law of energy). The mean tree height is about 45 m, and the predominant
conservation has been developed and implemented for opesgecies is Burseracedaicoumea klaineanéOkoumé). Other
tional use with moderate resolution imaging spectroradiometierportant species aréacryoides buettneri(Burseraceae),
(MODIS) and multiangle imaging spectroradiometer (MISRIyvingia gabonensisandl. grandifolia (Irvingiaceae), various
data during the Earth Observing System (EOS) Terra missibialium species (Caesalpiniaceae), and other Leguminoses or
[9], [10]. A key idea to incorporate the energy conservation lathe giantOngokea gor€Olacaceae).

for the retrieval of LAl and fAPAR is the use of eigenvalues of 2) Solling Site: This site is a coniferousP(cea abies (L.)

the transport equation to relate optical properties of individuKlarst) forest in Solling approximately 50 km North—-West of
leaves to vegetation canopy transmittance, absorptance, and3éttingen, Germany (“F1 Flache;” 5128l and 9.35 E, Alti-
flectance. Although this approach was theoretically justified [9fude: 500 m a.s.l.). The forest is nearly 115 years old. The trees
[10] and prototyped with available satellite data [11], [12], naverage a height of 26 m, with an average crown height of about
direct evidence of its validity was presented. Our primary old-1 m. The tree density is 456 trees/ha, and the ground beneath
jective in this article is to demonstrate the theoretically derivatie canopy is a dark soil with litter-fall. A one-year shoot of size
relationships between the eigenvalues of the transport equatidn7 cm was taken as the basic foliage element (“needle leaf”)
leaf and canopy optical properties are consistent with those dethis study. This site was selected in 1966 as an experimental
rived from measurements. Eigenvalues that drive the short-waegion for a “Solling Project” within the EU Program “Experi-
energy conservation in vegetation canopies are measurablerpantal Ecology” [15].

rameters. Therefore, our secondary objective is to demonstrat8) Instruments: The LI-1800 spectroradiometer with stan-
the importance of including systematic measurements of leddrd cosine receptor was used to measure canopy spectral
and canopy spectral properties in ground-based observation gransmittances and to determine the spectral composition of
grams at research stations. This data can be used to accuratelgming radiation in the region from 400 nm to 1100 nm, at 1

specify dynamics of canopy structure changes. nm resolution. The instrument was mounted on a tripod with

a specially constructed holder to keep the LI-1800 horizontal

Il. EXPERIMENTAL SITES, INSTRUMENTATION AND at about 1 m above the forest floor. The LI-1800-12 external
MEASUREMENTS integrating sphere was mounted on LI-1800 to measure the leaf

) i ] spectral hemispherical transmittances and reflectances. The
The hemispherical canopy transmittance (reflectance) f@5ectroradiometer was calibrated by means of the LI-1800-02

nonisotropic incident radiation is the ratio of the mean dowRypiical radiation calibrator. In Solling, the canopy spectral
ward radiation flux density at the canopy bottom (mean Upwaﬁ‘émispherical reflectances were also measured.

radiation flux density at the canopy top) to the downward

radiation flux density above the canopy. The hemispherical legf Field Measurements

transmittance (reflectance) is the portion of radiation flux den- All measurements at the Forét des Abeilles site. Gabon. were
sity incident on the leaf surface that the leaf transmits (reflect srformed with one LI-1800 instrument. A rope,system,was
The hemispherical leaf albedo is the sum of the hemispheri elounted between dnvinia grandifoliatreéand a raft [16] that
leaf transmittance and reflectance. All these variables ar

wavelength dependent. The reflectance and transmittance o s located on the crown offialium sp. First, the instrument
Y P : NS pulled up and the spectral variation of incident radiation

individual Ieaf.depenQS on the tree species, growth gonditioqﬁx at the top (nonobscured by tree crowns) was measured.
leaf age, and its location in the canopy space. Described bel en it was pulled down and measurements of spectral down-

are the two forest s[tes with a Qark ground chosen to Measy&rd radiation fluxes were taken at six different points located 1
leaf and canopy optical properties.

m above the forest floor. The average of these six measurements
was taken as the mean downward radiation flux at the canopy
bottom. To account for changes in sun position during ground
1) Forét des Abeilles SiteThis site is an equatorial measurements and consequent changes in spectral composition
rainforest at the border of Réserve de La Lopé-Okandaf, the incident radiation, a second measurement of the inci-
Gabon (Forét des Abeilles;°040 82' S and 12 54 65" dent spectral flux at the top was taken immediately following
E; altitude: 215 m a.s.l.). The measurements were tak#re ground measurements. The mean of the two measurements
during an Operation Canopy La Makande'99 campaigmas used to specify the incident spectral flux in the canopy. The
(www.radeau-des-cimes.com). The dominant vegetatiomean canopy transmittance was evaluated as the ratio between
type is “Marantaceae-forest” [13], [14], containing typicamean fluxes of transmitted and incident radiation fields. These
climbing species of Marantacee (e.¢daumania liebrecht- measurements were carried out on March 3, 1999 between 10:00
siana, Hypselodelphis violaceaer Ataenidia confertp in  and 11:00, and March 4, 1999, between 11:20 and 12:20, under
the understory. The forest is clearly stratified into three maiiear sky conditions.
layers: 1) the understory, up to 10 m high; 2) the lower Five leaves from each layer were sampled and their spectral
tree layer (lower canopy), 15 to 20 m, with species such &ensmittances and reflectances were measured 1 h later under
Trichoscypha spp(Anacardiaceae)Enantia chlorantha and laboratory conditions using the same LI-1800 and the external
Polyalthia suaveolengboth Annonaceae), as well as variou&l-1800 integrating sphere. For each layer, a pattern of leaf
Lauraceae Qcotea gabonengisand Rubiaceae; and 3) thespectral transmittance and reflectance is taken as the average of

A. Sites and Instruments
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Fig. 1. Mean spectral albedo (solid line) and its standard deviation (dotted line) for leaves in (a) the understory of the Forét des Abeill¢stainfened (b)
the entire crown of the Solling coniferous stand. These mean spectral curves were used in all calculations presented in this paper.

the five measurements. Fig. 1(a) shows the leaf spectral albdtlo CANOPY SPECTRAL TRANSMITTANCE AND ABSORPTANCE
(leaf transmittance plus leaf reflectance) and its standard devia- DATA ANALYSIS
tion for leaves in the understory of the Forét des Abeilles rain- ., £(\), £()), anda()\) be the canopy transmittance, re-

forles;slt?nd.t LI-1800 librated t th flectance, and absorptance at wavelengtiihese variables are
n Sofling, two LI~ s callbrated fo one another Were USQfle 1ree phasic components of the law of energy conservation. If

to meta Zure tthe C?no% spetzctral tr1a7nsr|r:|ttances. The f|rs;cj Bfectance of the ground below the vegetation is zero, this law
mounted on top of a 50 m tower [17]. It was programme )%m be expressed as

sample the spectral composition of the downward radiation flu
every 3 min. The second instrument was used to measure the t(A) +r(\) +a()) =1 (1)
spectral variation of downward radiation fluxes at six different

points, each point 1 m above the forest floor. Six simultaneosat is, radiation absorbed, transmitted, and reflected by the
measurements of incident and transmitted radiation fluxes wesgnopy is equal to radiation incident on the canopy. Let leaf
taken on June 4, 1998 between 15:30 and 16:00, and Jun@dnsmittance, reflectance, and albedo at wavelengthe
1998 between 11:30 and 12:00, under clear sky condition®noted byr(\), p(A) andw()\), respectively. They are related
For each day, mean spectral downward radiation fluxes

the canopy top and bottom were evaluated using these six

simultaneous measurements. The mean canopy transmittance w(A) =7(A) + p(N).

was evaluated as the ratio between mean fluxes of transmitted

and incident radiation. On June 4, 1998, the second LI-1800L€t i(A) be the canopy absorptiax(\) normalized by leaf
was mounted on top of the tower to measure upward radiatidRsorptionl — w(A), i.e.,

flux. The spectral variation of upward fluxes was collected a(\) 1= t() = r(\)

between 13:00 and 13:30. The ratio between upward and i(\) = =

downward radiation fluxes above the canopy was taken as the 1—w(N) 1—w(d)

canopy reflectance. For a vegetation canopy bounded at its bottom by a black sur-

One-year shoots of size 5-7 cm with needles of different aggge, this variable is the mean number of photon interactions
(currentyear and second year) were sampled from sun and shgg leaves at wavelength before either being absorbed or ex-
parts of crowns. Their spectral transmittances and reflectan the canopy. We term this variable canopy interception.
were measured one hour later in a laboratory, using the secon
LI-1800 with the LI-1800-12 external integrating sphere. WA Spectral Invariant
followed the standard measurement methodology [18], thougt\N

. . e
no geometrical corrections were made [19]. The spectral curves
were separated into four groups with respect to the location of x(Xo) — x(A1)
the shoot in the canopy space (sun and shade crown) and needle Ex(Aos A1) = Iy ) — wiX Iy )

w(Ao)x(Ao) — w(A1)x(A1)
age (current year and last year). Each group was represented
by five spectral curves. From these data, three patterns of medrere x represents either the canopy transmittanig)),
leaf spectral transmittance and reflectance were derived. Treanopy interceptiori{)), or canopy reflectancg \). Note that
were assumed to represent the optical properties of the leave§,iny = t, i, andr, are symmetrical functions with respect to the
the sun, shade, and the entire crown. Fig. 1(b) demonstratesgpectral variables, and\;. Thatis.&, (Ao, A1) = & (A1, Ao).
mean spectral albedo and its standard deviation of leaves in Teese functions are undefined wheag = ;. We consider
whole crown. the case when, > A;. For each day and site, the spadgg,

begin the data analysis by examining the variable
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Fig. 2. (a) Cumulative (left axis, solid line) and density distribution functions (right axis, dotted lirfe)[sée (2)] derived from data collected at the Forét des

Abeilles site on March 3, 1999. (b) Density distribution functiongofsee (2)] derived from data collected at the Solling site on June 4, 1998 and June 6, 1998.

x = t, i, andr of realizations of¢, (Ao, \;) were created. 25
That is, values of the functiod, (Ao, A1) corresponding to
all combinations of)\y and Ay, for which Ay > X; were
calculated. In order to avoid division by zero in (2), values
of £, (Ao, A1) corresponding to couple§hg, A1) for which
lw(Xo)x(Xo) — w(A1)x(A1)] > 5-107* were used. For the
Solling site, D, included values o, (Ao, A1) corresponding
to the mean spectral albedos of leaves in sun, shade, and
the whole crown. For the Forét des Abeilles site, patterns of
mean albedos representing different vertical layers and the
entire canopy were used to defide,. For each pattern of
leaf albedo, histograms df, (Ao, A1) were derived. Finally, Y SN ]
the cumulative distribution functions), (p) [probability that 0 02 04 06 08 1
& < p 0 < F (p) < 1] and density distribution functions p
fx(p) = dF\(p)/dp were derived from these histograms.

The cumulative and density distribution functiohg p) and Fig. 3. Density distribution functions af; (solid line) and¢. (dotted line)
fe(p), derived from data collected at the Forét des Abeilles Siilgrlved from data collected at the Solling site on June 4, 1998.
on March 3, 1999, are shown in Fig. 2(a). A subsebgfcorre-
sponding to the spectral albedo of leaves in the understory cgructure and slightly to sun position. Fig. 3 (dotted line) demon-
tained 213 341 values of (2). One can see tigp) is very close  strates the density distribution functigp(p) for the canopy re-
to the Heaviside function, with a sharp jump from zero to 1 #flectance derived from Solling data. Combinations &f,(\;)
pe ~ 0.88. The density distribution functiofi(p) behaves as were formed from the interval [550 nm, 1000 nm], and the mean
the Dirac delta-function, i.edFi(p)/dp =~ 6(p — p¢). Indeed, spectral albedo of leaves in the entire crown was used. The max-
74% of the 213 341 values fell in the interval [0.84, 0.96). 4%mum of f.(p) was atp, = 0.92. Solid line in Fig. 3 illustrates
and 22% of these values were below 0.84 and above 0.96, tite density distribution functiof; (p) the for canopy intercep-
spectively. The density distribution function achieved its maxion derived from Solling data (June 4, 1998) using the same
imum atp, = 0.88. The distribution functions;(p) and fi(p) pattern of leaf spectral albedo and the spectral interval [400
corresponding to the same mean albedo and derived from dat& 1000 nm]. The interval [0.92, 1] contained 79% of 170 405
collected on March 4, 1999, exhibited similar behavior. Howalues in the spac®;, maximum of f;(p) was atp; = 0.94.
ever, the maximum of,(p) was afp, = 0.96. The density distri- Thus, with a high probability, the variables (2) are wavelength
bution functionsf; (p) derived from data collected at the Sollingndependent, i.e&, is invariant with respect to the wavelength.
site on June 4, 1998, between 15:30 and 16:00 and June 6, 1998,
between 11:30 and 12:00, are shown in Fig. 2(b). The spice
was formed from values @t (A, A1) corresponding to spectral
variables from the interval [550 nm, 1000 nm]. Valuesppf
at which the density distribution functions reached their max- Results presented in Section IlI-A indicate that simple alge-
imum were 0.52 (June 4, 1998) and 0.48 (June 6, 1998). Thbsaic combinations of leaf and canopy spectral transmittances
the most probable value ¢f is strongly sensitive to the canopyand reflectances are only slightly sensitive to the wavelength.

20 1

15 F

10 1

Density distribution function

B. Spectral Variation of Canopy Transmittance and
Absorptance
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Fig. 4. (a) Measured and calculated canopy spectral transmittances and (b) their correlation for the Forét des Abeilles site on March 3, 1999.
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Fig.5. Canopy transmittantgleft axis) and the ratig of the leaf transmittance to the leaf albedo (right axis, legend “zeta”) as functions of leaf allokedived
from (a) the Forét des Abeilles (March 4, 1999) and (b) Solling (June 6, 1998) data. The labels “400,” “487,” “555,” and “650” depict equples(})] and
[w(A), ¢(X)] of measured leaf albedo(A), canopy transmittanag A ), and the rati@ () at 400 nm, 487 nm, 555 nm, and 650 nm, respectively. The label “(0.5;
0.45)" separates a value of the canopy transmittance correspondingt0.5 and( = 0.45. One can see thtiand¢ take on multiple values simultaneously.

TABLE | If our hypothesis about the invariance of (2) is correct, one
COEFFICIENTp; AS A FUNCTION OF EXPERIMENTAL SITE AND PATTERN OF can evaluate Canopy transmittance, reflectance, and abSOfptance
MEAN LEAF SPECTRAL ALBEDO R .
a(A) = [1 — w(N)]i(\) at any wavelength once these variables

Pattern of mean leaf spectral albedo D RMSE I3 RMSE are known at a reference wavelength It will be shown in this
Solling site (Germany) June 04, 1998 June 06, 1998 section that (3) can be used to evaluate canopy transmittance
Sun crown 0.51  0.0049  0.41 0.0073 d int fi d f b t but
Shade crown 061 00044 047 0.0071 and interception (and, consequently, canopy absorp ance) bu
Whole crown 0.54  0.0041 048 0.0067 not canopy reflectance. For each experimental site, we solved
Ilzorét des Albeilles site (Gabon) lsﬁéagch 030, é?gﬁ o ggzrch 0‘8(;59799 the following problem: given the pattern of mean leaf spectral
pper tree layer . . . X : . ; ) . i )
Lower tree layer 0.84 00087 0926 0043 albedo (defined in Section 1I-B), fing, such that the dlsagre_e
Understory 0.88 00038 0957 0017 ment between measured valueg0f) and those evaluated with
Whole canopy 0.854 0.0071 0931  0.033 (3) is minimized. Table | presents coefficigntas a function of

the site and pattern of mean leaf spectral albedo. For the Solling
) ) site, the best values gf were 0.54 (June 4, 1998) and 0.48
Letpy, x =t,1, andr be mathematical expectations@f Re-  (june 6, 1998). Both of these correspond to the needle mean
solving (2) with respect ta(A), one obtains the most probablespectral albedo averaged over the entire tree crown. Mean spec-
canopy spectral transmittan¢g = t), interception(x = i), gl albedo of understory leaves provided the best agreement be-
and reflectanc¢x = r) as tween measured and evaluated canopy spectral transmittances
in the case of the Forét des Abeilles site. Valuegpofvere
0.88 (March 3,1999) and 0.957 (March 4, 1999). Fig. 4 demon-
1 —pyw(Xo) strates measured and calculated canopy spectral transmittances
x(\) = 1—pw()) xX(Ao)- ©) and their correlation for the Forét des Abeilles site on March
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Fig. 6. Measured (legend “measured”) and calculated (legend “calculated”) canopy transmittances versus leaf albedo for the Solling site 4n1@)8une
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couplesf(A), t(A)] corresponding to 400 nit A < 487 nm and\ = 650 nm. At these wavelengths, the coefficié(h ) varies considerably witly(A) almost
unchanged [Fig. 5(b)]. Different parts of the canopy transmittance can be approximated by (3) with different values of the paraBethrapproximation

starts from the curve “zeta,” i.e., given canopy transmittances at a reference leafalbeda(\,) for different values of = 7(X,)/w,, one can find canopy
transmittance for any other leaf albedo. Measured leaf albedos and canopy transmitt@ages(A)] lying on the curves = 0.80” (panel a) andp = 0.85”

(panel b) cause a local maximum of the distribution functiffi®) atp = 0.80 [Fig. 2(b), solid line] ang = 0.85 [Fig. 2(b), dotted line].
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Fig. 7. (a) Measured and calculated canopy spectral interceptions and (b) their correlation for the Solling site on Jung;4--1998;.

3, 1999. A one-to-one correspondence between leaf albedo dnd998. One can see that (3) approximates the canopy spec-

canopy transmittance can be observed for almost all valuestia interception accurately. Given canopy interception, canopy

leaf albedo. Each plot in Fig. 5 contains two curves. The firsgpectral absorptance can be evaluated a3 = [1 —w(A)]i(N).

with the left vertical axis shows the transmittance as a functi®@ubstituting this expression into (3), one obtains the following

of leaf albedo, and the second, with the right vertical axis, ifermula for canopy spectral absorptance [9]

lustrates the ratig of leaf transmittance to leaf albedo, i.e.,

¢ = 7/w, as a function of leaf albedo. One can see the func-

tionst and( take on multiple values simultaneously. However,

if canopy transmittances at a reference leaf albhage- w(Ao)

for different values of. = 7(\y)/wp are known one can easily Fig. 8(a) shows measured and calculated canopy spectral ab-

find canopy transmittance at any other leaf albedo (Fig. 6). Feorptances for the Solling site.

example, a value of the canopy transmittance» at 0.5 and Calculations presented in Section IlI-A indicate the density

¢ = 0.45 [the point labeled “(0.5; 0.45)” in Fig. 6(b)] can bedistribution function f.(p) for canopy reflectance localizes

evaluated with (3) using canopy transmittancevat 0.1 and some values ofé,. (Fig. 3). Although the measured and

¢ = 0.45 [the point labeled as “487” in Fig. 6(b)] and the paealculated reflectances are sufficiently close to each other

rameterp, = 0.10 [the curve $ = 0.10” in Fig. 6(b)]. [Fig. 8(b)], (3) cannot be used to approximate canopy spectral
Fig. 7 demonstrates measured and calculated canopy spectfi¢ctance. Indeed, let us assume that this describes the physics

interceptions and their correlation for the Solling site on Jurdd the radiative transfer process correctly. It follows from this

1 —pw(Xo) 1—w(})
al=7= piw()\o) 1—w(Xo)

a(Ao)- 4)
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Fig. 9. Weighted canopy transmittande— w]r(w) as a function of (a) leaf albedo and (b) wavelength derived from Solling data (June 4, 1998).

assumption thafl — w)r(w) is either a decreasing (if. < 1) (1 —w)x(w), x = t, i, indicated by (3) [Figs. 8(a), 10(a) and
or increasing (ifp, > 1) function with respect ta. Fig. 9(a) (b)].
shows the function1 — w)r(w) derived from Solling data.  Recall, the upward flux of canopy leaving radiation was mea-
One can see that our assumption contradicts the measuremesuised at one spatial point above the forest stand (Section 11-B),
Thus, the use of (3) to simulate spectral variation of canopgsulting in a rather high uncertainty in the measured canopy
reflectance can lead to a wrong interpretation of the radiatigpectral reflectance [17]. The effect of this uncertainty on the
transfer process in vegetation canopies. canopy spectral absorptance is not quit discernible [Fig. 10(b)].
Why does the density distribution functiofy(p) localize However, values of1 — w)r(w) derived from a particular mea-
some values of,.? One can see from Fig. 9(a) tHat— w)r(w) surement of canopy spectral reflectance can greatly differ from
is a nearly symmetrical function relative &0 ~ 0.4. That is, those obtained by resolving the energy conservation law (1) with
it takes approximately the same values.dh,) = 0.4 + w respect ta and using (3) to evaluate canopy spectral transmit-
and w(X) = 0.4 — w. The variable, takes a value of tance and absorptance. Fig. 13(c) shows the weighted canopy
about 1 in this case. About half of couplés(A;), w(A;)] reflectancegl — w)r(w) versus the mean albedo of a leaf in
corresponding to different Ao, A1) satisfy the condition coniferous tree crowns for three patterns of the weight w)
04 — w(Ag) = 04 + w(Ay) [Figs. 1(b) and 9(b)]. As a result, derived from the Solling data. Essential variations in the shape
about 52% of¢, values fall in the interval [0.92, 1). Thus, inof (1—w)r(w) can be seen and consequently, the points at which
this particular case, the symmetry @f — w)r(w) results in (1—w)r(w) reaches its maximum can clearly be seen. Although
a localization of¢,. values. This example demonstrates that @ot enough data were collected to evaluate the mean canopy re-
good fit between measured and modeled canopy reflectancelidstance accurately, the canopy reflectance calculated with (1)
not a sufficient argument to relate such a model to the physi@aid (3) reflects the correct tendency in the behavior of data. That
process; that is, such a model can still violate the law of energy (1 — w)r(w) is not a monotonic function with respect to the
conservation. The canopy spectral interception, transmittarieaf albedav [Fig. 10(c)]. This finding suggests that focusing on
and absorptance data are consistent with the behavior tioé development of canopy radiation models without accounting
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Fig. 10. Weighted canopy (a) transmittaride— w)t(w), (b) absorptancél — w)a(w), and (c) reflectancél — w)r(w) derived from Solling data on June 4,
1998 (points) and calculated (lines) with (3). Patterns of spectral leaf albedo shown in Fig. 1(b) were used to plot measured Vatugsrofersus the mean
albedo of a leaf in coniferous tree crowns, namely, the mean albedla leaf in coniferous tree crowns (legend “mean w”), anfl o (legends “mean w- sigma”

and “mean w— sigma,” respectively). Here; is the dispersion ab. The meaning of the label®“= 0.10,” “p = 0.48,” and p = 0.85" is the same as in Fig. 6.

for canopy transmittance and absorptance (which are sensifivean be described by the Heaviside function. This means ex-
to the within-canopy radiation regime) can lead to an incorreptession (2) does not depend upon wavelength. That is, they are
interpretation of measured data. invariant with respect to the spectral variable. In this section, we
Thus, the energy conservation in vegetation canopies atlevelop theoretical arguments to interpret the physical meaning
given band of the solar spectrum is driven by optical propertie$ the points at which the cumulative distribution functions of
of individual leaves at this spectral band and two wavelengfh, x = t, andi jump from zero to 1. The analysis is based on
independent structural parameters. Simple algebraic combittee following physical concept: the measurement of a dynamical
tions of leaf and canopy spectral transmittances and reflectancadgable must result in an eigenvalue of a linear operator repre-
which eliminate their dependencies on wavelength determisenting that dynamical variable. The state in which the dynam-
the structural variables. Given canopy optical properties of &al variable has that value is represented by the corresponding
individual leaf, two structural variables and canopy transmigigenvector [20]. In the case of canopy transmittance, an op-
tance and absorptance at a reference wavelength, the coreeator that assigns downward radiances at the canopy bottom
proportion of canopy absorptance, transmittance and reflectat@écoming radiation can be taken as the linear operator repre-
can be found at any wavelength of the solar spectrum. The feknting the transmittance process. An operator that sets in corre-
lowing section presents a theoretical justification of this statepondence to the incoming radiation, a three-dimensional (3-D)
ment. radiation field within the canopy can be taken to represent the
interception process. The equation of radiative transfer in the
vegetation canopy [21] is used to specify these operators.

IV. CANOPY SPECTRAL TRANSMITTANCE AND ABSORPTANCE

A. Radiative Transfer Problem for Vegetation Media
THEORY

Consider a vegetation canopy in the layetz 0> < H. The
Analysis presented in Section Il indicates that the cumuléep > = 0 and bottom: = H surfaces form its upper and lower
tive distribution functions of random variabl€s, x = t, and boundaries. The position vectprdenotes the Cartesian triplet
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(=, v, z) with its origin at the canopy top. Assume that photonstation canopy is assumed to be zero. This case is given by the
interact with phytoelements only. That is, photon interactioriellowing boundary conditions:
with the optically active elements of the atmosphere inside the

layer are ignored. The radiation field in the vegetation canopy In(rg, ) =72 (Q) (for downward directions) (8)
can be described by the 3-D transport [22]-[24], namely I(rg, Q) =0 (for upward directions) ©)
Qe VI\(r, Q) +ur(r)G(r, O I\(r, Q) Herery andry denote points on the upper and lower bound-

1 , , , aries, respectively, and is the intensity of incident (direct and
=u(r) Aw EAlr 8 = DI ) A (5) iffuse) radiation. The solution of the boundary value problem
expressed by (5), (8), and (9) describes the radiation field in 3-D

Herel, is the monochromatic radiance which depends on wavierests [24], [26].
length ), locationr and directionQ2. The unit vector is ex- Field measurements described in Section Il provided the spa-
pressed in spherical coordinates with respe¢tt&) axis and tial distribution of the following variables: 1) spectral variation
cos! i and¢ are its polar angle and azimutla, is the leaf of downward FO{ ,) and upwardE& ,) radiation fluxes above
area density distribution functio; is the projection of leaf nor- the forest

mals atr onto a plane perpendicular to the directidpandI”

is the area scattering phase function [22]. A precise description FO{ = / ()] d

of these variables can be found in [22], [23]. Below, the formu- #<0

lation of [23] is adopted. _ _ F = / In(ro, Q)|u| d92
Equation (5) is a statement of the energy conservation law in ’ p>0

the phase spade, ). The first term characterizes the change ] ]

in radiance along? at =, the other terms show whether theVherex(r, ©2) is the solution of the boundary value problem
changes take place at the expense of absorption and scatterifghn(8)—(9). 2) spectral variation of downward radiation flux
the vegetation canopy (second term) at the expense of the séat @t the canopy bottom, that is

tering from other direction int@ (third term). The wavelength

indepgndent functio_n(r, Q) = u_L(r)G(r,_S_Z) is the _total in- F}{M(TH) — / I(rg, Q)|p| dQ (10)
teraction cross-section (attenuation coefficient). This cross-sec- n<0

tion is the sum of wavelength dependent scattesing (r, )

and absorptiom,, (r, $2) coefficients, i.e and 3) hemispherical spectral leaf albedg(r). In terms of

these notations, canopy transmittaniceeflectancer, and in-
terceptioni can be expressed as

a(r, Q) = o, A(r, Q) + g4, 2(r, Q). (6)
F}o F]
The scattering coefficient is defined as [21] t(\) = < H’A(l H»H, r(A) < 01A>0
TN TN
1
os,A(r; Q) = ur(r) A —Ia(r, @ = Q) . / / o(r, D Ix(r, Q) dQdr
a i()\) V J4ar !
SFy

Here the integration is performed over the whole sphetd#e ;

absorption coefficient then can be specified from (6). The mage, o (' and (), denote the mean over the bottom and top
nitude of scattering by the elements of the vegetation canopy_is H 0

: . ) . anopy boundary; is a domain in which the vegetation canopy
described using the hemispherical leaf albedo is located, and is the area of the top canopy boundary. All the

o0 A(r, ) measured variables are related via the energy conservation law
wa(r, Q) = - SA ’ 0 [i.e., the transport (5) and boundary conditions (8) and (9)]. Our
75, A(1 2) + 0a,A(1, 2) goal is to explain the empirical relations derived in Section IlI
) / Da(r, © — @) de¥ using this basic physical principle.
4r

== Gl ) - (7)  B. Scattering Process in Vegetation Media

Assumptions formulated in the previous subsection are suf-

An individual leaf is assumed to reflect and transmit the inteficient to precisely derive spectral variation of canopy intercep-
cepted energy in a cosine distribution about the leaf normé&bn from the 3-D transport equations. That is, (2) for= i
In this case, the hemispherical leaf albedg is not depen- does not depend on spectral variables [9]. A similar statement
dent upon the angular variabfe. The area scattering phasewvas formulated earlier for canopy transmittance [9], but no theo-
functionT", is a symmetrical function with respect to angularetical justification of its validity was presented. The aim of this
variables [25] and the reciprocity propeify (r, ' — ) = subsection is to formulate certain additional assumptions that
Ca(r,—Q — —Q) is locally valid. allow the derivation of the spectral variation of canopy transmit-

Let a parallel beam and diffuse radiation be incident on thance. For simplicity, specular reflection by leaves is ignored,
upper boundary. Reflectance of the ground underneath the vedpich is not critical to the following analysis.



250 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 39, NO. 2, FEBRUARY 2001

The area scattering phase function can be expressed as [2di{h vacuum boundary conditions. Hekgdenotesr —u .
1 Under some general conditions [27], the set of eigenvalues
Da(r, @ — Q) = o / k=0,1,2 ---and eigenvectorg,(r, Q), k=0, 1, 2, - - - is
(Q'QLB(Q"QL)NJ a discrete set. The eigenvectors satisfy the condition of orthog-
“tr,a(r 2, Dgr(r, Q) onality. The transport equation has a unique positive eigenvalue

(QeQr)(Q e Qr)d that corresponds to a unique positive eigenvector. This eigen-
1 value is greater than the absolute magnitudes of the remaining
27 ) (e, ) (0 0621 )<0 eigenvz_il_ues. This means that only one eigenvectorgsetakes

crpa(r QO Qgr(r, QL) on positive values for any and. -

(20 QL)€ 0 Qp)| d2. We expand the solution of the transport equation in eigenvec-

tors, namely

Here, Q;, is the outward normal to the leaf surfacg;, is I QV/F . — . Q
the probability density of the leaf’s normal distribution over Ar, )/ 0,A =ao(p; T)¢olp, 73 75 Q)

the upper hemisphere;;, » and ¢;  are the bidirectional o0

reflectance and transmittance factors of an individual leaf, +> arlp, Derlp, T, Q) (14)
which are assumed Lambertian, iz, A(r, ¥, 2) = p(A, 7) k=1

andtp A(r, ¥, Q) = 7(\ r), wherep andr are the leaf where the coefficients; do not depend on spatial or angular

hemispherical reflectance and transmittance, respectively. Magiables. Here we separate the positive eigenvegianto the
variablesp andr were measured at both the sites described finst summand. Substituting (14) into (12) and accounting for
Section Il. Under these assumptions, the area scattering ph@s results in

function can be expressed as

Qe V +o(r, Q)]
Palr, & = ) = (91— 6u)a 91— 6)a
— 1 I @ — @)+ p(\, I (r, ¥ — Q) (1) -2 e

whereI't andI'~ are wavelength independent functions de- ) ) ) .
fined as Hered,.(p, 7)is the eigenvalue corresponding to the eigenvector

1 ok It follows from this equation that

M@, @ — Q) == /
2T J (002, ) (2 02,)>0 pa(l — Or)anpx n Ta(l — O )aron _0
cgr(r, Q| e QL) (Y 0 Q)| dQy. dp ar

E=0,1,2 ---. 15
It follows from (7) and (11) that the hemispherical leaf albedo (15)
can be expressed as [21] The general solution of the first order partial (15) with respect

to the function(1 — 6;)ax i can be expressed as [28
wa(r) = p(A, ) +7(A, 7). n( k) Pk p [28]

The spectral leaf reflectance and transmittance are assumed in- (1 — 6o, Dar(p, )er(r, Q; p, 7) = falp/T)  (16)
dependent of the spatial variable wherep/7 = const is the characteristic curve of (15), arfg

Differentiating (5) and boundary conditions (8)—(9) with reis an arbitrary function of one variable. Letting= p/7 and
spect top and7 and accounting for (11), one can obtain that they = p + 7, one can specify this function as

function 1 T
. . fk(a:) = |:1 — 9k <w0—, wO—>:|
o(r, 5 p, T)IpaAO’Q) +TaIA(7’Q) r+1" "o+l
dp ar
satisfies the equation cap | w . wo—
k Oa: n 17 0:1j +1
Qe Vu+ur(r)G(r, Qv
g g . w 1 w a:
= {Pa—p +T§} ur(r) P10 1)
1 Substituting this function into (15), one obtains
/ SDA(r, = QL Q) dY (12) filp/7)
ax T ar(p, T)or(p, ) = m
and the boundary conditiongrg, €2; p, 7) = 0 for downward FAP
directions, and:(rx, Q; p, 7) = 0 for upward directions. _ 1= 6r(swo, (1 = <)o)
1- ek(pv T)

C. Eigenvalues and Eigenvectors of the Transport Equation - ar{swo, (1—¢)wo)er(swo, (1—¢)wo)

where¢ = 7(Ag)/(7(Aa) +p(A0)) = 7(Xo)/w(Ao). The spec-

tral variation of the coefficient$ corresponding to two different

B[ e V(r, Q) + a(r, De(r, Q)] experimental sites is shown in Fig. 5. Thus, if it summand
B o o ey of the expansion (14) at a reference leaf albegde= w()\y) for

= Aﬁ a(r, & — Do(r, ) dQ2 (13) " different values of parameteris known, the summand for any

An eigenvalue of the transport is a numifesuch that there
exists a functionp that satisfies
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otherw(\) can be easily found. The maximum positive eigerthe positive term containing,o. Moreover, the dependence of
valuef, corresponding to the positive eigenvector, can be esti; on the coefficient disappears in this case. Thus, the canopy
mated as [21] interceptioni(\) and absorptioa(\) depend on the maximum
eigenvaluddy = p;w(Ao) and can be expressed by (3) and (4),
bo(p: 7) = pwr = [p(A) + 7(A)]p. (17) respectively. Canop(y az)sorptance, therefore, is a function of the
Here,p = 1— exp(—K) whereK is a wavelength independentwavelength independent coefficienand the hemispherical leaf
constant. albedo. Resolving (4) with respect g, one obtains the cumu-
Substituting (14) into (10) and accounting for (16) and (17)ative distribution function of;, which is the Heaviside func-
one obtains an expansion for the canopy transmittance, namidyr. Equation (4), describing the spectral variation of canopy

1_ absorptance can be derived as in Section IlI-B.
tp, 7) = < peo To(rH; s, wo) The following interpretation of the coefficienp; =
1—pw 1—exp(—K) can be given. Taking/(\o) = 0 andw(}) = 1
1 — Gy (cwo, (1 — ¢)w in (3), one obtains the following relationship between canopy
+Z k(swo, { Jo) Ti(ra; s, wo) ) - interception and the coefficiemt:
b—1 1- ek(pv 7_) H
18 . // o(r, Q1 ,=o(ro, Q) dQdr
] 49 i =0) _Jy J et
er‘e 1 . — .
o) =1) / / o(r, QL1 (ro, Q) d dr
Burs . wn) =aalsen, L= w0) [ ulru @) e v i |
n<0 The right side can be evaluated, e.g., using Monte Carlo tech-
- || A2 k=0,1,2,--- nique [29] as the ratiaV; /N2, where N; and N, are counts

Values of}, depend on the reference hemispherical leaf aIbeié; pioton mte@tcilo?s l’/v'th ?bsorbm/g; I(: IE) )ran)((j fncaltteri;ntgh
wo, the value of¢ at the reference leaf albedo, the direction of = p + 7 = 1) leaves, respectively. For example, €

direct solar radianc,, and the points . Let us consider the canopy is idealized as a *big horizontal leaf” thaf = N, =

' : : 1, i.e.,p = 0. The ratioa(A)/a(Ag) coincides with the ratio
first term of the series (18) as a functiongf\) and+ (). That
is, To(p, 7) = To(Cwo, (1—C)wo)(1—puwo)/(1—pw). Resolving [1—-w(Xo)]/[L —w(A)] of leaf absorptances at two wavelengths.

this equation with respect goresults in (2) withy = 7p. The A deviation of canopy structure from the “big leaf” model in-

cumulative distribution function gf is the Heaviside function. volves the deE)e.nden(ie afA)/a(Xo) onp. Therefore, models
Thus, if t(p, 7) = (Ty(p, 7))u, then the variable (2) is dis- based on the “big leaf” concept must be corrected for the effect

. . . . X . of canopy structure.
tributed in accordance with the Heaviside function. If the influ- . . . o .
The pointp;, at which the cumulative distribution function

ence of remaining summands in (18) is sufficiently small, i'eft.’)r the canopy interception shows a sharp increases, charac-
t(p, 7) = (To(p, 7)) m, then the cumulative distribution func- Py P P '

tion of p is close to the Heaviside function. Analysis presentetgrlzes the two states of the vegetation canopy, that is, canopy

in Section Ill indicates that(p, 7) ~ (To(p, 7)) It means with absorbing and scattering leaves, respectively. All interme-

that averaging the canopy transmittance over the angular véjrlete states can be quantified by the wavelength-dependent max-

able, and the ground surface results in the term subscripted"gIum elgenval_uq;iw. Thus, an actual Stf'ﬂe of a given vege-
t% lon canopy is determined by the hemispherical leaf albedo

0 to be dominant in the expansion (14). However, variations | . . . .
P (14) rt1d canopies of the same structure with absorbing and scattering

the summands caused by variation in the direction of inddel%aves The interpretation of the coefficientfor canooy trans-
solar radiation make the coefficiemsensitive to the conditions mittanée is simiIaF\)r 0 Py

of canopy illuminations and. Model calculations presented in
[9] support these arguments. Thus, if the canopy transmittance
at areference leaf albedg = w(\o) for different values of pa-
rameter{ = 7(\p)/w(Xo) is known, the transmittance for any This paper presents empirical and theoretical analyses of
otherw(\) can be found [Fig. 6]. spectral hemispherical reflectances and transmittances of
It was demonstrated in Section IlI-B that such an interpréadividual leaves and vegetation canopies in the case of a dark
tation is not valid for the canopy reflectance. A possible ex:anopy ground. The results show that spectral variations of
planation is that the downward radiances result from the swanopy absorptance and transmittance are mainly influenced by
of two radiation fields. The first is the incident radiation (di-optical properties (spectral leaf transmittance and reflectance)
rect and/or diffuse) that has not interacted in the canopy and tféndividual leaves and two wavelength independent structural
second is the intensity of photons scattered one or more tinvegiables. In the case of canopy absorptance, the structural
in the canopy (the scattered component). The upward radiatiariable is determined by the capacity of the canopy of given
field is represented by the scattered component only. Therefaeshitecture to intercept incoming solar radiation under two
the linear operators describing canopy reflectance and transraktreme situations, namely leaves, which 1) totally absorb and
tance are different. Clearly, these arguments are not precise ahdotally reflect and/or transmit the incident radiation. The
merit further consideration. canopy interception capacity is quantified by the ratig/ Vs,
Multiplying (14) by o and integrating over spatial and anwhere N; and N, are counts of photon interactions with
gular variables, one obtains a formula for canopy intercepticabsorbing and scattering leaves, respectively. In the case of
It was shown [9] that the integration procedure results in onbanopy transmittance, this structural variable is determined by

V. CONCLUSIONS
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the ratio between radiation transmitted under the same extremg]
conditions of completely absorbing and scattering leaves.
Canopy absorptance and transmittance at red and near-IR
spectral bands approximate these extreme situations well. Both
structural variables are measurable parameters, i.e., they can
be estimated from field measurements. An actual capacity of[3]
the canopy to transmit and absorb the incoming radiation at
a given wavelength is uniquely determined by the product of
the mean hemispherical leaf albedo at this wavelength and thgl]
corresponding structural variable. Simple functions that relate
optical properties of individual leaves and structural variables ]
to canopy absorptance and transmittance have been derived
both from an empirical and theoretical point of view. [6]

The 3-D radiation field in a scattering and absorbing medium
bounded at the bottom by a reflecting surface can be expressed
in terms of surface reflectance properties (independent of
medium) and solutions of two surface independent subprob{7]
lems: the radiation field in the medium calculated for a black
surface and the radiation field in the same medium (bounded
by the black surface) generated by anisotropic sources located
at the bottom [9], [30], [31]. This representation of the ra-
diation field does not violate the law of energy conservation [8]
within the medium [9], [30], [31]. Therefore, to quantitatively
describe photon interactions between the vegetation canopy
and its floor (soil and/or understory), it is important to specify [9]
those variables that determine the radiation transport through
vegetation canopies when the reflection from the ground back
into the canopy is zero. Such variables include information
on intrinsic canopy properties. The canopy radiation regimétol
is a function of the optical properties of individual leaves and
canopy ground and two canopy structural variables. Therefore,
the energy conservation of solar radiation at a given wavelength
is governed by leaf and canopy ground optical properties
this wavelength and two canopy structure-dependent and wave-
length-independent variables. This feature of the shortwav
energy conservation in vegetation canopies provides powerfflfz]
means for accurately specifying changes in canopy structure
both from ground-based measurements and remotely sensed

[13]

data [32].

1]

(14]
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