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Four-Scale Linear Model for Anisotropic Reflectance
(FLAIR) for Plant Canopies—Part I: Model
Description and Partial Validation

H. Peter White, John R. Miller, and Jing M. Chen

Abstract—As optical remote sensing techniques provide Spectrometer (MODIS), and the European Polarization and

increasingly detailed canopy reflectance data at a variety of Directionality of the Earth’s Reflectance (POLDER), among
illumination/view geometries, direct quantitative comparisons others.

between data sets require a flexible model of the bidirectional Effecti f th dat t . ble derived
reflectance distribution function (BRDF) suitable for inversion. ective use of these dala sets require reasonable derive

Typically, such derivations rely on:1) complex and computation- reflectance functions. Kernel driven inverse models, describing
ally expensive empirical canopy descriptions, or 2) simplifications reflectance as a linear superposition of kernels, provide one way
for specific canopy types, conditions, or view geometry. More ofdeterminingafunctionfrom available bidirectional reflectance
practical would be one general model not requiring significant  ga15 and have been investigated for future sensor validation
computing resources, but that provides information on canopy 61. Such | del iew/illuminati t d
architecture when utilized as an inverse model. [6]. Such inverse models use \_/'eW iiumination geome ry ar_l
The Four-Scale Model, developed by Chen and Leblanc [1], de- at-surfacereflectancetodeterminea BRDF aswellasinformation
scribes canopy reflectance considering four levels of architecture, on honangular dependent canopy properties. Many such models
distributions of tree crowns, branches, shoots, and leaves. A linear exist, some based solely on shape [7], [8], while others are
kernel-like model has been developed from this, Four-Scale Linear derived from more detailed canopy descriptions [3]. Such

Model for An Isotropic Reflectance (FLAIR). While simplifications . irical model I ble to relat fficient
are performed, effort has been made not to limit FLAIR to spe- semi-empiricalmoaels are generally unable to relate coeticients

cific canopy characteristics, while maintaining relationships be- t0 canopy physical properties. More preferred would be one
tween modeled coefficients and canopy architecture. Comparisons model that could accurately determine these functions for a

between Four?ScaIe and FLAIR, and use of FL_AlR in the forward variety of canopies, flexible to change in canopy parameters
mode on multi-angular data sets obtained during BOREAS 1994, yithin and between sites, and relates modeled coefficients to

allow examination of the suitability, capabilities, and limitations of hvsical i This has b i t
this model in describing canopy reflectance. As partial validation, canopy physical properties. IS has been a goal In recen

this paper compares FLAIR functions to aspects of the Four-Scale forward mode models [9]. FLAIR development follows this
model from which they are developed. Examination of how this philosophy, derived with specific intent that it not be canopy
model reacts to inversion of simulated reflectance data sets demon- dependent (beyond the original Four-Scale Model). Partial
strates its ability to simulate and reproduce canopy reflectance, \gjigation of this model with derived reflectance values from
leading toward the retrieval of reasonableL AI. Further valida- . L

Four-Scale is presented here. Further examination of FLAIR

tion and examination of this model with field data will be presented ; - ) -
in a subsequent paper. with field data will be presented in a subsequent paper.

Index Terms—Bidirectional reflectance distribution, mathemat-
ical models, model inversion, remote sensing.

Il. LINEAR MODEL DEVELOPMENT
The Four-Scale Model [1] provides a description of canopy
radiative interactions by detailing clumping at the shoot, whorl,
OBSERVATIONS continually demonstrate that solar radibranch, and crown architectural levels. Reformulating this
ance reflected from vegetative canopies can be stronghodel into a linear form that successfully allows inversion
anisotropic, dependant on the view/illumination geometry. Thigould provide a valuable tool toward understanding bidi-
bidirectional behavior has been extensively investigated; e.gctional effects on observed reflectance. In so doing, an
see [2]-[5]. This characteristic, as well as variations observitportant aim is to provide a model with sufficient yet min-
in spatial, temporal, and spectral information, has been utilizgdal number of architectural-based coefficients and angular
as relevant acquired data in platforms such as the U.S. NOA&rnels which allow unique solutions that accurately describe
Advanced Very High Resolution Radiometer (AVHRR), theanopy reflectance. Further, by considering the influence of
Advanced Solid-state Array Spectroradiometer (ASAS), thgpproximating various Four-Scale Model expressions, derive
BOREAS-CASI missions, the EOS Multi-angle Imagingarchitectural coefficients that provide quantitative canopy in-
Spectro-Radiometer (MISR), Moderate Resolution Imagirfgrmation for a wide range of forest conditions. This would
Manuscript received March 24, 2000; revised January 8, 2001. allow the model to provide canopy parameters details for a
H. P. White and J. R. Miller are with the Department of Physics and Asfariety of architectures and would examine view/illumina-
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tronomy, York University, Toronto, ON, M3J 1P3 Canada. tion geometric influences. This methodology is thus unlike
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K1A 0Y7 Canada. some past model developments, where such considerations
Publisher Item Identifier S 0196-2892(01)04020-7. are either in-part assumed or ranges predefined. The FLAIR
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TABLE |
SyMmBOL NOMENCLATURE USED IN THIS PAPER

Ceone The half apex angle of the conical top of a modelled tree crown.
BRDF  Bidirectional Reflectance Distribution Function
BRF Bidirectional Reflectance Factor

Cn Fraction of downwelling irradiance due to multiple scattering within the canopy.
G Foliage asymmetry factor.
F Hot spot correlation function.

F4, Fy4  Fraction of downwelling irradiance due to diffuse sky irradiance as viewed near the top of
the canopy and near the bottom of the canopy respectively.

% Needle-to-shoot ratio

g First-order scattering (geometric shadow) phase function of a foliage element.

G(6) Projection of unit leaf area.

& Solar Illumination Azimuth Angle.

6 Solar Illumination Zenith Angle.

k; FLAIR kernel designation.

LA Leaf Area Index

2 Clumping index of the crown element

Q2 Nonrandomness factor. (Ratio of £2; to ).

Py, Py, Probably of viewing the understorey.
Pr, P¢  Proportion of sunlit canopy and sunlit understorey respectively.

P Probability of viewing illuminated foliage when the view and illumination perspectives are
not correlated.
P, Proportion of observed tree crown that is illuminated

0;, Q.  Probability of observing illuminated foliage elements with a tree crown.
R, R;,  Mean reflectance factor of the sunlit understorey, sunlit crown, shaded understorey, and

Rz, Rzr  shaded crown respectively.

&, View Azimuth Angle (often given relative to the [AA).
6, View Zenith Angle
3 Angle difference between the Sun and viewer. (scattering angle)

Zr,Zz  Proportion of shaded crown and shaded understorey respectively.
ZWH Zenithal width of the hot spot

to Four-Scale validation of approximations used here is cdlectance factorg,,)
ried out making full use of the extensive architectural and
reflectance characterizations of boreal forest canopies as mea-
sured r?\t BORE_AS flux tower sit_e_s [10]-[13] _during t_he 1994 p _ Pr-Rp+Zr-Ryr + Pa-Re + Zc - Rye. (1)
campaigns, which were also utilized to partially validate the
Four-Scale model [1]. L . Lo :

Using the Four-Scale terminology (Table 1), linear de- Reformulation into a linear form requires |sol<.31't|on of angular
velopment of FLAIR is presented as a two-part problenflr,Om nonangular components for each probability.
beginning with two basic probabilitieg);—the probability of N ) ]
viewing illuminated background, anB,—the probability of A+ Probability of Viewing llluminated Backgrourid;)
viewing directly illuminated crown foliage. The general form The background-illuminated proportion defines the proba-
of Four-Scale contains probability coefficients of suft ) bility of observing direct solar-illuminated (not shaded) ground
and shadedZ ) overstorey and background with related reeover. This is expressed in terms of the distribution of gaps in
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the canopy (canopy gap fraction) allowing both direct viewing TABLE I

through the overstorep,,) and directly illuminating the back- ~ 'NPUT MODEL DATA FRO%"OSVBESREEC’UEE gi;’ DATA FOR BOREAS'94
ground(F;,), as well as a through-overstorey hot spot function

(F}). When background is viewed through one gap while illu- [ OBS | Q1P | YJIP
minated through another, the probabilities of viewing and illu- Site Parameters

minating are not correlated, thiy; = P,, - P.,. When the (gzﬁsig’g 4000 ;’ee/ha 1850 ;‘ee/ha 4000 ;’ee/ha
view line and illumination beam occur via the same gap there i Quadr£ Size 500 o2 500 m2 500 12

a correlated effect’s; = P;,. The hot spot correlation function  Grown Geometry

provides a normalized description of what contribution each el a 130 220 300
fect has on the overall probability of viewing illuminated back- H, 1.9m 3.2m 1.5m
ground H, 6.5m 4.0m 2.5m
H, 0.5m 7.0m 0.5m
Pg = P;yPyg + [Pig — Py Pyl - F. (2) r 0.45m 1.30m 0.85m

Foliage Distribution
F,, the Four-Scale derived hot spot correlation function is G(®) 0.5 0.5 0.5
LAI 4.5 2.2 2.7

function of the scattering angl&) [(3)] and the distribution of

X .y . Q' 0.8 0.77 0.83

gap sizes within and between crowns, given by a gap numb - a7 T3 138
density N (A) which considers both gaps between trees, dete| % - - :

. . N Reflectance Properties
mined by the tree density distribution, and gaps through a R, (Red) 011 0.07 0.0
tree, determined by the leaf density and distribution. As ga R, (Red) 0.04 0.09 0.05
sizes increase, there exists a higher probability of viewing di CoFy (Red) 0,027 0,042 01
rect solar-illuminated background through that gap. This func —=%—¢5 0.05 0.03 0.08
tion can be described mathematically for a given canopy type, « Ry fNIR) 05 053 053
can be observed experimentally by an optical instrument. Se| Re (NIR) 025 017 015
aration of angular and nonangular components of this functior — ~Far (NIR) 02 025 0.36
as d(_ascrlbed by Four-Scale, proved to be too complex for U$ —EF—NIR) Y 0353 053
in a linear form. An approach was thus adopted to examine t 2= 237 T chanc et a1, [1998].  *Adapted from Chen [1996].
function’s shape for a variety of view/illumination angles and
canopy gap fractions )

6. -
_ _ ¢ = tan* <—b [ sin(¢)] ) . (6)
cos(€) = cos(6;) - cos(8.,) + sin(6;) - sin(f,,) cos(d).  (3) 6, - cos(¢) — 0;

The shape of’, was examined with Four-Scale using archi- With F, the correlation effect is determined relative to the

tectural parameters as measured at BOREAS (Table II) fol’gt SPot center. The tergy; provides the azimuth angle from
variety of boreal canopies. In all simulation&, — 0 as the the hotspotcenter, anangular measure towgsdanging from
scattering angle becomes larges> 90° (forescatter) and also O° [0 180 The termér ..., defines the elliptical shape at the
as the view zenith angle approaches a horizontal view perspit-Width hali-maximum level, with the hot spot located at one
tive, 6, — 90° when¢ < 90° (backscatter), indicating that thefocus of the ellipse, and nadir located on the perimeter on the
hot spot region is not symmetric but is more significant on tH&i0r axis opposite of the ellipse’s center. This sets the semi-
nadir side, a characteristic observed with other hot spot furf@&iOr axis (one-half ZWH) ag(x —#6;)/2) and the eccentricity
tions [14]. The computed hot spot is elliptical in shape, with thS(¢i/ (7 —6:)). o

major axis parallel to the solar plane, matching the hot spot re-Th'S dgscnpnon incorporates some basic implicit structural
gion suggested by multi-angle data sets from many BOREA@ormatmq about the canopy, and has not been completely
sites, such as POLDER [15] or airborne ASAS [16] data. Th?parated. mtq gngular anq ”0”3”9“'6“ terms. Such a .form
zenithal width of the hot spot (ZWH) decreasedamcreases, lacks any implicit structural information about crown spacing
due to an increase in the minimum gap size and decrease inqﬁglistribution within the forest site. This results in a relatively
gap frequency. As the hot spot appears to decrease exponentlSffy_Ste€P hot spot function compared to that determined

ast increases, the following hot spot correlation function is prdY_Four-Scale which directly models foliage clumping into
posed: distinct crowns, decreasing the probability of through-crown

and within-crown correlated view and illumination proportions.
—2r€ —G(6)- LAI - Q The proposed function is demonstrated (Fig. 1) for tall trees
[1 - P {WH) @ with high LAl (Old Black Spruce) and short trees with low
LAI (Young Jack Pine). While discrepancies exist with respect
where to the more complex Four-Scale derivation, these deviations
0 12 are within the realm of other hot spot functions, such as those
) <1 [ : } )

F =exp <
SF max

examined by Qin and Goel [14].
The individual probabilities of having illuminated back-
i ®) ground (;,) or viewed backgroundH,,) are determined
—y cos(¢n) geometrically. Four-Scale examines how gaps within and

7T—9i

£F max —

1+
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1 YJP (IZA=-45%) 14 X OBS (IZA=-45"
g —+—Ft: 1000/ha 081
< —o— Ft: 2000/ha S os
; —e— Ft: 4000/ha £
S — -~ Fs: Crown LAI=3.0 £047
g & = Pvg: 1000702
E 02 ——Pvg: 4000/ha
z 0 =—FLAIR Appr. \
-90 -45 0 45 90
-90 -45 0 45 90 VZA (Solar Plane) a
VZA (Solar Plane) a
19 YJP (IZA=-45%
1 OBS (IZA=-45") 0.8
g ——Ft: 1000/ha s 06
2 —o— Fi: 2000/ha g
= 2041
'§ Ft: 4000/ha E —t—Pvg: 1000/ha
= —-~—-Fs: Crown LAI=15 0.2 | —a—Pvg: 4000/ha
g == FLAIR Appr. 0 | —FLA‘IR Appr. | \
“ 90 45 0 a5 9
‘ VZA (Solar Plane) b
-90 -45 0 45 90 _ _ ' _ _
VZA (Solar Plane) b Fig. 2. Comparison of Four-Scale derived and a cosine based derived

probability of viewing backgroundZ,,) for young jack pine and old black

. : . . spruce for 1000 trees/ha, and 4000 trees/ha.
Fig. 1. Comparison of Four-Scale derived hot spot functions and the FLAI

hot spot function for various tree densities of (a) young jack pine and (b) old o ) o )
black spruce. Solar illumination angle is indicated with a gray dot. model application, no perimeter shape parameterization is

required.
between crowns contribute to a solar beam penetrating unscatn general use, the probability of viewing directly solar-illu-
tered to reach the background. The calculation incorporaf@éiated background may be expressed as
the crown’s effectivel.Al, L., projected perpendicular to the _
view/illumination direction, the tree distribution, and the po- P = Pig[F(1 = Pug) + Puog]- )
tential of the view/illumination beam passing through multiple |, cases of more moderafeAl values (between 1 and 4)
crowns without scattering. As this calculation did not lend itsefiommonly seen in boreal forests [15], [10], [18], this form of

to be expressed in a basic linear form, an equation for the gap provides reasonable values compared to those determined
probability for a discontinuous canopy, similar in form to thagy Four-Scale (Fig. 3). For more extreme cases of dense veg-
described k_Jy Li and S_trahle_r [17], but modifi_ed to include th@tation, FLAIR modeled®: reproduces the general shape and
effect of foliage clumping within the canopy, is used magnitude relative to those calculated by Four-Scale, with a dis-
tinct difference occurring near nadir. This discrepancy decreases
Pii g (06, 0)) = exp <M> (7) astreedensity ok Al decreases, and is again due to Four-Scale
cos (05, 1)) using a rigid geometrical shape to describe the tree crown.

whereL Al is the mean canopy overstorey leaf area indextandg propability of Viewing llluminated Crown FoliagePr)

isth | ingind d factor) d ibed
:i [1(]3 ;igo[%]c umping index (nonrandomness factor) descri eAswith P, the probability of viewing illuminated crown fo-

)Liage is subject to correlated and noncorrelated effects. When

This function [(7)], compared to the more comple ithi ol o dth hth he di
Four-Scale form, is similar in shape and magnitude whd§jthin-crown foliage Is viewed through the same gap as the di-

determined for forests with low foliage crown density (YJ|5ect incident solar illumination, the probability of viewing il-

simulations, Fig. 2). However, when the within crown foIiagJeuminated foliage is one minus the probability of illuminating

becomes tightly clumped, Four-Scale determines a more Iiné%?. background,1(— F5,). When iII_umination oceurs thro_ugr_l
ifferent gap, then one must define the probability of viewing

P,,, especially as tree crown density increases (see the O ) N .
sirrgmlations). With Four-Scale, the intensity of this peak i atfoliage within the crownfry), as well as the probability of

partly related to a geometric tree description which contai SWing a crown (= Py). AW|th|n-_canopy hot spot function,
strict outer crown surface boundaries. More realistically, tr eS(g)'_ is used in Four-Scale FO qleflne correlated and noncorre-
crown edges are jagged, not conforming to a “cone on %ted influences, based on within-crown gaps

cylinder” shape, but with branches _and gaps occurring_ at thpT = Pry(1—P,y) +[(1 = Py) — Pry(1— P,,)]- Fs. (9)
outer crown surface. Further study is required to examine the

applicability of using a strict geometric shape where highly Examination off; demonstrates that it shares many common
clumped crown foliage is concerned, however in the FLAIRaits with £} (Fig. 1). Direct comparison of these functions
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114 OBS (IZA=-45% 1, especially true for large leaf densities [20]). This provides a
—+~PG:1000/ha simpler approximating function
5087 ——PG: 4000/ha
] wmm FLAIR Appr.
g 06 CZCL
S Pre=~T(¢ <7 (12)
50‘4 . d © Ci + 0,
&
0.2 - M where
0 ‘ : ; : G(8; .,
-90 45 0 45 ) Civ = 2 ;o) - (13)
) ’ Sln(ei v+ acone)
VZA (Solar Plane) a ’
and«..,,. is defined as the half apex angle of the conical crown
top. As tree crowns do not follow strict geometric structures,
15 YJP (IZA=-45") a mean value ofv.,,. = 15° is used as representative. The
—&—PG: 1000/ha i i ithin- i i i
,08 e PG 4000k probability of viewing within-crown solar-illuminated foliage
& —FLAIR Appr can now be expressed as
g 06 ’
s
£ G(9)
£ 0.4 Pr,=Q-T 14
£ T © <sin(9i + 15°) + sin(f, + 15°) (14)
0.2
o where a first-order geometric scattering phase function is pro-
-90 45 0 45 9% vided by [1]
VZA (Solar Plane) b
L) = 1—% C,=0.75 (15)
Fig. 3. Comparison of Four-Scale and FLAIR derived probability of viewing o T ’ P
illuminated ground cover ) for old black spruce and young jack pine

simulations. In Four-Scale an asymmetry factor is determined assuming

a value that best fits a theoretical description of the foliage
demonstrates a satisfactory agreement with each other; asgh@ronment. If foliage elements were solid isotropic spheres
leaf density decreases, the hot spot function gradient decreasgswould be unity. More porous, less spherical elements have
Thus the hot spot correlation function is treated as equivalesialler values, leading to Chen and Leblanc’s choice of 0.75
allowing F (&) = Fy(&) = F(¢). as applicable to a forest canopy.

The probability Pr; includes the contributions of sunlit fo-  Further considerations tBr; are the components related to
liage within the sunlit crown proportior¢);) and sunlit foliage needle and shoot distributions. Examination{bfeveals that
within the self-shaded parts of the crons). Here, shaded the nonrandomness factor [10], [19] for boreal conifer species is
and sunlit crown portions are determined geometrically asodserved to range around 0.5. For the sample boreal deciduous
solid-surfaced crownk;;), providing the Four-Scale derived re-species (old aspen site), where individual leaves are not dis-
lationship for the probability of viewing illuminated foliage astributed in shoots, this value approaches unity. Thus this value,

for this expression only, may be treated as known instead of vari-

Pry="Fi-Qut(1-Fi)- Qo (10) able, which results i’ being approximated by an angular ex-
The sunlit foliage component expressions were examinéH.eSS{iO”' with a set structural coeffigient (0.5 for conifer, 0.75
When#; — 0°, the proportion of viewed crown that is illu- O Mixed or unknown, and 1 for deciduous).
minated remains high for the entire backscatter region, and the! € Probability of viewing sunlit crown elements may now
contribution of(1 — P,;) - Q- is minor compared td?,; - ;. D€ expressed as
Also, with decreasing.Al, Q> values approacky);. This is
also observed Whe@tgi 90°, as sunlit ar?(gjshaded proportion 1= (1= Pg)+ (A =1) Prg- (1= Py). (16)

values are again similar (i-te“z @2). Such canopy ‘f,o'?di' As verification, values of?; were calculated and compared
tions would allow the northern “predominately shaded” side @f those determined by Four-Scale. In all cases, the general

a crown to have foliage exposed to sunlight at some significaf{ape and magnitude of the Four-Scale calculation was repro-
level. S _ duced. In short, thin crown simulations, (YJP, Fig. 4), similar
Using @, =~ Q- greatly simplifies reformulating Four-Scale,resylts are observed for high tree densities, with slightly lower

as the sunlit and shaded proportions of viewed crown are pQes for low tree densities determined by Equation (16). At the
longer neededK;; no longer has to be determined). Thus thgiher extreme, with slender tall, thick crowns (OBS), the oppo-
function Pr; can be approximated usirg; site is observed.

PryPy-Qu+ (1= Fi) G o C. Probability of Viewing Shaded Components-(and Z¢)
Pry=Q =I()- [1 - e—"H(Cf*Cv)} . [#} . (11)  These shaded canopy proportions define viewed canopy
it Cv areas not directly solar-illuminated, receiving radiation only
Further, the exponential expression of this function can lfim diffuse sky and canopy multiple scattering. The prob-
approximated ad —¢—L#(Ci+C)] 5 1 (usingLy (C;+C,) >  ability of viewing shaded overstoreyZ¢) is simply that
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119 OBS (IZA=-45") and modeling canopy reflectance, use of such proportions
~&—PT: 1000/ha requires information on how being in “shade” affects the ob-

g;: ——PT: 4000/ha served reflected radiative flux. The Four-Scale Model applies a
g ~ Linear Appr. factor to the “directly sunlit” reflectance factors to describe this
2 influence as a shaded reflectance factor, with the expressions
&
Ry
A RT:Crn'th (19)
; - - T
-90 45 0 45 9 Bzc
VZA (Solar Plane) a Re =Cm Fdﬂ ' (20)

More investigation is required to better understand the frac-
tion of downwelling irradiance due to canopy multiple scat-

14 YJP (IZA=-45") . . . . ;
tering (C,..), as well as the fraction due to diffuse sky irradiance
08 4 —&—PT: 1000/ha .
BT 4000k near the top £y;) and bottom of the stand,) in order to de-

0.6 1 ] termine the average shaded crown reflectance fédétgy-) and
~— Linear Appr.

shaded background reflectance factBg(;). Recognizing that

the shaded-to-sunlit reflectance factor ratio is not zero allows for

contributions of shaded components to the observed reflectance

to be approximated. As a lack of data exists to model these frac-

tions, the ratio of shaded-to-sunlit reflectance factors are treated
VZA (Solar Plane) b individually, with first order approximations referred to here as

multi-scattering factors, with wavelength-dependent values ap-

Fig. 4. Comparison of Four-Scale and FLAIR derived probability of viewin%ncame to the overstorey and background

illuminated tree crown Br) for old black spruce and young jack pine . . ) . .

simulations. A first-order estimate of the background multi-scattering fac-

tors for the BOREAS sites were examined using the ratio of

fraction of the scene where background or directly illuminatePserved ground target nadir radiance in shade to a standard

Proportion Py

overstorey is not viewed panel nadir radiance in direct sunlight [20]. This examination
loosely suggests that an angularly constant, wavelength depen-
Zr=1-P,, - Pr. (17)  dent value may be appropriate during summer months. This is

consistent with a recent theoretical examination of shaded back-
ound component reflectance factors used in the GORT Model
EJt(rlé]. Observational uncertainties in defining background regions
as purely shaded or completely sunlit prevent a definite analysis.
Zg =P,y — Pg. (18) There is indication of av_vavelength dependencg in winter, when
the Sun is near the horizon, with an increase in scattered light
In sample simulations, these modeled shaded proportiascurring toward shorter wavelengths. Here the multiscattering
reasonably reproduced those determined with the Four-Sctaetors will be treated as angularly-independent wavelength de-
Model, with an over-estimation sometimes occurring near nagiendent constants.
in cases of dense forests with thick crowns.
In all Four-Scale derived probabilities a nadir discontinuity lll. FLAIR MODEL FORMULATION

often appears. This is caused in part by the increased presenqgsing the above descriptions, canopy BRF may be deter-

of viewed background at nadir, but more significantly by th‘r?hined using a linear kernel model-like form, derived as
change in the horizontally-projected tree geometry that occurs '

as the conical top no longer becomes part of the projected R=RyPr+ RgPs + Ryr(1 — Pyy — Pr)
shadow (at?! = «). This is most apparent in cases of dense
within-crown foliage. Chen and Leblanc [1] recognized this, + Rza(Pog = Fo). (21)
describing the modeled crown as “simplified geometryAfter substitution for the probabilities discussed above, this
referring to a tree crown not having a definite confined regulafay be rewritten into the four coefficient expressions (22)—(25),
geometric shape, but instead having edge gaps and bragkbwn at the bottom of the next page.
projections. In contrast, reference to crown shape in thisAsalinear kernel model, FLAIR does not completely succeed
derivation comes from describing how scattering within and@ separating angular from nonangular contributions. While co-
between crowns may occur, leaving to the investigator thkgficients are defined based on the four reflectance factors, the
subsequent task of relating the derived canopl/ to the tree kernels §; » 5 4) contain the termé&/(6) - LAI -€2. As discussed
crown structural parameters. above 2 may be approximated by 0.5 for conifer, 0.75 for mixed
canopies, and unity for deciduous. The unit leaf area projection
is commonly modeled by the random ca&g¢) = 0.5 [1], [3],
While defining the proportions of shaded overstorey arj@0]. This leaves canopf Al as a nonangular unknown kernel
background provides an important aspect toward understandiegn. This factor is determined by running the inverse model

Similarly, the probability of viewing shaded backgroufgd is
that part of the scene where overstorey or directly illuminat
background is not viewed

D. Canopy Multiple Scattering
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——kemel 1
—o—kernel 2
—a—kemel 3
—»—kernel 4

I1ZA=0° 1

Kernel Value

VZA (Solar Plane) a

1ZA=-30" 1 4 —o—Xkernel 1
—o—kernel 2
——kernel 3

——kemel 4

Kernel Value

The initial inverse FLAIR algorithm was designed using
a straight forward matrix inversion to determine the four
reflectance factors for a givehAI. This was found sufficient
for a large number of observations, but when a small number
(&V < 10) was used nonrealistic and multiple solutions resulted.
This is due in part to observational accuracy in measuring (or
calculating) reflectance and in recording the angular geometry
of the sensor and Sun. Inverse derived coefficients were found
to be sensitive to small error in observed reflectance, especially
when a limited range of observing geometry was used (such
as one illumination angle and near nadir only views) [20]. A
method limiting the derived reflectance factors to more realistic
solutions was thus required.

The inverse FLAIR algorithm is based on a modified simplex
method [21]. Normally, a simplex algorithm works by setting
constraints to a set of independent variables and determining a
maximum value of a function passing within these boundaries

90 -45 0 45 90
VZA (Solar Plane) b (optimal feasible vector). Two adjustments to this method were
adopted.
60 cermel 1 In defining primary reflectance factor constraints, one may
1ZA=- 1 4 —&—kermne .

. —o—Lermnel 2 simply note the expected range, namely
= ——kemel 3
§ th 2 07 Rzg 2 07 Rt 2 07 Rg 2 0 (26)
§ th SRh Rzg S Rg; Rt S 17 Rg S 1 (27)
i

VZA (Solar Plane) c

Additional constraints come from the observations. Using
each observation as an individual constraint can result in a time
consuming procedure involving the use of potentially redundant
or noncompliant information. To avoid this, the additional

Fig. 5. Solar plane derived values for FLAIR modeled inverse kernels for . . . . .
LAT = 2 and solar illumination zenith angles of () nadir, (0%, and (c) Constraints were defined based on a technique described in

—60°. [22], where givenN observed reflectance values, four linear

equations are defined
over multiple LAI values, and determining the best result, as

described in the next section. N N N

> (BRFkji) = Roy Y (kjikjn) + Reg Y (Kjikj2)

IV. FLAIR FORWARD AND INVERSEALGORITHM DEVELOPMENT =t jle j:;

As developed, the Four-Scale L_inear Model for An Isotropic + R, Z(kjikj3) + R, Z(kﬁkﬂ)?
Canopy Reflectance (FLAIR) provides the potential to compare i=1 i=1
canopy BRF of temporal or spatially distinct data sets. The im- i=1,2 3,4 (28)
pact of each kernel on derived coefficients depend on the bidi-
rectional geometry. Angular kernel functions are demonstratatherek;; is kernel numbef calculated for observatiof and
for three values of; (Fig. 5) for aL. Al of 2. Note regions where BRF; is the reflectance for observatign
kernels approach zero, or have similar shapes and magnitudefecall however, that these kernels contain within them
Limiting bidirectional angular sampling to these regions couldanopy LAI. Also, observational errors and experimental
produce unrealistic coefficient retrievals. Thus a wide range afcuracy related to sensor field-of-view, instrument calibration
view/illumination angles have the potential of providing bettesind positioning, and atmospheric correction exists. If no errors

results. in observation or approximations in the modeled canopy
Full Model: Full Model (Kernel Form):
R=R.,x[(1=Pyg)—F(1—=Py)—Prs(1—F)1—-P,)] | R=R., xk (22)
+R.g X [Pog — PiglF (1 — Pog) + Pog}] +R.g X ko (23)
+Ry x [F(1 = P,) + Pry(1 - F)(1 - P,,)] + R, x k3 (24)
+Ry X [Pig{F (1 — Pug) + Pug}l +Ry x ks (25)
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.......

equations to determine reflectance factors. As this is not the
case, a discrepancy factgr is introduced to provide eight : ) )
equations that are used as additional constraints to the model

description existed, then one could simply invert the model 0
%_>E

X Four-Scale Derived

Forward Mode
al al al @ Location of Sun for
ocation or sul
Z(f ’ BRijji) >Ry (kjikjl) + Ry Z(kﬂkﬂ) various simulation
J=1 Jj=1 J=1
ol ol Fig. 6. View locations of Four-Scale derived BRF values. Azimuth angles
9. ©O. ew | ur- Ve values. Azimu
+ Ry Z(kjikji%) + Ry Z(kjikj4)? are provided outside the perimeter. The sun is located at an azimuth of 180
j=1 j=1 (south), at various zenith angles. Due to azimuthal symmetry, BRF values at
i=1,234 (29) view azimuth angles betweert @nd 180 only (east) are processed.

r N N The optimalL A1 for inversion is determined by identifying that
Z (f—l . BRijﬁ) <R, Z(kﬁkﬂ) + R, Z(kﬁkﬂ) valu.e vyhiph produc_es a high., and low rmse. A fu_rther con-
=1 J=1 =1 straint is imposed, if a small change I/ results in a large

N N change in reflectance factor values, the result is assigned a large
+R, Z(/gjikjg) +R, Z(kjikj4); error. This assumes that if the model is converging with a re-
j=1 j=1 alistic LAI, small changes il AI would result in small, not
i=1,23, 4. (30) large, changes in derived reflectance factors. This was found

necessary to prevent near zero or near infihity/ values from
Equations (29) and (30) define hyperplanes in the 4-D vidlominating every solution.
tual-space of component reflectance factors. An optimal fea-
sible vector is defined to go through this region. For FLAIR in-
version, the function used is the BRF for nadir view argb®
illumination, BRF(@, 45°, 180°), chosen as a potential view/il-
Igmination orientation that could act as a convenient normalizg- \/5jidation Relative to Four-Scale Model Produced BRF
tion standard that would not be adversely affected by errors thaj ;o5
might be introduced by the steep gradient in the area of the hot
spot. While FLAIR provides a mathematical formulation generally
A poor choice off, if too large, results in the hyperplanesconsistent with the Four-Scale model, the ability to derive rep-
not intersecting within the area defined by the primary coriesentative canopy BRF’s needs demonstration. During deriva-
straints, resulting in derived reflectance values of 1 and Qidf tion, individual expressions used by FLAIR were compared to
too small, then the hyperplanes define no bound regions wittgquivalent Four-Scale expressions. Validation can also be per-
which to pass a feasible vector. Thus, inversion is initially peformed in part by determining and comparing reflectance simu-
formed for largef, and is decreased using a bisection algorithriated with Four-Scale and forward mode FLAIR, using identical
minimizing the size of the bound region to an infinitesimallynput parameters.
small (within computational error) area containing the optimal The Four-Scale model was used to determine BRF values at
feasible vector. This results in the area converging to derivetl view angle intervals in the solar plane and at 8w angle
values of the four component reflectance factors. intervals in the cross-solar plane and at 4& the solar plane
Inversion is performed for variouBAI values. The derived using the nominal summer OBS, YJP, and OJP architectural
L AT and component reflectance factors are then used by FLAVRIues (Table I1), withg; ranging from 18 to 75° at 30 inter-
in the forward mode to reproduce the initial BRF’s. Relative erals (Fig. 6). BRF values were then derived for the same orien-
rors between reflectance calculated from the inverted functiotagions using forward mode FLAIR (f-FLAIR). The results were
(pi) and those simulated with Four-Scéjey) are examined by compared with.. and rmse determined between each unique
determining both a correlation coefficient [(31)] and a root medh pair of calculated data sets (Table II).
square error (rmse) [(32)] to meet model validation conditions For large tree crown density, highA! conditions observed
as outlined in previous studies [22], [23]. at the southern OBS sites [15], f-FLAIR produces canopy
BRF that reproduce the general shape and magnitude of the
Four-Scale data sets, with a wider apparent hot spot effect
Z(Pz‘i — 7)) (ps, — P7) (Fig. 7 in_ the for(_escatter direc.tion. Comparing_ BRF values
Tee = 73 (31) derived with the high tree density, lovAI conditions (YJP
[Z (pi, — E)Q Z (ps. — p—fﬂ sites) demonstrated a high correlation between Four-Scale and
FLAIR. When a similar comparison is performed on l@wA !,
N 1/2 low tree density simulations (OJP sites), FLAIR modeled BRF
rmse — { 1 Z (pi, — pﬁ.)Q} ] (32) Values were found to match or be slightly higher magnitude

V. FLAIR VALIDATION

than those determined by the Four-Scale model.

i=1
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OBS (IZA=-45"% Four-Scale Model OBS Four-Scale

e 0.6 == — % — Forward FLLAIR
= = = Forward FLAIR AZA=-45%

Summer — -0~ - Inverse FLAIR (uni-IZA)
— - — Inverse FLAIR (multi-IZA)

0.4
2
0.2
-90 -45 0 45 90 -90 -45 0 45 90
VZA (Solar Plane) a VZA (Solar Plane) a
—— Four-Scale Model OBS Four-Scale
064 OJP(IZA=15" 0.6 - — - Forward FLAIR
- - - Forward FLAIR (ZA=45"R

= -0~ - Inverse FLAIR (uni-IZA)

Winter § § :
d ¥ Inverse FLAIR (multi-IZA)

VZA (Solar Plane) b VZA (Solar Plane) b

Fig. 7. Solar plane BRF values calculated with the Four-Scale Model afktfy. 8. Solar plane BRF values calculated with the Four-Scale model and
FLAIR (in the forward mode) for (a) OBS and (b) OJP. inverted FLAIR functions for OBS summer and winter simulations. Note the
nadir peak produced by the Four-Scale model.

VI. INVERTING FLAIR—FURTHER VALIDATION ) ] )
Four-Scale simulated BRF and the hot spot location. While

A. Inverting to Produce a Function for Canopy BRF i-FLAIR functions reproduced the data sets with high and

One purpose toward the development of FLAIR is to be ablgw rmse, the nadir reflectgnce was often noticeably shifted
to utilize the model in the inverse mode. To this end, FLAIEEatVe to the Four-Scale simulated data for laigé! and
was further validated by inverting a subset of angularly-sarfii- 11is occurs due to the previously discussed Four-Scale
pled BRF values produced by simulations with the Four-Sca#°metric crown description.
model.

BRF values from each Four-Scale simulation were detes: Inverting to Determine Architectural Coefficients
mined at view angles at f5intervals along the solar plane As discussed, FLAIR coefficients may be determined in
(from —60° to +60°), and at 30 intervals off-solar plane, the forward mode using measured canopy architectural values
for a total of eleven data points. Each unique illuminatioand reflectance factors and by estimating the shaded-to-sunlit
angle data subset (uflj) was then used to derive canopy BRFeflectance factor ratios (multi-scattering factors) for both the
for each off;, = —15°, —45°, —75° based on the inverse overstorey and background. By inverting the Four-Scale simu-
FLAIR algorithm (i-FLAIR). The derived functions were lated data sets, i-FLAIR derived coefficients may be compared
then used to redetermine BRF values for@llinitially used to their forward calculated values to assess the potential of
to produce the simulated data, and were then comparedrétating inverted coefficients to the canopy parameters.
the initial Four-Scale derived data sets. The @nisubsets  Using these simulations, comparisons between forward mode
were then combined to produce a multiple illumination angknd inverse mode FLAIR may be performed. The five near in-
set (multig;) and i-FLAIR derived BRF was again used tdrared canopy parameters from the three summer simulations
reproduce the Four-Scale model simulated data. are presented in Fig. 9 (summer and winter simulations in the red

For all summer simulations, i-FLAIR functions were foundand produced similar results). In these modéld/ was de-
to reproduce the simulated BRF curves and locate the hot sgetmined independent of wavelength. Further work with FLAIR
i-FLAIR functions generally produced reflectance of a slightlyvill examine settingL. Al to be constant across multiple wave-
lower magnitude around the hot spot region, demonstratiethgth bands.

with the summer and winter OB8, = —45° simulations Comparison between measured canopy parameters [1] and
(Fig. 8). rmse ana.. for all summer simulations are providedi-FLAIR parameters demonstrate a good correlation, especially
in Table 111, in old and young jack pine simulations where crown geometric

As recent research has begun to note the significance of #tricture is not as significant. In the densely packed OBS
background on canopy reflectance [24], winter simulatiorigowns, i-FLAIR derivedLAI and crown reflectance factors
(using Table Il properties witl, = R = 0.85 [20]) were were less than those used to produce the Four-Scale simula-
examined. i-FLAIR derived functions were able to reprodud@ns. This is due in part to the FLAIR approximation used
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TABLE Il
CORRELATION COEFFICIENTS ANDIMSEBETWEEN FOUR-SCALE MODEL DERIVED BRF VALUES AND FORWARD MODE FLAIR DERIVED BRF VALUES USING THE
SAME FIELD DATA, AND INVERTED FLAIR DERIVED FUNCTIONS BASED ON THE FOUR-SCALE VALUES

summer OBS YJP QoJp

) T |RMSE (red)

forward-FLAIR| 977 | .006
inverse-FLAIR (multi-8).986 | .003
inverse-FLAIR (uni-6;).986 | .003
forward-FLAIR] 979 1 .005
inverse-FLAIR (muiti-8)).947 | .007
inverse-FLAIR (uni-6,) .993 | .004
forward-FLAIR! .937 | .009

-75°| inverse-FLAIR (multi- ) .937 1 .010
inverse-FLAIR (uni-&).971 1.002

(nir)
.9791.026
.9901.013
.9891.010
.9791.020
965 1.024
993 1.012
.9361.032
.9351.028
.9711.008

(red)

.986 1.003
.9921.001
.9921.002
970 1.003
.963 1.003
.980 1.003
.9501.003
.9381.004
.9791.002

(red)

.994 1.003
.9971.001
.998 1.001
.9841.004
.986 1.003
.9911.003
.9391.006
.9421.005
.9921.001

(nir)
.9531.014
9111.015
9771.010
.9491.022
946 1.019
.9701.020
962 1.025
.9721.020
.9791.010

(nir)
990 1.015
.993 1.005
.997 1.004
9771.017
.9751.012
.993 1.009
.9491.032
956 1.024
991 [.005

-15°

-45°

S ; MIR summer simalation relative to the Four-Scale model. With jack pine simulations,

@ Ferwanl
g | YLARiwersionramm | e where tree size and distributions naturally result in a more
=, 9 Al B : homogeneous foliage distribution, i-FLAIR was better able to
- q ] oo | ;“'"’ ool reproduce the initial canopy parameters used by Four-Scale to
z B ? 03 By i1z amus) produce the canopy simulations. When comparing overstorey
, ! 00 m (T Ae ) LAI determined for each wavelength band, inverse derived
Lal Bm Heg B Hg values were similar for all simulations. Such a result supports
Camopy Farameter a treating overstoreyL Al as a wavelength independent param-
eter in future inverse FLAIR algorithms. Canopy parameters
OIF ; KIB summer stmsliion i used to produce Four-Scale canopy simulations and parameters
FLAIR inversion resubls derived by multig; FLAIR inversion of the simulated BRF's
o o Yl Genaihi-TZA) are provided in Table IV.
24 § 14 Sy (A=-15)
- B = 5 0. E..w.- 4] VIl. CONCLUSIONS AND FURTHER WORK
LAl Rm E-’" i i _ In this paper, a linear derivation of the Four-Scale model
; = is presented. The FLAIR model is derived following specific
Ay S C— i goals not generally applied to linear kernel model development.
Namely, these are
A2 R S @ Farward 1) maintain general applicability to a wide range of canopy
" W mrecionsizi o E""* 06 gn fmulti-124) architectural and optical properties;
-1 . G L_”A__ o 2) develop coefﬂqents that maintain a relationship with
“ e . s canopy properties; and
8 e a g [T A 3) provide a model that works equally well in forward and
i 08 x(EA=T4) inverse modes.

gt SR In following these goals, a predefined number of kernels was not

set; instead the linearization procedure resulted in a four kernel,
_ _ , _ , . __five parameter model. The coefficients are related to the four
Fig. 9. Summer OBS near infrared simulations. Derived coefficients using the .. .
FLAIR model in the forward mode, and in the inverse mode using the complé?@t'cal canopy propertiesi, Ry, Rzq, andRzr) and one
multi-; data sets, and data sets at uniquealues. structural property, overstoreyAl. By following this deriva-

tion technique, one starts to examine which properties are di-
for the probability of viewing/illuminating the backgroundrectly obtainable from remote observation, instead of attempting
through the overstorey [(6)] being more significantly differentio bias the answer by predefining which canopy architectural or
than that used by the Four-Scale model, discussed in the poptical properties to retrieve. In FLAIR, a bias is made toward
ceding section. Also relevant here, the nonrandomness faatorre homogeneous foliage distributions, but the model design
is assumed 0.5 for all conifer canopies. The tighter foliagies not limit its use to such canopies.
clumping in black spruce canopies may be better modeledA partial validation of FLAIR has been demonstrated with
by a more complex nonrandomness expression [10], howevespect to the Four-Scale model in two ways. First, both models
more research is required. By using a more homogeneausre used to simulate canopy BRF using the same architectural
foliage distribution in the overstorey, i-FLAIR results in arand reflectance properties. f-FLAIR modeled canopy BRF
under-estimation ofL Al and overstorey reflectance factorgeproduced that determined by Four-Scale for all test cases.

Camopy Parameter T
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TABLE IV
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RED AND NEAR INFRARED CANOPY PARAMETERS AS DETERMINED FROM DERIVED INVERSE FLAIR CALCULATIONS BASED ON FOUR-SCALE FORWARD
CALCULATED BRF VALUES (SIMULATION IN THE RED WAVELENGTH REGION PRODUCED SIMILAR COMPARISONS BETWEEN THETWO MODELS
AND THUS ARE NOT SHOWN HERE)

;i’ﬁfn;r OBS YIP oIP

Red INIR | Four-Scale FLAIR Four-Scale FLAIR Four-Scale FLAIR
LAI 45 2.613.0 2.7 27127 22 24124
R, 0.00310.10 | 0.00910.15 | 0.00510.19 | 0.00210.21 | 0.00310.13 | 0.00510.13
Ry 0.00210.11 | 0.00010.08 | 0.00410.08 | 0.00210.09 | 0.00310.09 | 0.00210.08
R, 0.11010.50 | 0.05510.32 | 0.05010.53 | 0.05310.57 | 0.07010.53 | 0.03910.39
R, 0.04010.25 | 0.07310.36 | 0.05010.15 | 0.046{0.17 | 0.09010.17 | 0.11010.22

('Not calculated with the Four-Scale Model but using the approximation as outlined in the text.)

(Wavelength dependent values presented as Red | NIR where necessary)

Second, i-FLAIR was used to invert a subset of Four-Scale[e]
simulated BRF's. Each canopy simulation was successfully
inverted by FLAIR to produce a function that could be used to
reproduce the complete Four-Scale canopy simulated data setg)
both summer and winter. i-FLAIR functions were also found to
produce realistic canopy parameters, comparable to the values
used in calculating the Four-Scale canopy simulations. [8]

The next important stage in FLAIR validation will be to ex-
amine field data. This will be done in part with data obtained
as part of BOREAS 1994, using architectural and optical prop-[9]
erties measured in-field, as well as multi-angle canopy bidirec-
tional reflectance values obtained with a variety of sensors, such
as the multi-season, bidirectional CASI data sets [20], [24], [25][10]
Other BOREAS data sets (such as with POLDER) will provide
additional information toward validation and use of the FLAIR 119
model. The aim will be to compare i-FLAIR results to seasonaf
change within a specific canopy, as well as to examine diffeth]
ences between species type.

(13]
ACKNOWLEDGMENT

The authors would like to thank S. Leblanc who provided
valuable comments during the derivation of FLAIR, and thel14]
anonymous reviewers who provided thorough and helpful rep 5
views of this manuscript.

[16]
REFERENCES

[1] J. M. Chen and S. G. Leblanc, “A four-scale bidirectional reflectance[17]
model based on canopy architecturdEEE Trans. Geosci. Remote
Sensingvol. 35, pp. 1316-1337, Sept. 1997.

[2] J. Cihlar, D. Manak, and N. Voisin, “AVHRR bidirectional reflectance [18]
effect and compositing,Remote Sens. Envirgnol. 48, pp. 77-88,
1994.

[3] W. Wanner, X. Li, and A. H. Strahler, “On the derivation of kernels for
kernel-driven models of bidirectional reflectancé,Geophys. Reszol.
100, no. D10, pp. 21077-21089, 1995.

[4] A. Wu, Z. Li, and J. Cihlar, “Effect of land cover type and greenness

on advanced very high resolution radiometer reflectance: analysis anf20]

removal,”J. Geophys. Resvol. 100, no. D10, pp. 9179-9192, 1995.

H. P. White, J. R. Miller, J. M. Chen, and D. R. Peddle, “Seasonal

change in mean understorey reflectance for BOREAS sites: Preliminarj21]

results,” in Proc. 17th Can. Symp. Remote SensiBgskatoon, SK,

Canada, 1995, pp. 189-194.

(29]

(5]

B. Hu, W. Lucht, X. Li, and A. Strahler, “Validation of kernel-driven
semiempirical models for the surface bidirectional reflectance distri-
bution function of land surfacesRemote Sens. Envirgrvol. 62, pp.
201-214, 1997.

C. L. Walthall, J. M. Norman, J. M. Welles, G. Campbell, and B. L.
Blad, “Simple equation to approximate the bidirectional reflectance
from vegetation canopies and bare soil surfacégpl. Opt, vol. 24,

pp. 383-387, 1985.

H. Rahman, B. Pinty, and M. M. Verstraete, “Coupled surface-atmos-
phere reflectance (CSAR) model. 2. semiempirical surface model usable
with NOAA advanced very high resolution radiometer dath, Geo-
phys. Resvol. 98, no. D11, pp. 20 791-20 801, 1993.

W. Ni, X. Li, C. E. Woodcock, M. R. Caetano, and A. H. Strahler, “An
analytical hybrid GORT model for bidirectional reflectance over discon-
tinuous plant canopies|EEE Trans. Geosci. Remote Sewsl. 37, pp.
987-999, Mar. 1999.

J. M. Chen, “Optically-based methods for measuring seasonal variations
of leaf area index in boreal conifer standégric. For. Meteorol, vol.

80, pp. 138-163, 1996.

R. Soffer, “Bidirectional reflectance factors of an open tree canopy by
laboratory simulation,” M.Sc. thesis, Graduate Program Earth Space
Sci., York Univ., York, ON, Canada, 1995.

H. P. White, J. R. Miller, R. Soffer, and W. Wanner, “Semiempirical mod-
eling of bidirectional reflectance utilizing the MODIS BRDF/Albedo al-
gorithm models,” inProc. Int. Geoscience and Remote Sensing Symp.
Lincoln, NE, 1996.

E. M. Middleton, E. A. Walter-Shea, M. A. Mesarch, S. S. Chan, and R.
J. Rusin, “Optical properties of canopy elements in black spruce, jack
pine, and aspen stands in Saskatchewan, Cang&im,"J. Remote Sens.
vol. 23, pp. 188-199, 1996.

W. Qinand N. S. Goel, “An evaluation of hot spot models for vegetation
canopies,'Remote Sensing Revol. 13, pp. 1-2, 1995.

S. G. Leblanc, P. Bicheron, J. M. Chen, M. Leroy, and J. Cihlar,
“Investigation of radiative transfer in boreal forests with an improved
4-scale model and airborne POLDER datéEE Trans. Geosci.
Remote Sensingol. 37, pp. 1396-1414, May 1997.

C. A. Russell, J. R. Irons, and P. W. Dabney, “Bidirectional reflectance
of selected BOREAS sites from multiangle airborne dalaGeophys.
Res, vol. 102, no. D24, pp. 29505-29516, 1997.

X. Li and A. H. Strahler, “Modeling the gap probability of a discontin-
uous vegetation canopyEEE Trans. Geosci. Remote Sensivg. 26,

pp. 161-169, 1988.

S. E. Loechel, C. L. Walthall, E. B. de Colstoun, J. M. Chen, and
B. L. Markham, “Spatial and temporal variability of surface cover at
BOREAS using reflectance from a helicopter platforfEEE Trans.
Geosci. Remote Sensjngl. 34, pp. 586-590, 1996.

C. J. Kucharik, J. M. Norman, L. M. Murdock, and S. T. Gower, “Char-
acterizing canopy nonrandomness with a multiband vegetation imager
(MVI),” J. Geophys. Resvol. 102, no. D24, p. 29409, 1997.

H. P. White, “Investigations of boreal forest bidirectional reflectance
factor (BRF),” Ph.D. dissertation, Graduate Programme Phys. Astron.,
York Univ., York, ON, Canada, 1999.

W. T. Vetterling, S. A. Teukolsky, W. H. Press, and B. P. Flannery,
Linear Programming and the Simplex Method, Numerical Recipes in
C. Cambridge, U.K.: Univ. Cambridge Press, 1990.



WHITE et al: FLAIR FOR PLANT CANOPIES- PART |

[22] A. H. Strahler and J. Muller, “MODIS BRDF/Albedo Product: Algo-
rithm Theoretical Basis Doc.,” NASA EOS MODIS, 1995.

[23] N. S. Goel, “Inversion of canopy reflectance models for estimation ¢
biophysical parameters from reflectance data,Theory and Applica-
tions of Optical Remote Sensirtg. Asrar, Ed. New York: Wiley, 1998,
pp. 205-251.

[24] B.Hu, K.Innanen, and J. Miller, “Retrieval of leaf area index and canog
closure from CASI data over the BOREAS flux tower siteRgmote
Sens. Environto be published.

[25] J.R. Miller, J. Freemantle, P. Shepherd, L. Gray, N. O’Neill, A. Roye

and E. Senese, “Development of CASI to meet the needs of BOREA!

1083

John R. Miller received the B.E. degree in physics
and the M.Sc. and Ph.D. degrees in space physics,
studying the aurora borealis using rocket-borne ra-
diometers, all from the University of Saskatchewan,
Saskatoon, SK, Canada, in 1963, 1966, and 1969, re-
spectively. He then spent two years on a postdoctoral
fellowship at the Herzberg Institute at the National
Research Council, Ottawa, ON, Canada.
In 1971, he joined York University, York, ON,

as a Project Scientist. He is currently Professor of
Physics and Astronomy at York University and is

science,” inProc. 17th Can. Symp. Remote SensiBgskatoon, SK, Co-Director of the Earth Observations Laboratory of the Centre for Research

Canada, 1995. in Earth and Space Technology (CRESTech). His remote sensing interests
include atmospheric correction and interpretation of watercolor reflectance and
canopy reflectance. Over the past decade, his primary focus has been on the
application of reflectance spectroscopic techniques in remote sensing using

imaging spectrometers.

H. Peter White received the B.Sc. degree in physic
and astronomy from Saint Mary’s University, Hal
ifax, NS, Canada, in 1988 and the M.Sc. and Ph.
degrees in physics and astronomy from York Unive
sity, York, ON, Canada, in 1994 and 1999, respec;
tively. 3
He is currently a Canadian Government Labos
ratory Visiting Fellow at the Canadian Centre for
Remote Sensing (CCRS), Ottawa, ON. His remo
sensing interests have included Jovian planetag
atmospheric composition and modeling optical

Jing M. Chen received the B.Sc. degree in 1982
from Nanjing Institute of Meteorology, R.O.C., and
the Ph.D. degree in 1986 from the University of
Reading, Reading, U.K.

He is currently a Research Scientist at the Cana-
dian Centre for Remote Sensing (CCRS), Ottawa,
ON, Canada, and a Professor in the Department of
Geography, University of Toronto, Toronto, ON,
Canada. His main research interests have been in
turbulent and radiative transfer processes associated
with plant canopies. He is currently engaged in

bidirectional reflectance of boreal ecosystems. Current research is focusedesearch on applications of optical and microwave remote sensing techniques
modeling and retrieval of biophysical parameters of vegetative surfaces usiadoreal ecosystems. Research topics include radiation modeling, biophysical
optical remote sensing techniques. parameter retrieval, and modeling net primary productivity and carbon cycle.



