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Investigation of Directional Reflectance in
Boreal Forests with an Improved Four-Scale
Model and Airborne POLDER Data

Sylvain G. Leblanc, Patrice Bicheron, Jing M. Chen, Marc Leroy, and Josef Cihlar

Abstract—Airborne Polarization and Directional Earth Ra- L, LAI accumulated.
diation (POLDER) data acquired during the boreal ecosystem- Mo Cluster mean size.
atmosphere study (BOREAS) and the four-scale model of Chen Number of quadrats in the domaid
and Leblanc [10] are used to investigate radiative transfer in L L - )
boreal forest. The four-scale model is based on forest canopy Pe Probability O_f_ see|_ng_ illuminated ground area.
architecture at different scales. New aspects are incorporated into ~ Peap(f) Gap probability within a tree at the angle

the model to improve the physical representation of each canopy, P, Probability of having an illuminated ground area.
as follows: _ _ P, Probability of viewing the ground (gap fraction).
1) Elaborate branch architecture is added. , P, Proportion of tree crown illuminated in the viewer
2) Different crown shapes are used for conifer and deciduous direction
forests. 'I'. f viewi i
3) Bilayer version of the model is introduced for forest 4T Probability of viewing sunlit trees crowns.
canopies with an important understory. Py Overlapping ofj trees.
4) Natural repulsion effect is considered in the tree distribu- T Radius of the tree crowns.
tion statistics. R? Coefficient of determination.
Ground measurements from BOREAS sites are used as input 5(0) Mean path length within a canopy.

parameters by the model to simulate measurements of bidirec- Re

tional reflectance distribution function (BRDF) from four forest Ground reflectivity.

canopies (old black spruce, old aspen, and old and young jack % Branch thickness-length ratio. .
pine) acquired by the POLDER instrument from May—July 1994. Ry, Leaf (or shoot) thickness-length ratio.
The model is able to reproduce with great accuracy the BRDF of R Foliage reflectivity.
the four forests. The importance of the branch architecture and Ryc Shaded ground surface reflectivity.
the self-shadowing of the foliage is emphasized. Ry Shaded foliage reflectivity
Index Terms—BRDF, canopy architecture, POLDER, radiative R Total reflectance.
transfer. S,(6,) Crown projection on the ground in the sun beam
NOMENCLATURE direction.
V,(6,) Crown projection on the ground in the viewer
b Major axis of the spheroid crown shape. direction.
B Domain size. W, Mean width of element shadow cast inside tree
D Number of trees in the domaiB. crowns.
Fo Repulsion effect function. o Half apex angle.
G(6)  Projection of unit leaf area. ap Branch inclination from horizontal.
Gy(6)  Projection of unit branch silhouette area. ar Leaves or shoots orientation from horizontal.
Gr(6) Projection of unit branch leaf area. e Needle-to-shoot area ratio.
H Effective height tf, + H, + 5 H.)/ cos(6s). I'(¢)  Shadowing phase function of the foliage density.
H, Height of the lower part of the tree (part with no n Foliage density (inside crown).
foliage). _ Qp Clumping index of the crown element.
H, Height of the cylinders. ¢ Angle difference between the sun and the viewer.
L Leaf area index (LAI). ¢ Azimuth angle difference between the sun and the
L, Branch silhouette area index. viewer.
Ly LAI accumulated horizontally. 0, Solar zenith angle.
Lg Effective LAl for one crown. 0, View zenith angle.
Ly Branch LAl
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necessary for the understanding of the information containefithe internal foliage in the crown is shown by comparing
in remote-sensing measurements and a critical step in detutputs of the model with and without these considerations.
mining biological properties of canopies. Dense forests and
crop fields have been simulated by turbid-media radiative
transfer models [16], [26], [28], [33]. For sparse forests,
geometric-optical models [19], [20], [27], [32] have been used. The four-scale model was developed by Chen and Leblanc
Validations of such BRDF models using remote-sensing mga0] as an improvement over previous geometric-optical mod-
surements [21], [29] increases the understanding of physieds. The model focuses on the mathematical description of
processes in forest canopies. A rigorous validation of a modetest canopy architecture at various scales.
requiresin situ measurements of biophysical parameters with Trees are modeled as discrete objects; for conifers, four-
simultaneous remote-sensing measurements. scale uses a cone plus a cylinder shape [27] (see Fig. 1)
During the Boreal Ecosystem-Atmosphere Studip represent the crown. The crown’s surface is treated as a
(BOREAS) project [30], conducted in Canada, airborneomplex medium in which shoots (or leaves for deciduous
BRDF measurements were collected using the POLarizatioanopies) can cast shadows on each other so that even on the
and Directional Earth Radiation (POLDER) instrument. Theunlit side of a crown, the viewer can see shaded foliage. The
instrument consists of a CCD matrix with a very wide fielghatchiness of the stand tree distribution is simulated with the
of view and a rotating filter wheel [13]. It is well adaptedNeyman type A distribution [25]. The Neyman distribution
to the characterization of the hotspot [2] and allows thgses the probability of having groups of trees randomly
derivation of directional measurements on each grid point distributed in a forest. Both the group size and the location
extended areas [17]. Several data sets of BRDF measuremefithe group follow a Poisson distribution; hence, the notation
were consequently acquired over different boreal conifdouble Poisson distribution is also used to describe it. The gap
and deciduous forests during spring and summer 1994 fiaction is computed using the Neyman distribution with an
the southern study area of BOREAS [1]. The differences e¥eraged gap probability within the tree crowns and a negative
angular signatures from deciduous and conifers forest mbpomial function. These functions allow the sun’s beam
be investigated by taking into account the biophysical arhd view line penetration into multiple trees to compute the
structural parameters specific to each canopy type. The effeg¥erlapping of the crowns. The hotspot is modeled with two
of forest canopy architecture on remote-sensing measuremei@gels, one uses the gap size distribution within the crowns
have been closely studied in recent years [4], [8], [15]. Orfer the canopy hotspot and the other one uses the gap size
way to understand airborne measurements is to simulate €igtribution between the tree crowns for the ground hotspot.
radiative transfer processes in the forest using a model tA#e size of the leaves or shoots, the density of tree stands,
closely represents the physical reality. and the crowns size are important factors in determining the
The four-scale radiative transfer model [10] introduced seshape of the hotspot.
eral physical aspects that have not been adequately considerethe model parameters can be separated in three categories,
in previous models: the canopy consists of a nonrandc follows:
distribution of discrete trees with structural components, suchl) sites parameters (domain size, LAI, tree density, tree
as branches, shoots, and leaves or needles. The hotspot is grouping index with quadrant size, and solar zenith
modeled on both the canopy and the ground and calculated angle);
based on a canopy-gap size distribution. Tree crown surfaceg) tree architecture parameters (crown radius and height,
are treated as a three-dimensional (3-D) medium in which  apex angle, needle-to-shoot ratio, foliage clumping in-
mutual shadows of leaves (or shoots for conifers) can be dex, and tree foliage typical size);
observed even on the sunlit side of the crown. 3) reflectivities of the foliage and the ground.

In this paper, new aspects are added to the model. Itfifiese later parameters depend on the sensor and the wave-
now possible to specify the branches and leaves’ orientatiqefigth used and thus can be seen as more adjustable than the
within the tree crowns. The natural repulsion effect on the tregchitectural parameters.
distribution is now simulated. A SpherOid crown Shape with The model f|na||y Computes four surface proportions: fo-
its specific foliage self-shadowing is used to model deciduouége illuminated (Pr), foliage shaded(Z;), and ground
species. Furthermore, canopy sites, which contain an importaRiminated (Pz) and shadedZ¢). Each proportion is multi-

understory, can be simulated with a double-canopy versiongifed by its reflectivity factor that depends on the wavelength
the model. used

Four canopy sites, old black spruce, old and young jack pine,
and old aspen are investigated with emphasis on their structuraR = Pr - Ry +Z7 - Rzr +Pg - Rg+ Za - Rza. (1)
differences by comparing the POLDER measurements with
four-scale in two ways: the first consists of direct BRDF )
comparisons in the principal and perpendicular planes afid Branch Architecture
the second uses the instrumental configuration to composdo improve the radiation transfer simulation within the
a BRDF with a high angular resolution. These comparisoesowns in the four-scale model, a substantial branch archi-
also serve to demonstrate the four-scale model versatility. Tieeture is included in this paper. This architectural level
importance of the branch architecture and the self-shadowiisgan important aspect of forest canopies because of the

Il. FOUR-SCALE MODEL
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Fig. 1. Geometric shapes of the crown: (a) cone-cylinder for conifers and (b) spheroid for deciduous.

difference in branch and leaf spatial and angular distributiavhereG(#) is the projection of unit leaf are# an either be
patterns among the different species. In conifer stands, shabis zenith angle for the sun’s beamor for the view lined,),
usually act as the foliage elements in radiation interceptiofty is the clumping index of the crown’s scatterets, is the
Chen and Black [6] developed a mathematical description néedle-to-shoot area ratio, which is unity for nonconiferous
branch architecture for radiative transfer models. Using theees, andL, = p - 5(f) is the LAl accumulated over
same basic formulation, with the addition of a more realistibe path of the sun’s beam or view line that depends on
branch structure with leave (or shoot for conifers) and brantie foliage density, = L/(V - D/B) and the mean path
thickness, the branch architecture is adapted for discrete tré#8) = V/S - cos(f) in one tree crown, wherd” is the
This enables the study of the effects of the branch and leaflume of the crownD is the number of stem per domaiR,
orientations on the radiative transfer processes. The followirgthe size of the domairfj is the projection of the tree crown
assumptions are made. on the ground, and[ is the LAI of the stand. Previously,
1) Leaves (or shoots) are the foliage elements (scatteredjth G(¢) = a — b, it has been possible to simulate some
2) Foliage clumping occurs at both the branch and needichitecture within the crowns, bu#(¢) can be found for a
levels; the branch level clumping is implicit in thespecific branch structure. We define an effective projection of

branch architecture. unit leaf area as
3) Abranch is aflat slab of foliage whose thickness is small
but not negligible compared with other dimensions. Ge(0)=G0) - Qe/vE (3)

4) Foliage element is a 3-D object whose thickness is small
but not negligible compargd yvith its othgr dime.ns.ionsSo (2) becomes

5) Elements are randomly distributed spatially within the
confinement of the silhouette of each branch.

6) Normal to each branch at a fixed angle to the vertical
is randomly oriented azimuthally around the center of
the tree. The branch architecture will serve to compdig(6) directly

7) Branches are confined in discrete tree silhouettes. from the orientations of the branches and leaves. Fig. 2 is a

In four-scale, the probability of a beam passing through éﬁ:he_matic represe_ntation of a branch architecture for a conifer.

individual crown is expressed [10] as :n this representation, a branch can be seen as a “large porous
eaf.”
The probability ofj branch overlapping in the direction
Pap(6) = ¢~ GO Lo 02 /e (2) of the beam over a length(f) can be expressed using the

Pyap(6) = e 5Ok, (4)
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Fig. 2. Schematic representation of the branch architecture for a conifer. ev

) o . Fig. 3. Effect of the branches architecture on the gap fraction.
Poisson distribution as [6]

. —Gy(8) Loy iNnei
o ;e (L), and the incident angl€d,) of the beam to the normal
Py;(0) = [Gy(0) Lan]” - 5! ®) {6 the branchg, is defined as
where cos @, = |sin 6 sin a, cos 4 cos 0 cos ayl. 12)
Loy = 1y - 3(6) (6) Branches are symmetrically distributed around the center of

i . ) the trees; hence, the probability of a beam passing through
is the branch silhouette area index accumulated over the pgifa pranch is

within the crown and

1 ™
Pri(6)=— Pri(6, 8)dg 13
jo = Ly /(V - D/B) ) r1(0) 7r/0 r1(0, 3) df (13)
is the branch silhouette density,, is the branch silhouette where
area index, defined as the total branch silhouette area per unit Pri(8, B) = exp [-GL(0) L1 /vE cos (6,)]. (14)

of ground surface ared,, is related to the LAI as
Gr(6) is computed by replacingy, by «f in (9) and (11)
L=LLg (8) and using the ratidz;, instead ofR,. R, is the ratio of the
aﬁhickness of a leaf over its length. This ratio is larger for

where Ly, is the branch LAl defined as one-half of the tot ) ; . .
leaf area within a branch divided by the branch silhouette ard _nlfers than deciduous trees because it expresses the thickness
( the shoot over its lengthyy, is the leaf inclination from
t

G (0) is the mean projection of unit branch silhouette area . - .
the direction of the beam and is first calculated with e horizontal. The probability of a beam passing through
4 branches without interception is found by multiplying the

cos oy, cos 6, § <m/2—as, probability of passing through one branghimes
G, (0) = 2(tanz — x) '
b cosapcos B|1l4+ —=| 6> 7/2— j
. )
©) Pri(0) = [ [ Prr(8) = P1,(6). (15)
s
and The probability of a beam encountering and passing through

1 j layers of branches without interception is then found by
@ = cos™"(cot ay cot ) (10) multiplying the probability of havingj overlappings of the
wherea,, is the branch inclination from the horizontat, (6) is Pranches by the probability of passing throughranches

valid for flat branches with negligible thickness. For branches P;(0) = P,;(6)Pr;(0). (16)

with thickness, it becomes
The summation of all probabilities a?;(#) gives the proba-

Gu(0) = G1(8) +sin [cos™ (GL(8))] Ry (11) bility that a beam passes through the tree crown

where R;, is the ratio of the thickness of a branch (arbitrarily T

taken in this paper as 0.1 m) over its lengtf ¢os «;). The Peap(0) = ZPJ(Q) 17)
probability of a beam travelling through gaps between leaves =0

within a branch oriented at an angfe with respect to the wheren, is the maximum number of branches that can be
beam azimuthal direction is determined by the branch LAdncountered along the mean patt¥). From this, we can
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MoDEL INPUT PARAMETERS FOR THEFOUR CaNOPIES OLD BLACK SpRUCE (OBS), Young Jack PiINE (YJP), Qb Jack PINE (OJP),AnD OLb AsPEN (OA)
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TABLE |

2 OBS ~ YJP | OJP | OA aspen/hazelnut (single)
L Latitude N 53.985° 53.975° 53.016° 53.629°
g Longitude W 105.12° 10465 ° -104.69° ~106.20°
< Domain size 1 ha 1 ha 1 ha 1 ha
= 9, 33.5° 372° 35.0° 39.3°
A~ LA 15 2.7 2.2 15/05(13)
g ; Tree Density 4000 trees/ha | 4000 trees/ha | 1850 trees/ha | 850 / 6000 trees (8350) /ha
w2 | Tree grouping (ma) 4 3 3 3/0
Quadrat size 500 m? 500 m? 500 m? 285.7 m’
H, 0.5 m 0.5 m 7.0m 11.0 /0.0 {11.0) m
H, 6.5 m 2.5 m 40 m 70/20(70)m
o H.a,T) 1.9 m 1.5m 32m -
5 r 0.45 m 0.85 m 1.30 m 1.90 / 1.00 (1.9 m
SR o 13° 30° 220 =
£z % B 15° 15° -
< g oL - 80° 80° -
<;E S L. - 0.8 08 -
< G(9) 0.5 - - 05,05 (0.5)
s A W, 0.035 m 017 m 0.05 m 0.10 / 0.02 m (0.10)
‘g ~E 141 1.43 1.30 -
Q% 0.70 - - 0.80/0.98 (0.8)
Ry - 0.2 0.2 -
Ry - 0.1m 0.1m -
Ry (red) 0.11 0.05 0.07 0.07 / 0.06 (0.07)
o Ryr(red) 0.003 0.005 0.003 0.01 / 0.02 (0.01)
2 Ry (nir) 0.50 0.53 0.53 0.50 / 0.50 (0.5)
i R (nir) 0.11 0.19 0.13 0.20 / 0.30 (0.20)
= Re (red) 0.04 0.05 0.09 0.04 (0.05)
ot Rz (red) 0.002 0.004 0.003 0.02 (0.01)
% Rc (1) 0.25 0.15 0.17 0.20 (0.25)
[ Rz (nir) 0.11 0.08 0.09 0.15 (0.2)

compute the effective projection of unit foliagég(#) by crowns, which is around 0.75 at nadir. When comparing the

equating (4) and (17) branches at 75with horizontal shoots to the case in which
the shoots are at 75with horizontal branches, we see that
larger gap fractions can be found in view zenith angle from
0° to around 50 for the more vertical shoots. When both the

(18) branches and the shoots are af,7the branch architecture

Lo increases the probability of seeing the ground near nadir and

Both (17) and (18) are then used in the model instead of (@creases it at larger view zenith angles.

and (4). Fig. 3 shows the effect of the branch architecture onln these branch architecture simulations, the length of the

the gap fraction for a black spruce stand, the parameters u§éanches must not exceed the height of the crown,agets

are the same as for the POLDER comparison found in Tableclose to 90. For large values ofv, it is preferable to use a

The effects of the branch architecture on the gap fractidbs value for R,.

vary greatly with the view angle because the overlapping

crown probability has an important role in the gap fractioB. Spheroid Crown Shape

computation. The case in which both the branches and shootggr the simulation of coniferous forests, the cone and

are horizontal ¢, = 0° and az, = 0°) gives the lowest gap cylinder crown shapes are suitable [10], [27]. For deciduous
fraction for most view zenith angleg),). The penetration forest canopies, a spheroid shape like the one used by Li and
within one crown increase as the view angle approach@s 78trahler [18] is more appropriate (see Fig. 1). The crown shape
but the view line penetrates so many crowns that the resultiggrves to determine the projected area on the ground and the
gap fraction is similar to the other simulated branch structuregiume of the crown that is used for the calculation of the
Only the random case [simulated with(#) = 0.5] gives & mean path through a crown. The projected area of an individual

larger gap fraction for view zenith angles larger thar?.60crown on the ground in the viewer's directioh,) becomes
At nadir, the values are all very similar because of the large

pathlength through the tree crowns. The main component of V, = o
the gap fraction comes from gap in the canopy between the cos(8;,)

In |1 i P;(9)
Gp(8) = =

2

(19)
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where C. Overlapping of Tree Crowns with the Repulsion Effect

The overlapping of tree crowns computed by the four-scale
model using the combined negative binomial and Neyman
o _ _ functions is often overestimated near the vertical view direc-
and b = H,/2. Considering this new shape, the differenfion, The overestimation of the overlapping directly affects the
terms in the probability of seeing illuminated foliag® [10],  calculation of the gap fraction. Allowing crowns to overlap at
without taking into consideration the hotspot, are consequenflydir, increases the gap fraction. In reality, tree overlapping
modified. We have in the vertical direction is very small due to the natural

repulsion effect between trees in the competition for light.
Prr=F,; - 1-PFl - . 21 . . . . g
s =P+ Quioc | t]  Qtor (21) The overestimation of the overlapping computed is especially
Where P; is the observed proportion of illuminated surfacémportant for forest with large crown radius. If there is no

for a spheroid shape, it is computed as [32] overlapping of the crowns at nadir, the probability of seeing
the ground (the gap fraction) is

6! = tan™* [? tan(&v)} (20)

Py; = 0.5[1 + cos ¢'] (22)
PVgn(e'v) =1- Vg(ev) . [1 - Pgap(e'v)] . D/B (29)
where
whereV,(6,) is the projection of one tree crown on the ground.
cos ¢ = cos @ cos 0, +sin ¢ sin 6, cos ¢  (23) Py,,(6,) is the gap probability within one tree add)/ B is the
) ) ] tree density. In forest stands, trees can be found in clusters;
and ¢ is defined liked; as therefore, as the view angle differs from nadir, there is a
b probability of overlapping. We assume that the gap fraction
0, = tan™" {; tan(%)} (24) value (now denoted?,,,) found with the negative binomial

and the Neyman distribution is valid at large zenith angles.
Q10r represents the portion of observed sunlit imaginarfhe resulting gap fraction is given by
surface occupied by sunlit foliage, afl.. is the proportion
of viewed sunlit foliage on a self-shaded part of the crown. Pra(fv) = Prgo(0u) 4 [Prgn(0v) — Pego(6)] Fo(f) (30)
@1i0 AN Q01 are first computed over a single tree Frowr\}vpereFo(ev) controls the rate at which the repulsion effect
and then summed over all the trees reached over the view Pa rr]educed as the zenith angle increases. It is defined here as
(see Chen and Leblanc [10]). On a discrete cro@m,; and '

Qator Are: (Va(6,,) — Vg(0, =0)) - Pugo(6) .

F w) = -
0(0,) = exp Vo6, = 0) - Pogol0)
—rac.tcn] | YO &
Qu=T()[1 - ¢ Lu(@re)] — (25) (31)
s+ 0 Fig. 4 shows the gap fraction with and without the repulsion
and effect. The effect is more pronounced for the jack pine

Q2 =T (&) [eEnC — = LT {&} (26) simulat?on than for the black spruce one. Both fprests ha\{e
C, =G a density of 4000 stems per hectare, but the foliage density

inside the crown is more dense for the black spruce forest.
Because of the opacity of black spruce crowns, the chances
of passing through more than one crown was diminished, so
éhe overlapping did not change much of the gap fraction in
the vertical direction, but the jack pine forest allows more
enetration, so more overlapping means larger gap fractions.
i the simulation,F, can be multiplied by a factor O to 1,
which represents the percentage of repulsion desired.

where I'(¢) is the geometric shadow function of the fo
liage elements as a function of, which is found from
cos £ = cosf, cosf, + sinf, siné, cos¢ and Ly is the
LAl accumulated horizontally in one tree crown. For conifer
C, = Gg(6,)/sin(f, + o) and C; = Gg(6;)/sin(f; + a),
where« is the half apex angle of the cone. For the spheroi
C, and C, can be expressed as

_(95) ) GE(QS)

o, =2 (27) _
2.7 D. Bilayer Forest
C, = M (28) Modeling forest canopies is often confronted by the com-
o

plexities of mixed forests with trees of different shapes and

The mutual shadowing from one crown to another used @izes. Some special cases can be modeled with a few mod-
the four-scale model for simulating the proportion of sunlifications of the four-scale model. The BOREAS old aspen
crown with height was approximated by dividing the crowsite, which is composed of tall aspen trees and short hazelnut
into two components: the cone and the cylinder and with tlsrubs, presents a new challenge for BRDF modeling. To study
penetration through multiple crowns wit;.; and Qsi;. this double-canopy structure (see Fig. 5), a new module is
For the spheroid shape, the mutual shadowing effect is oradgided to the four-scale model. For one-canopy structure, the
considered withQ1.: and Q2o With @ minimal effect on BRDF is computed using (1) by attributing reflective factors to
the final proportions since the division of the crown into twdéour surface proportions. When considering a second canopy,
components (sunlit and shaded) for the conifers serves onlyta® new components are calculated: the second (lower) canopy
a weighting factor forQ;.; and Qs;ot. illuminated and shaded components.
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10— Assuming that the lower canopy is much shorter than the
- X upper one, the upper canopy is then independent of the lower
- meom I’(TpulSlO?f eftfeCt one, i.e., the shadow cast by the lower canopy doesn't affect
0.8 th repuision eftec . the view and illumination of the upper canopy. The new
~~~~~~~~ No overlapping . -
process can be separated in the following three steps.

Step 1: Original four-scale model is run with the parame-
7 ters from the upper canopy, a subscipt added
to the notation for the upper canopy and subs@ipt
for the lower canopy. The only parameter change is
] the effective height, which is used in the calculation
of the ground hotspot kernel, that must be reduced
to take into account the lower canopy. This is done
by reducing the value afl,,; (the height of the part
without foliage of the upper canopy) by the total
height of the lower canopyH,» + Hy2 + H.2). The
change inH,; affects only the inbetween crowns
hotspot calculation. Because the trees are assumed
v to be at equal height, the overshadowing of tree
(@ crowns does not depend on the crown base height.
Step 2: Original four-scale model is run with the param-
10 ————— ——— eters of the lower canopy. It must be noted that,
for the hazelnut canopy, the overlapping of the
crowns is allowed at nadir to better represents the
0.8 4 real canopy.
Step 3: With the four components of Steps 1 and 2, plus the
gap fraction from both canopies, the six portions
8 of the double-canopy structure can be computed.
The two components of the upper cano@( and Zz1)
are taken directly from Step 1. The probability of seeing
7 illuminated foliage on the lower canopy if the upper canopy is
absent was computed in Step 2/%), but the solar beam that
reaches the lower canopy and is reflected to the viewer has the
probability of Pg;; thus, the probability of seeing illuminated
foliage in the lower canopy in the presence of an upper canopy
is simply
90° Pry = FPg1 - Pro. (32)
0 The probability of seeing shaded foliage in the lower canopy is
) found by subtracting the probability. pf seeing. the iIIumi.nated
Fig. 4. Effects of the mutual repulsion effect in tree distribution on the ga!;r)?wer canopy {’r) from the probability of seeing the foliage
fraction for (a) old black spruce and (b) young jack pine. in the lower canopy through the upper oné{)

Zry = Pyy — Pro (33)

Gap Fraction

90°

where
PstQ’ = (1 - Pvg?) y Pvgl (34)

where P,;,, and P,,, are the probabilities of seeing the
background through the upper and lower canopy, respectively.
The probability of seeing the ground illuminated under the
bilayer canopy can be found by multiplying the probability of
seeing the lower illuminated surface (ground or lower canopy)
of both canopies

Pg =PFg, - Paa. (35)

The sum of the six components must be unity; therefore,
the probability of seeing the ground shaded can be found by

) ) ) subtracting the five probabilities from one
Fig. 5. Double-canopy representation for an old aspen forest with hazelnut

understory. Zg=1—-Ppr —Zr — Pry — Zyy — Pg. (36)
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The total reflectance becomes between 4 and 5 m. Jack pingarus banksianphave near-
R=Pp, - Rpy + Zp1 - Rypi + Pro - Rps + Zrs hori_zontal branghes, but the subbranches and shoots are more
vertical. The main axes of the shoot are mostly between 5 and
Bzra+ Fo - B+ Zc - Rz (37) 10°, with a maximum between 10 and 3@rom the zenith
[4]. With an LAI of 2.6-3.1 [11], the crown foliage density is
IIl. COMPARISON BETWEEN MODEL lower for the young jack pine than for the black spruce, which
AND AIRBORNE POLDER D:TA gives a crown closure similar to the black spruce site (0.43).

The needle-to-shoot rati9y was found to be 1.43 [9]. The

The improvements of the four-spale mpdel described abOYleeedle reflectivity for jack pine trees is lower than the black
and the knowledge of ground biophysical parameters, p Bruce in the red with 5 to 8% but a little higher in the near-

_m|t the comparison of the measurements by the POLDE rared with 50 to 55%. The average age of the young jack

instrument and the model results. pine tree is between 11 and 16 years old. Jack pine forests are
often found on sites after fires and almost even age. This site

A. Sites Description does not have an important understory, but the ground cover

The four boreal forests investigated in this paper wek& composed of grasses, bearberry, and some lichens.
all BOREAS sites. Many optical and canopy architectural 3) Old Jack Pine: The southern old jack pine site is sit-
measurements were made during the experiment at the sated near the young jack pine site. This forest has a lower
sites by different teams. Those measurements are the basidies density than the young jack pine site, with 1850 stems per
the four-scale model input parameters. They are summariZegftare and an LAl of 2.0-2.5 [11]. This yields a crown closure
in the Table I. of only 0.31. The trees are 12-15 m in height. The old jack

1) Old Black Spruce:The old black spruce in the southerrPines exhibit large crowns with a mean radius between 1.25
Study area (SSA) is situated near Candle Lake, Sask., Canm 1.5 m. From visual observations, a branch architecture
Typical black sprucesRjcea mariand have a crown shape Similar to young jack pines is found in older jack pine. The
consisting of a cone on top of a cylinder. The conical paﬂ_eeC”e-tO-ShOOt ratio is smaller in the old jack pine than the
generally has a denser foliage than the cylindrical part. THeunger ones, withyz = 1.28. The trees are around 60-75
length of the cylinder is usually much greater than the height ¢ars old. Opposite to the old black spruce stand, which has
the cone, and the foliage is close to the trunk. Below the crovi@ny small young black spruce as its understory, the old jack
is the trunk space, which has very little foliage. Black sprudéine background is very reflective and mainly composed of
trees have a horizontal branch structure with shoots moslighens that appear in white colors.
orientated parallel to the plane of the branches. The branches}) Old Aspen: The old aspen site is located in the Prince
around half a meter in length, are small compared to the heigibert National Park, Sask., AspeR¢pulus tremuloidgsare
(5-10 m for the dominant trees) of the tree. Therefore, bladk¢ major deciduous species in the boreal environment and
spruce crowns have a pencil-like shape. Measurements sHeer approximately 20% of the southern boreal landscape.
that, even with a horizontal branch architecture, the projectidie aspen site has trees at an even age of about 70 years. The
coefficient(¥(6) is well approximated by a fixed value of 0.5density of the old aspen site is the lowest of the four canopies
[4]. An LAI from four to six [11], with a clumping index investigated in this paper, with around 850 stems per hectare
Qp of 0.70 and a needle-to-shoots ratig: of 1.41, were [7]. The aspens are very tall, with an average height of 21.5
measured [9] for this site. Black spruce needles reflectivifp- Most of the leaves and branches are found in the upper
ranges from 6 to 13% in the red band and around 40 to 5084n part of the canopy, which has a large trunk space. The
in the near-infrared band. The old black spruce site hasf@liage area varies considerably during the year. A maximum
density of around 4000 stems per hectare, with trees aged-& of 2.4 was found around mid-July 1994. An important
155 years. A crown closure of 0.42 was measured; therefowgiderstory composed of hazeln@dlus cornutg is present
the understory and the ground components are very importafith a maximum LAI of more than three from around mid-
especially near the vertical view direction. The understory #ine to the end of August. The monthly variation in LAl is
composed of smaller black spruce (1-5%) and Labrador t&&ry sharp during the month of May. LAl increases from zero
and the ground surface is covered by sphagnum moss. Tearound two while buds emerge in late April followed by
ground surface has reflectivities lower than the foliage in bot@af emergence beginning in mid-May. The senescence of both
red (4—6%) and near-infrared band (around 25%). This sitedgerstory and understory begin in the middle of September.
not uniform, mainly because of the height variability and treEhe aspen canopy has a clumping indegx varying from 0.7
distribution. to 0.85, but the hazelnut is mostly unclumpédz(= 0.98).

2) Young Jack PineThe young jack pine in SSA is alsoThe leaf reflectivity of the aspen canopy is around 5 to 10%
situated near Candle Lake. The form of the tree crown i the red and 40 to 50% in the near-infrared.
not as well defined as it is for the black spruce. A cone and
cylinder-like shape can still be seen in many trees, but it is
more irregular and the cylinder is less elongated than the bidék POLDER Data
spruce. A density of 4000 stems per hectare was measured oh) The POLDER InstrumentThe airborne POLDER in-
this site. The young jack pine crown radius is larger than tlsrument is a radiometer designed to measure the direc-
old black spruce trees at around 1 m with a mean tree heigionality and polarization of the solar radiation scattered by
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Forwardscatter View

Nadir View

Fig. 6. POLDER data acquisition principle. The drawing shows three different positions of the aircraft representing three view angles for tea.same ar

the earth surface—atmosphere system [13]. The instrumém first two Intensive Field Campaigns (IFC-1 and IFC-2)
produces bidimensional pictures of the ground on a CCitiom May to July 1994. POLDER recorded the aircraft position
matrix (288 linesx 384 columns), allowing the observationand altitude and gave the approximate position of a given pixel
of a given pixel in consecutive images under various viewirig any image. Ground control point techniques are used to fine-
angles, as shown in Fig. 6. The zenith angular coveragetime the geometric coregistration of the whole set of images of
451° in the along-track direction antt43° in the cross-track each flight. For each POLDER image, the pixel value of the
direction. Through a rotating filter wheel carrying spectralCD matrix yields a single directional spectral reflectance.
filters and polarizers by steps of §0measurements areTherefore, the processing of successive images permits the
acquired in five spectral bands: 443 nm (three directions wdconstruction of the BRDF for each tower site, averaged for
polarization), 550 nm, 670 nm, 864 nm (three directions @ 175x 175 n? area. For a typical C-130 flight altitude and
polarization), and 910 nm. The bandwidth range is from 1§peed, an angular step of approximately 1€ obtained, as
to 20 nm, depending on the band. The ground pixel size skown in Fig. 7(d) and (c) for the sites old aspen (May 26),
proportional to the instrument altitude. It is 3535 n¥ for an and old jack pine (July 21), respectively.
altitude of 5500 m, which was generally flown by the aircraft The POLDER concept also allows the derivation of di-
C-130 during the BOREAS experiment. A sequence of taectional measurements on each grid point of extended areas
acquisitions, corresponding to ten positions on the filter wheslrrounding the tower site. This has been applied to the data
is performed within 3 s. The sequences are repeated every 18eds of old black spruce and young jack pine, acquired on
Several calibrations of the POLDER instrument were madely 21, for an area of 5 5 kn?, with a spatial resolution
before and after the BOREAS experiment on May 11 ardkgraded to 106 100 n¥. For a sharp investigation of forest
October 24, 1994, respectively, at Laboratoire d’Optique Athirectional reflectance, the “typical” BRDF of POLDER, as
mopkterique, Lille, France, and during the campaign on Maghown in Fig. 7(c) and (d), does not use the optimal angular
27 and July 21, 1994, using a 30-in diameter portable hemésolution that can be achieved by POLDER. For both data
sphere [22] operated by NASA Goddard Space Flight Centsgts of old black spruce and young jack pine, we suppose that
Greenbelt, MD. The derived values of the absolute calibratidine adjacent pixels of the supersites are identical to those of the
coefficients are alike, with an average-peak discrepancy gsupersites within an area of 960900 n¥. This hypothesis is
erally on the order of 5%, depending on the band [1]. It allowsdged realistic because it is known from available cover maps
the conversion of POLDER measurements into radiances, thikat all pixels within the window of 81 pixels belong to the
into reflectances, after taking into account the exoatmosphesame species. All of these pixels have a directional sampling
solar irradiance and the zenith angle. slightly different from each other because they are observed
2) Data Acquisition: Mounted onboard the C-130 airplaneunder different angular conditions. Therefore, collecting BRDF
from NASA-Ames, the POLDER instrument acquired multipleneasurements on points within 900 m from the tower sites and
images in the principal, perpendicular, and oblique planssperimposing them, we compose a new BRDF with a high
relative to the sun over the sites of the BOREAS SSA durirdjrectional resolution. As about 40 reflectance measurements
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Old Black Spruce July 21 Young Jack Pine July 21

I\Azimuth \Azimu!h

Viewing zenith

@ (b)

Old Jack Pine July 21 QOld Aspen May 26

Viewing zenith Viewing zenith

(© (d)

Fig. 7. Angular distribution of the measurements. The asterisks mark the positions of the sun (hotspot). (a) Old black spruce, (b) young jack pine,
(c) old jack pine, and (d) old aspen.

per pixel are obtained, a complete BRDF with 3240 points The plots of either the principal or the perpendicular plane
(81 pixels x 40 reflectance) is thus produced from both siteshown in this section were modeled discretely at the same
[Fig. 7(a) and (b)]. Although the 81 pixels in each site seewiew and solar angles as the measurements. This method of
to have quite a large tree height variation (7.5-12.5 m for oldpresentation was chosen since the aircraft was not flying ex-
black spruce, 2.5-7.5 m for young jack pine), the dominaattly in the perpendicular or principal solar plane. Continuous
trees are more similar. The height variation, not included BRDF simulations can be seen in Figs. 14 and 15.
the model, can underestimate the amount of shaded foliage ifFor the comparison between the model and the measure-
the smaller trees due to the shadow cast by taller trees. ments, the regression factor (coefficient of determinatigh)

The atmospheric correction algorithm 6S [34] is appliednd the rms difference are used as quantificative guiltgs.
to each measurement. The aerosol optical depth of the fidllgenerally an indication of the curves similarity, and the rms
atmosphere and the fraction below the aircraft, obtained frafdicates the numerical accuracy. Table Il has Rfeand rms
the BORIS database, were interpolated at 550 nm and usgflues for all simulations. The convention used here is that the
as inputs to the algorithm. The following values were, respegackscattering side is plotted with negative view zenith angles.
tively, deduced for the total and below-aircraft optical depthgor the perpendicular plane, the half plane that was closer to
old aspen (0.115, 0.075), young jack pine (0.115, 0.090), alge packscattering side has been assigned to the nedative
jack pine (0.120, 0.095), and old black spruce (0.135, 0.070).1) OId Black Spruce:Fig. 8(a) and (b) show the compari-
Moreover, a mid-Arctic summer atmospheric model and &n petween the model and POLDER data in the red band.
continental aerosol model were selected to characterize the of 0.97-0.95 and rms of 0.0042—0.0043 are found for
atmosphere above the BOREAS sites. These assumptions @Y principal and perpendicular sites, respectively. Overall,
induce slight errors in the procedure, which are not expectgfe model slightly overestimates the measurements. Note that,
however, to deeply modify the magnitude and shape of ten Fig. 7(a), the case presented in Fig. 8(a) was abotit 10

resulting BRDF. from the principal solar plane, so the peak at the hotspot was
not reached. The near-infrared modeling shows a very good
C. Results agreement between the model and the measurements with

Table | shows the parameters used as input to the four-sc&R of 0.99 and 0.98 and rms of 0.0122 and 0.0058 for the
model for each site taken from ground-based measuremepttisicipal and the perpendicular planes, respectively. The only
made during BOREAS. The reflectivity factors of the foudifference on the principal plane [Fig. 8(c)] can be seen on
components that composed the BRDF are based on grouhe backscattering side, for view angles greater than the sun
measurements [3], [23], [31], [35]. angle, where the model shows lower reflectance values than
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TABLE 1l
COEFFICIENT OF DETERMINATION R? AND RMS DIFFERENCES BETWEENFOUR-SCALE AND THE FOUR TOWER SITES
R2 OBS YJP OJP OA double/single
Principal Perpendicular | Spatialized Principal Perpendicular | Spatialized Principal Perpendicular Principal Perpendicutar
RED 0.97 0.95 0.97 0.97 0.85 0.57 0.99 0.99 0.93/0.94 0.82/0.82
NIR 0.99 0.98 0.99 0.98 0.00 0.92 0.97 0.26 0.89/0.88 0.37/0.31
RMS OBS YJP OJP OA double/single
Principal Perpendicular | Spatialized Principal Perpendicular | Spatialized Principal Perpendicular Principal Perpendicular
RED 0.0042 0.0043 0.0022 0.0020 0.0038 0.0094 0.0011 0.0013 0.0027/0.0029 ] 0.0013/0.0039
NIR 0.0122 0.0058 0.0058 0.0092 0.0100 0.0012 0.0366 0.0246 0.0224/0.0196 ]| 0.0225/0.0142
0.06 - OB§ Prmcnpal Plaqe 0.06 - OBSIPerpen[dicular [Plane ,
R?=0.97 ] p R®=0.95 4
R.M.S. = 0.0042 ] ] R.M.S. = 0.0043 ]
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Fig. 8. Comparison between POLDER and four-scale for the old black spruce site: (a) principal plane red band, (b) perpendicular plane red band, (c)
principal plane near-infrared band, and (d) perpendicular plane near-infrared band.

POLDER. This effect was also seen in a previous study [10], Using the parameters of the tower site, the spatialized data
in which the model was compared to PARABOLA data aet is compared with the model in Fig. 9. Each grid point
view zenith angles larger than ®0This small discrepancy (every %) in Fig. 9(a) and (b) is a weighted interpolation of the
may be explained by a systematic error in the self-shadowinggasurements. The interpolation averages the measurements
scheme @1:.¢) that seems to underestimate the amount ahd removes some effects of the inhomogeneity of the forests.
sunlit foliage and the angle independant multiple scatteriftgach grid point corresponding to a specifig (0-60°) and

used to compute the shaded reflectivities. The perpendicutaf0—-360) is then simulated using an averagédof 33.5
planes [Fig. 8(b) and (d)] are well reproduced by the four-scaie give Fig. 9(c) and (d). For both bands, the model and
model, with very good rms and? values for both planes. the measurements have the same general shape except in the
Other comparisons between the model and measuremdmitspot region. The aircraft flight did not allow measurements
made with data sets from other dates, with different soles be taken close enough to the principal plane so that
angles, give similar agreements between the model and the maximum in reflectance was not reached. There is a
measurements. double peak in the measurements because, in theory, it is
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Fig. 9. Old black spruce site: the spatialized POLDER data set in (a) the red and (b) the near-infrared band. The four-scale model (c) red anfdai@dnear-in
band, and the comparison between the measurements and the model for (e) the red and (f) the near-infrared band.

symmetrical on the two sides of the principal plane. Usingor the red band, a regression fac#®t of 0.97 and an rms
this symmetrical assumption, the data were duplicated on ttiéerence of 0.0022 are computed. As in Fig. 8(a), the lower

opposite site, giving a mirror effect. Fig. 9(e) and (f) companeflectance values are the ones that are not well simulated, the
the POLDER measurements-xis) and the modelfaxis).

model overestimating the reflectance on the forwardcattering
Each modeled reflectance was done ugingd,, and¢ from

side. The near-infrared simulation is also very good, wifk’a
the measurements. The diagonal lines represents the onesfo8.99 and an rms of 0.0058. The lower reflectance values

one relationship between the model and the measurement®g also overestimated by the model. The regression factors
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Fig. 10. Comparison between POLDER and the four-scale model for the young jack pine site: (a) principal plane red band, (b) perpendicular plane red
band, (c) principal plane near-infrared band, and (d) perpendicular plane near-infrared band.

are close to unity, indicating that the shape of the simulationsed in the simulation. The branch inclination was set &t 15
are in good agreement with the measurements. from horizontal ¢, = 15°). It was observed that the young

2) Young Jack Pineilt was previously found [10] that the jack pine simulations were only slightly improved by using
Neyman grouping factornfs) is about three for an old jack the branch architecture; e.g., without the branch architecture
pine forest of 100x 100 n? divided in 100 quadrants. This [using G(#) = 0.5 andQ2g = 0.72], the regression factor was
value ofmy is used here for both the young and old jack pin@.90 for the red-band principal plane.
sites. Fig. 11 has the plots for the spatialized data set compared

The model mimics the observation closely in both redith the model. The shape of the red reflectance distribution is
[Fig. 10(a) and (b)] and near-infrared [Fig. 10(c) and (d)jvell modeled, but since the difference, although small (rms is
bands. In Fig. 10(a), the model did not reproduce the measufe8094), is not systematic, it gives a small regression fa&tor
hotspot, but it must be noted that the largest measured vabfeonly 0.57. The measurements are more scattered than the
is usually not exactly at the hotspot because none of thenulation points. A comparison of the spatialized data near
discreted,, is equal tod;. The red-band principal plane gives ahe principal plane in Fig. 11 and the POLDER reflectance
regression factor oR? = 0.97 with an rms of 0.002. For the measurements in the red band at the BOREAS tower site
perpendicular planeR? is 0.85 and rms is 0.004. The near{Fig. 10) shows that the latter are in the lower values of the
infrared simulation is generally in good agreement wih spatialized data. The reason may be that the extent of the forest
equal to 0.98 and rms of 0.01 for the principal planeRA around the site is limited (400-500 m), so some pixels included
value of less than 0.01 was found for the perpendicular plane,the analysis may be of other cover types (mostly clear-cuts
and the rms was also 0.01. This means that the curve’s shapth higher red reflectivity). The near-infrared simulations also
is not well modeled in the perpendicular plane for the neatlosely reproduce the measurements witR%aof 0.92 and an
infrared band. The two curves diverge on the backscatterings of 0.012. Near-infrared reflectances for the jack pine forest
side, but the values are very similar. Based on measuremaantsl the surrounding area may be similar.
that showed that most shoots were between 10{80a value 3) Old Jack Pine: Fig. 12(a) shows that for the red band, in
of 20° (ay, = 80°) for the shoots main axis from the zenith washe principal plane, the model results, and the measurements
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Fig. 11.

Young jack pine site: the spatialized POLDER dataset in (a) the red and (b) the near-infrared band. The four-scale model (c) red and (d) near
infrared band, and the comparison between the measurements and the model for (e) the red and (f) the near-infrared band.

for the old jack pine site are in excellent agreemeRt (s

In the perpendicular plane [Fig. 12(b)], the two curves have
larger than 0.99 with an rms of 0.001). The addition of thihe same inverse bowl shape, but the model overestimates the

branch architecture improved the similitude between the modeflectance, wher&? is also 0.99 and rms is 0.03. Comparing
and the measurements for this site. The same branch structheemeasured reflectance in the perpendicular and the principal
as the young jack pine site was used for the old jack pine trepfanes, a sizeable discrepancy is found at nadir. The measured
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Fig. 12. Comparison between POLDER and four-scale for the old jack pine site: (a) principal plane red band, (b) perpendicular plane red band, (c)
principal plane near-infrared band, and (d) perpendicular plane near-infrared band.

reflectance closest to nadir in the principal pladg £ 5.1° soil only. Physically, the double-canopy is a more accurate
and ¢ = 163.7°) is 0.036, but the closest data point in theepresentation of this site.
perpendicular planef{ = 5.5° and ¢ = 208.4°) is 0.032. It is shown in Fig. 13(a) and (b) that the BRDF shape of
The model computes 0.039 for both cases. This differenbeth planes in the reds band BRDF is well reproduced, ®ith
may be explained by the inhomogeneity of the forest in thef 0.93 and 0.82 for the double-canopy and 0.94 and 0.82 for
vicinity of the tower site. Since a POLDER data point consistie single-canopy. The rms differences between the double-
of an average of only a few pixels, some difference in theanopy simulation and the data are very good, with 0.0027
measured reflectance is expected at nadir from different fligt the principal plane and 0.0013 for the perpendicular plane.
lines, which may not exactly overlap at the tower location. I18lightly larger rms were found for the single-canopy version,
the near-infrared band, the difference between the two plarveish 0.0029 and 0.0039 for the principal and perpendicular
is smaller at nadir, Fig. 12(c) and (d), than that in the red barlanes, respectively.
showing good agreements between the measurements and tthe the near-infrared band, both versions of the model can
model for both the principal and perpendicular plangs$.is reproduce very well most view angles, except for lagge
0.97 for the principal plane, but only 0.26 for the perpendicularlues on the backscattering side [Fig. 13(c)]. An underes-
plane. The rms is around 0.03 for both simulations. timation at view angles larger than the sun angle is found.
4) Old Aspen: The old aspen site has a complex structurEhis phenomenon cannot be simulated by the four-scale model
with distinct overstory and understory. We therefore invesvithout accurate consideration of the multiple scattering effect.
tigated the contribution of these two layers of foliage t@he regression factoR? are 0.89 and 0.88 for the double
BRDF signature by using single and double versions of tlad single versions, respectively. The perpendicular simulation
model. In the single-canopy simulations, the reflectivity afivesR? of only 0.37 and 0.31, but the rms difference is about
the background includes both understory and soil, while the same as for the principal plane, i.e., 0.01 to 0.02.
the double-canopy simulations, the understory is treated a®verall, both versions performed well and the single-canopy
a separate layer of vegetation and the background becomession gives larger reflectance values than the double-canopy
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Fig. 13. Comparison between POLDER and simple and doubles canopy version of four-scale for the old aspen site: (a) principal plane red band, (b)
perpendicular plane red band, (c) principal plane near-infrared band, and (d) perpendicular plane near-infrared band.

version. This is probably due to the absence of the secostibots oriented mainly between 10<30Bom the zenith, the
canopy; the single-canopy induces less shadow, thus givingaing jack pine does not exhibit erectophile behavior as much
larger reflectance. as in the old jack pine [5]. The low foliage density of the
old jack pine requires a better representation of the crown
IV. DISCUSSION architecture to better model the light and view penetration. The

The model can reproduce BRDF of the different foredarger LAl in the young jack pine prevents thg architectural
canopies remarkably well. The simulations for conifer foresgructure from influencing the overall penetration.
yield better results K2 around 0.98 for the principal plane A Very large W, was used for the young jack pine site
and rms from 0.001 to 0.03) than for the deciduous forel&t avoid very sharp hotspots, suggesting that, at this site,
(R2 around 0.90 for the principal plane and rms from 0.003ubbranch architecture (groups of shoots) may be more impor-
to 0.02). This is partly due to the fact that the architecturfint in the estimation of mutual shadows within tree crowns
parameters used were more accurately determined for conffé@n the individual shoots. Larg#’; induces less-clumped
forests. The black spruce site has more variability in tree heigt&nopy based on gap size theories [8], which confirms that the
than that in jack pine; this has not been taken into account 8ymping of foliage in branches is less important for that site.
the model causing some uncertainties in the simulated resultsThe addition of the branch architecture improved the accu-
The spatialized simulations (Figs. 9 and 11) show that ttiacy of the old jack pine site modeling. Fig. 14 shows how
model is able to reproduce the measurements at any vitw branch architecture changes the BRDF of the jack pine
azimuth angles and that the surrounding of the BOREAS)e in the near-infrared band. The angle distribution of the
young jack pine site is less homogeneous than the site itsshioot €0° from the zenith) induces more foliage visible at a
giving a much larger reflectance in the red band. large zenith angle, and with a higher reflectivity for the foliage

The young jack pine site was well modeled with or withouthan for the ground, it increases the near-infrared reflectance.
the branch architecture; the resulting curves were similar The shoot’s orientation also decreases the canopy gap fraction
both cases. This is in agreement with the fact that, even witkar nadir, but at those angles, the canopy view path is done
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Fig. 14. Simulation of the old black spruce canopy reflectance with a . . .
without mutual shadows among shoots on the principal plane, with an anrﬁegér_lirsn;ragda%;hngr?ohr't;céugf de.giﬁt c;rr:ethst?tgrlnmpal plane reflectance in the
step of P using the parameters of Table |, but with the sun &t.35 ! P ’

through multiple layer within the same tree crown. Near nadf€en at large, because of multiple scattering. In general,
the branch architecture does not change much the proportig-0and BRDF is better simulated than near-infrared-band
of background and canopy viewed (see the gap fractiGRDF . especially near the hc_)tspot. This |nd|cat.es thatthefpur-
simulation of Fig. 3). One effect of the branch architecturgc@!e model can be further improved by considering multiple
is to clump the foliage into branches; the difference in thecattering effects. The model assumes trees of equal height and

simulated BRDE curves between the case with and Withotuhterefore underestimates the amount of shaded crowns seen.

the architecture is small because the branch clumping eﬁg&is underestimation could counterbalance the overestimation

has already been partly considered in the us€pffor the ©f Shaded foliage computed withio; and Qroc2. Four-scale
whole stand. needs to be further developed to consider the enhanced mutual

The effect of the Neyman grouping indexu) on the shadows in stands Wi_th large tree height variation.
reflectance was not investigated much in this paper. Mea-"t the_ old aspen site, _the number _Of hazelnut stems was
surements from the old jack pine site revealedna of not an important factor in the _resultlng BRDF, especially
three, but the sampling area was too small to really see {§8€n we put enough hazelnut silhouette to cover the ground
grouping effect at large scales. The use of more quadrats ¢aAC0 Stems/hectare and more). The aspen trees are definitely
show the importance of the Neyman grouping, but it a|§gg dommgnt factors in the BRDF signature of this S|.te.
has the disadvantage of having smaller quadrats, which cHHs _explalns why the_BRDF was also well modelec_i_W|th
cause computation errors in the gap fraction at large zenHf Single-canopy version of the model. The probability of
angles when the view line or the solar beam penetration gaeing the canopy illuminatefiy, or Iy, in the case of the
beyond the quadrat from the top of the canopy to the groufiguble-canopy version, has the general shape of the BRDF
surface. The Neyman grouping has a strong effect on the g&ffve: The aspen site provides a challenge because of the
fraction, but this effect is in part compensated when the tot%\?mplex'ty Qf th_e double-canopy feature, but the model is able
reflectance is computed after the reflectivities are multiplied 59 simulate it with a reasonablg accuracy. Although bOt_h Fhe
the different scene components. Reflectance from forest wit#'39!€ and double-canopy version of the model gave similar

large contract between the background and canopy reflectiVifpUlts: the single canopy needed to consider the hazelnut
would be more affected by more clumping of trees. reflectivity as part of the background. The old aspen site

The mutual shadowing of leaves within tree crowns {&ISC has more multiple scattering than the other sites, and
modeled WithQ,..; and Qy.cs. Although the results are good,the angular !ndependence 01_‘ the _mult|ple-scatter|ng effect may
it seems that they tend to make the hotspot too sharp, especiGftySe considerable errors in this case. For such a complex
at large 6, (see [10, Figs. 13(c) and 14]). Fig. 15 show§anopy, a more accurate mathematical description of multiple
simulations of the principal-plane BRDF of a black sprucgcattering is needed.
forest. Without the mutual shadows between leaves (which
is equivalent to having:.t;1 = 1 and Qiot2 = 0), we see
that the overall shape would be much different. At large view The four-scale model can be seen as a link between ground
angles, on the backscattering side (negaflyge the modeled and remote-sensing measurements. Although it has many
BRDF does not show a decreasing trend after the hotspgput parameters, it remains relatively simple and a powerful
and is too large fol, between—40° and 0°. This is often research tool. When some of the parameters are not available

V. CONCLUSION
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from measurements, the model can be run with fixed general methods,”|EEE Trans. Geosci. Remote Sensiugl. 33, pp. 777-787,
parameters or with best estimates of the missing paramete

More details and better simulations can be achieved Whef§l]

July 1995.
, “Retrieving leaf area index of boreal conifer forest using Lansat
TM images,”Remote Sens. Envirorvgl. 55, pp. 153-162, 1996.

all parameters are available. The measurements taken duff®jj J. M. Chen and S. G. Leblanc, “A four-scale bidirectional reflectance
BOREAS have helped to show the subtle differences between
the four canopies investigated in this paper. Intrinsic structurah)
characteristics of each forest have been incorporated into the
model to reproduce the BRDF acquired by POLDER. T
branch architecture, as well as a good description of the mutuaZI]
shadowing of the foliage inside the crown, have shown to

be of great importance in the modeling of the BRDF. Th

g3l

branch architecture should be more important for forests with
larger contrast between the reflectivities of the background

and the canopy than for the jack pine sites that have a bridm

background. The hotspot signatures were very well modeled,
proving that the hotspot kernel based on the canopy gap si¥d
distribution is a major improvement over previous hotspot

models.

[16]

The POLDER instrument has proven to be a very efficient
instrument capable of capturing the signatures of differth7]
forest canopies. It has the angular and spatial resolutionsg]
required to study the hotspot effect. The quality of the mea-
surements is consistent, although some uncertainties still exis}
in atmospheric correction at large view angles.

With its multiple input parameters, the four-scale modiéo]
is a flexible tool to study how canopy architecture at ea
scale influences the reflectance. The reason for the good
simulation using only a small parameters set lies in tﬂg]
underlying physics of the interaction between radiation a d1

the canopies described in the model. The parameters and the

canopy architecture considerations allow sufficient erxibiIitYZZ]
of the model to simulate various canopy types. We stress,
however, the advantage of this complex model over simpler
. . L . . #23]
geometric-optical models in its ability to simulate the BRD
over the entire angle range even with fixed general parameters.
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