IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 39, NO. 5, MAY 2001 1061

Multiple-Scattering Scheme Useful for Geometric
Optical Modeling

Jing M. Chen and Sylvain G. Leblanc

Abstract—Geometrical optical (GO) models have been widely and shaded components controls the angular variation pattern,
used in remote sensing applications because of their simplicity and and is therefore the key to GO modeling. At red wavelengths,
ability to simulate angular variation of remote sensing signals from the contrast is high due to the large absorption and small

the earth’s surface. GO models are generally accurate in the vis- tteri Ibedo (includi flecti dt L f
ible part of the solar spectrum, but less accurate in near-infrared scattering albedo (including reflection and transmission) o

(NIR) part in which multiple scattering in plant canopies is the Plant leaves, and GO models generally have high accuracy. At
strongest. Although turbid-media radiative transfer (RT) methods near-infrared (NIR) wavelengths, the contrast is much reduced
have been introduced to GO models to cope with the second-order pecause of the large scattering albedo of plant leaves, and
and higher order scattering, the problem of canopy geometrical ef- the accuracy of GO modeling approach deteriorates at these

fects on multiple scattering still remains and becomes the main ob- | ths. Critical to th is the simulati f th
stacle in GO model applications. In this paper, we propose and test wavelengtns. Lritical to the accuracy Is the simulation ot the

amultiple scattering scheme to simulate angular variation in mul- radiance exiting from the shaded components. The reflected
tiply scattered radiation in plant canopies. This scheme is based radiance from shaded components is not only determined by
on various view factors between sunlit and shaded components the first-order scattering which separates the sunlit and shaded
(both foliage and background) in the canopy and allows the geo- ,mnanents, but also multiple scattering after the first collision

metrical effects to propagate to the second-order and higher order - . - .
scattering simulations. As the view factors depend on the canopy of light with foliage or the background. A beam of light can

geometry, the scheme is particularly useful in GO models. This Undergo several orders of scattering before it is totally absorbed
new scheme is implemented in the 4-Scale Model [4], which previ- or reflected back to space. Multiple scattering simulation or
ously used band-specific multiple scattering factors. Afte_r the use approximation is therefore an indispensable part of RT models
of the scheme, these factors are removed and the multiple scatt- intended for multispectral and hyperspectral applications.

tering at a given wavelength and angle of observation can be au- C | del h th b d diosit .
tomatically computed. Improvements made with this scheme are omplex models, such as those based on radiosity using

shown in comparison with the top-of-canopy (i.e., PARABOLA) iterative procedures [1], [10] and those based on ray tracing
and airborne (i.e., POLDER) measurements with modeled results using discrete ordinates [9], [21], can theoretically simulate the

with and without the scheme. Examples of canopy-level hyperspec- multiple-scattering with high accuracy. However, the accuracy

tral signatures simulated using the scheme are also shown. would strongly depend on the amount of details considered in
Index Terms—Directional remote sensing, geometrical optics the architecture description and on computational resources.
(GOs), hyperspectral, multiple scattering, view factors. GO models have the advantage of simplicity and adaptability
to image processing. It is therefore highly desirable to devise

|. INTRODUCTION an accurate and effective multiple scattering scheme in GO

models without using complex schemes.
G EOMETRIC OPTICAL (GO) models belong to one typa o e > v/ 1OUL USING compIex:s S

of radiative transfer (RT) models developed to capture theMany GO models [4], [12], [16], [22] have simple treatments
variation of remote sensing signals of the Earth’s surface wifti the multiple scattering effect using band-specific factors.
illumination and observation angles. GO models emphasize tHe€t al- [17] developed a hybrid model (GORT) after intro-
effect of canopy architecture, i.e., groups of foliage at vario§4/cing a RT scheme into a GO model. In the GORT approach,
scales, on RT in the canopy, and are therefore particulaRgnopy geometrical effects are considered in the first-order
useful for forests, savanna, row crops, etc. The general GSénttering. In the events after the first collision of a beam or a
modeling approach is to simulate the strength of the reflectE®y Of light with foliage, the scattering is approximated using
radiance from scene components, such as sunlit crown, sufiIfRT scheme derived for turbid media, and the whole multiple
background, shaded crown, and shaded background [16]_sp@ttering .is solved by a numerical method of successiv_e
canopies where these components are distinct, GO approaciéérs. This GORT approach represents a step forward in
are very effective in capturing the angular distribution patteff’Proving GO-based models. However, the critical issue about
of the reflected radiance, and therefore are used widely the geometrical effects at higher orders still remains. This

remote sensing applications. The contrast between the sul§iUe is critical because the assumption of multiple scattering
being angle independent can cause considerable errors in

. . _ canopies with distinct geometrical structure. In conifer forests,
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to higher-order scattering events. This issue in GO modelingultiple-scattering changes with variations in canopy structure.
remains unresolved and hampers the wide use of GO approdbie new version of the model presented in details here explicitly
because of its inability to cover all practical ranges of canompmputes the multiple scattering, based on canopy architecture.
conditions and optical spectra. In particular, in developing Reflectivities of the sunlit components resulting from the
a hyperspectral GO model, the accuracy in multiscatterifigst-order scattering can be estimated from field spectral
calculation becomes essential. measurements on samples of the foliage and background.

In this paper, we present a new approach of simulating thide shaded components without multiple scattering should
multiple-scattering effect, which is particularly suitable for usbe very dark when only direct radiation is considered, and
in GO models. This scheme attempts to provide the capabilitysfghtly brighter when the diffuse radiation from the sky is also
GO models in simulating the directionality of multiply scatteredonsidered. Multiple scattering provides the additional source
radiance in plant canopies according the geometrical feature®bfadiation, which can greatly increase the reflectivity of the
the canopy. The scheme allows the geometrical effects to pregpaded components. For the same reason, the reflected radiance
agate to all orders of scattering. The scheme is also reasondlbyn sunlit components would also be increased by about the
simple and easily implemented using general canopy geom&dime absolute values as the shaded component because of
rical descriptions that exist in any GO models. The purpose thfe multiple scattering, but the relative change in reflectivity
this paper is to fully describe the scheme and discuss its usefalimuch smaller. The goal of a multiple scattering scheme is
ness and limitations. therefore to estimate the increases in all these reflectivities in

(1) due to multiple scattering.
II. THEORY To achieve this, we separate the contributions of scattering

into different orders. The first-order scattering by the foliage to

The GO model used in this investigation is the 4-Scale Mod .
e sensor is expressed as

[4], [14]. The model simulates the bidirectional reflectance dié—
tribution function (BRDF) based on canopy architecture at the R<Tl) — Ry )

four scales: 1) tree groups, 2) tree crown geometry, 3) branches,

and 4) foliage elements (shoots for conifers and leaves for dehere Ry is the foliage reflectivity as measured on individual
ciduous). Compared with Li and Strahler's 2-scale models, i.¢eaves and the superscript (1) refers to the order of scattering.
randomly distributed discrete objects containing turbid-medi&he first-order scattering by the background to the sensor is sim-
the 4-Scale Model considers the nonrandom tree distributidarly expressed as
using Neyman Type A distribution and the sub-crown structure 1)
using descriptions of branch and foliage element geometry. Al- Ry = Re ®)

though the description of the canopy architecture is advanceqjfere ., is the ground reflectivity. Sunlit foliage elements can
GO models, the multiple scattering scheme uses only angle{f; aftected by the second order of scattering from four sources:
varlgnt, baqd—speuﬁc factors. Itis thgrefore asu'ltable model fg)” other sunlit foliage (subscrip™); 2) shaded side of sunlit
testing the mprovement of the multiple scattering scheme dgz e (subscriptFT™); 3) sunlit background (subscripC),
veloped in this study. and 4) diffused light from the sky (subscript™)

A. Scene Components and Determination of their Reflectivities

(2) _ (L) (L)
as Affected by Multiple Scattering Ry” =Rr <RT Pror +Tp Frr—r

In general, the spectral reflectance of an area, or a pixel, is
represented by while R represents the reflectivity of a scene
component.The reflectance is calculated by associating reflecﬁ
tivities of the sunlit and shaded trees crowRg-(andRz7) and where
background R and R ;) to the corresponding four propor-
tions of the scene viewed

+ RS)FGHT + desHT> 4)

Fr_+ view factor for the surrounding sunlit foliage from
an elemental area of a sunlit crown surface;
Frr_ .+ view factor for the shaded side of sunlit leaves from
p=Ry -Pr+Rg -Po+Ryr -Zy+Rze-Za (1) W thg same Ioca’Flon;
s foliage transmittance;
wherePr and Py are the probabilities of seeing from aremote Fs_. view factor for the sunlit ground from an elemental

sensor the sunlit tree crown and background, respectively, and area of a sunlit crown surface;

Zr andZ¢ are the probabilities of seeing the shaded crown andFs_r  view factor for the sky from the same location and
background, respectively. The term “background” here refers is approximated by's_., that does not differentiate
to all materials below the tree canopy which is visible from between sunlit and shaded foliage;

above, including soil, plant litter, moss, and understory (shrubsf, fraction of diffuse radiation compared to the total
and grass). In previous versions of the model, constant mul- sky irradiance direct + diffuse radiation).

tiple-scattering factors were used for a canopy even when Fdiese view factors will be defined in Section II-B. In the original
rameters like the leaf area index (LAI) and the solar zenith angleScale Model, the tree crown surface is treated as a complex
(SZA) were changed. This introduced errors when the canopyrface rather than a smooth surface where a sunlit surface is
parameters were different from the ones used to find the multiglempletely sunlit and shaded surface is completely shaded. In
scattering factors from experimental data since the amounttbé complex surface treatment, shaded leaves can be observed
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on the sunlit side of crowns and sunlit leaves can be obsen@dshaded) are used as the weights. These weights are made
on the shaded side. In the calculation of these view factors, r@tative to the total foliage view factqd — Fs_;). Fr— is
asymmetric method is used, i.e., the view factors are referrdmt view factor for sunlit foliage from an elemental foliage
to the imaginary crown surface while in the calculation of tharea and is equal tby_ 7+ + Fr_.7. Fzr_., is calculated as
probabilities of the surface seeing other illuminated foliage thke residual of other view factorﬁg) andR(ZQg; are the same
complex surface calculation is resumed. In this way, the need fwrcording to (6) and (7), and the sum Bf_; and Fzq_.;
an additional integration with respect to the illuminated foliagequals #,,_.; as subscripts @ and “ZG” means sunlit and
angle is eliminated while the major variance in viewing sunlghaded backgrounds while the subscrilgg fheans the total
foliage caused by the complex surface is retained. For shadetkground. With this mean coefficient for the second-order
foliage elements, we can similarly write scattering, the third-order scattering by the elemental foliage
area can then be calculated as follows:

R(Z22)“ =Ry <R§})FT—>ZT + Té«l)FTT_,ZT _
RY =RY) = (Rp +Tp) - (1 - Fs—y) - REL (9)

1)
+ Re Foozr + deS*”) (3)  where the third-order scattering from sunlit foliage is assumed

to be the same as that from shaded foliage. The term
where similar definitions are given to an elemental area of};\

(2) . .
o « Fs_t)- Ry in (9) is the mean second-order reflectance after
shaded crown surface denoted by the additional subscipt aking an allowance for the portion which is reflected back to

For the background, only both sides of the suniit foliage and t ace. This term determines the second-order scattered irradi-
diffuse radiation from the sky contribute to the second order F . "\ i 4he canopy, and part of the irradiance will be ab-

scattering, .., sorbed by the canopy and the remaining will be scattered again
@ _ ( (1) (0 ) to form the third-order scattering. The third-order reflectance is
R =R \Bi'Frec + T Prr—c + JaFs—q ®) found by multiplying the mean second-order reflectance with
R, =R¢ (R(Tl)FTHZG +TO e + deSHZG) . theleafscattering albedo, i.€r + T7). As in the calculation
of the third-order scattering, the second-order scattered light is
™ assumed to be isotropic, both reflectivity and transmittance need
be considered in the third-order and higher order calculations.
epending on the required accuracy of the directional calcula-
tion, this assumption can be moved to higher orders. However,
Ny . _ . in the examples shown in this paper, this assumption is used.
right-hand side of (6) and (7) (e.¢rz¢ = Fr.q, andis Equation (9) is an important step in this methodology because it
written asfr_,,). . . . .
also sets the relationship between two successive orders in gen-

For the third-order and higher order scattering, similar . .
equations can be expanded for the sunlit and shaded foIiaegrgl' Generally, théth order scattering can then be expressed as

and background components, but the number of terms in each
equation will multiply as the order increases. To keep the

number of terms small and manageable, we need to simpli - .
. . . e total reflectivity of a scene component can then be obtained
the second-order scattering expressions for higher order

calculations. This is accomplished by combining (4)—(7) foFOm the summation of all orders

the overall foliage and the ground components separately.toml =
The mean second-order scattering coefficient that deterr :ZRT
mines the second-order scattered irradiance arriving at an =1

The sky view factors from the shaded and sunlit backgroun
are assumed to be the same (iRg,) = R(Z% and the subscript
“@G” and “ZG" for the view factors are replaced by™on the

RY = (R + Tr)(1 — Fs_y) - R{ZY. (10)

elemental crown surface area is then taken as a weighted 2) Rgf’g;
average between terms for the second-order scattering from =B+ Ry + 1—(Rr+Tp)-(1—Fs ) 11)
the foilage Rg)FT—M + R(ZQ%FZT_)t and the background 0o I o)
RS Fay + RS\ Fza—.s, shown in (8) at the bottom of the Rigs! = "Ry = RE), + rG _
page, where the view factors for the various sunlit and shaded i—2 1= (Br+Tr)- (1= Fs—)
components from the elemental foliage area (either sunlit (12)

—ar_ (R Fro+ R Frr i+ R Fo i+ RE5Frc 1)

ra — (1 - FS—)t)

(1—-Fs_y)
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Itis noted that in (11) and (12), the second-order scattering tersky radiance, this representative zenith ang)ean be approx-
are separated because the canopy geometrical effects on sowted as

tering are explicitly considered in these terms. These effects are -

implicitly considered in the higher order terms through the de- cos () = 0.537 4 0.025L (18)
pendence of the mean second-order scattering on the canopy

geometry. These equations can be further expanded as nedf&gfeL is the LAI. The view factor calculation can then be
to consider more explicitly the geometrical effects on the high&fmplified as

order terms. _
. . . G(6)QrL
For the calculation of the third-order and higher order scat- Fs_.g =exp T eos(0) (19)
tering from the background, we can also use the same coeffi- cos (6)

cientthat determines thelirradiance.on the ground resulting frehereG(6) is the projection of unit leaf area on a plane perpen-
the second-order scattering. The third-order reflectance from #gular to the directio. {2 is the total foliage clumping index

background can then be written similarly as follows: of the canopy resulting from foliage grouping at all scales. This
- — clumping index is view angle dependent [2], [13]. At the mean
Rg’) = Rg’g; =Re(1-Fs_y) R;g (13) angled, it can be calculated as
The ith order scattering from the background can then be de- Q= log (Pvg(g)) (20)
fined as "7 log (Pugr(8))
R—(C? =Ra(l—Fs_y)- RE};”. (14) whereP,,(f) is the probability of viewing the background from

the zenith anglé through a clumped tree canopy. Itis calculated
After the summation of all orders of scattering, the total scarom the input of tree crown geometry (diameter and height)
tered irradiance from the sunlit background is then determinadd density as well as LAl which determines the tree crown

by transparency [4]P,,.-(#) is the gap fraction for a canopy with a
- random spatial distribution of leaves having the same LAI and
total i (2) can be calculated using the Beer’s law, in which dagés taken
Rg™ = ; Rg =He + Rg as unity
(3
R _ —G(O)L
+ Lo 15 Py, (6) = & 21

=B+ T - Fsy) ) Al ) @

and for the shaded background, it is The value of2 calculated in this way is generally in the range
- —5 from 0.35to 0.7 for conifer canopies, and from 0.6 to 0.9 for de-
Rtotal _ Z R = R2 4 Ry ciduous, in agreement with experimental data for boreal forests
26 T TIE TG T — (Ry 4+ Tr)(1 - Fs—y)  [5]. For simplicity, it is assumed tha#(6) = 0.5.

(16) The foliage view factor from an elemental area on the ground

Equations (11), (12), (15), and (16) provide the framework fd8 1 — Fs_.4, Which can be further separated into sunlit and
estimating the overall multiple scattering in geometrical modelshaded foliage view factors. For simplicity in separating these

The remaining task is to calculate the various view factors. factors, a point on the ground (i.e., point F in Fig. 1), which
is half way between the average crown distance, and foliage

B. View Factors elements located at middle of the crown height (i.e., point D
A view factor is defined as the percentage of solid angles th%rfd E) are used to calc_ulate the |nC|de.nt angles betwgen the
Pund point and the points on the sunlit and shaded sides of

an object occupies in the hemispherical view of an elemen ir rowns. The inciden nale on an elemental surf i
area oriented perpendicular to the object [11]. For an object t g lree crowns. The incidence angie on an elemental surtace a
viewed from the ground point F is

is not perpendicular to the elemental area, a weightoefd
should be used, whetgis the incident angle.

The sky view factor from the background can be expressed as 51/2 = tan ! [

Ha+0.5-Hb} 22)

0.5-d

I /2 . where
Fs_y= ;/0 d<p/0 P,4(8) cos Bsin 6df (17) H, crown base height:

) ) ) ) ) H, crown vertical dimension;

mean of the gap fractiofiP,,) in all directions. To estimate the |t s calculated from the estimated gap size distribution between
view factor, integration with respect # (see Fig. 1) from O tree crowns

to w/2 and over all azimuthsy®) must be done. To simplify -

this procedure, Cheat al. [6] uses a representative angle for g Jo  Aep[-L 1+ A/Wildh W,
diffuse radiation transmission through a canopy. Through nu- < _ L,
merical simulations with (17) under the assumption of isotropic Of exp [=Le (14 A/W,)]dA

(23)
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Fig. 1. Canopy geometry used for view factor calculations in the multip
scattering scheme.

where is the gap size. The exponential function in the integrals

describes the probability of observing a gap of si20]. L, is

ELING 1065

Equations (25) and (26) are simplified forms of those in Chenand
Leblanc[4] because the effect of tree crown overlapping on these
components of multiple scattering is ignored here to reduce the
unnecessary complexity. These components are small for dense
canopies with considerable overlapping, but large for sparse
canopies where the overlapping probability is small. For the
calculation offrr 4, ['(£) isreplaced byt — I'(¢) in (24)—(26)

to represent the shaded side of sunlit foliakig; ., is assumed

to be the same a8rr_. andFrr_, z¢ used in (6) and (7).

In the estimation of multiple scattering resulting from diffuse
radiation from the sky, which is particularly important when the
SZA is large, the sky view factor from the crown surfdce ,,
is used. As both the sky view factor and the probability of ob-
serving the crown surface vary with depth into the canopy, a
mean sky view factor is found through a vertical integration with
respect to height, which is proportional to the accumulated LA
ik the vertical direction. It is expressed as

L;=L
=l P(Li,6,) - Fa(Li)dL

JEZy P(Li,6,)dL;

Fs = 27)

the projected tree crown surface area index adjusted for the tvégere F;,,(L;) is the sky view factor for an elemental crown
grouping effects [4], and@l; is the characteristic mean width ofsurface area at the depth, and P(L;, #) is the probability of
tree crowns projected on the ground, calculated as the squalpserving the elemental area from above the canopy. Equation

root of the projected area. Equation (23) calculates the gap

(27) produces a sky view factor from a surface weighted by the

size weighted by the probability of observing each gap in thesobability of observing the surface from above, which is cal-

full range of the probability, and the integrated result is simp
proportional toW, but inversely proportional td.,.

The view factor for sunlit foliage from the background is the
found approximately with

|Q1 (B2, =0) + Qs (1/2.
2

= )]

I, =

(1= Fsy) (24)

where; and (@, are based on Chen and Leblanc [4], whic
represents the amount of sunlit foliage that can be seen on

lpulated from
—G(0,)Qr L
P(L;,6,) = SRSANCY kbl 28
" (Lt =ewp | ZOUE]
whered,, is the view zenith angle. To calculatg, (L, ), an equa-

tion similar to (17) can be used. However, the double integral
is more complicated in this case because the view factor of an
inclined surface can be separated into upper and lower hemi-
spheres and only the upper hemisphere needs to be considered
E’?& r the sky view factor. This means that the upper and lower
¥inds of the integral with respectdshould vary with the az-

sunlitand shaded side of a crown, respectively. They are def'qﬁﬂjth anglep. While the exact expression of this view factor is

as
R () [1 —exp[(=C(8,) - Lo— C(8) - Lo)]}
C(b;) - C(9) 1
(25)
CO(6.)+C(6) 1 — Paap(6)
0a(0, ) =I'(¢) [e C(8.)Lo _ G—C(O)Lo:|
C(6;) - C6) 1
(26)
0(6) = C(6,) " 1— Paap(6)
where
P,.,(6) gap probability through a crown at andglg
0, solar zenith angle (SZA);
c) = G(0)-Qr/sin(6);
INC3)
scattering anglé which is calculated from, 6, and
the azimuth angle differeneebetween the sun and
the view direction;
Lo

within a crown.

possible [3, (32)—(36)], itis unnecessary to carry out such a com-
putation-intensive double integration in the model. We therefore
also seek a simplified form foF.(L;) similar to that of (19).

On the imaginary tree crown surface, an inclination afigleof

an elemental surface area can be derived according to the pre-
scribed tree crown geometry. Using this andfte,(L;) can be
approximated by

o G (97;(L7;)) QrL;
Fo(L;) = exp (29)
™ cos (Hi(Li) - oc)
whered(L;) is the representative zenith angle for sky light trans-

mission to the crown surface at degth Equation (18) is used

phase function for leaf scattering depending on thte calculate this angle. For boreal forests, both conifer and de-

ciduous, the vertical dimension of the tree crowns is much larger
than the horizontal dimension, and therefore the inclination of
the imaginary crown surface can be approximated by a constant

number of leaf layers accumulated horizontallpf 7 /2. This constant is used in the simulated results reported

in this paper.
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The average view factor for sunlit foliage from shaded side By definition, the view factor from a sunlit crown surface to
of a crown is calculated from the probability of sunlit leavethe surrounding sunlit crown surfaces is the residual of all other
at various angles illuminating the shaded side of a crowwiew factors from the sunlit crown surface, i.e.,

An elemental crown surface at height has a probability of

seeing sunlit foliage at heigl#; on other crowns. The function Frop=1-Fsr—Fyr — Fgr_r (33)
Q1(6,¢) given by (25) is used to describe the probability,

wheref refers to the incident angle to the normal to the imagvhere Fzr—r is the view factor for shaded foliage from a
inary tree crown surface. Integrating, over all heights for sunlit crown surface. According to the reciprocal principle, it
both H; and H;, taken to be proportional to the accumulatet taken asiz—. zz given in (30).£7 1 is much smaller than

LAl (i.e., L, and L;) from the bottom of the crown, gives Fzr_ 1 as asunlit crown surface is more likely to face shaded
leaves than sunlit leaves. This component is therefore small in
1 pLbAl p2m p6(LsiL) the total multiple scattering scheme. To approximate the be-

Fr_zr :f/o /0 /Q(L ) Q1(0n, ¢) havior of Frr_r, i.e., the average view factor for the shaded

side of sunlit foliage from sunlit side of a crown, we udégd .1

sin 6 cos fdfdpdL (30) multiplied by the foliage hotspot function

wheref(L;, L;) isthe incidence angle between illuminating and
I ! . . ; . Frp_p=FFp_, 34
illuminated leaves in question. It is taken as a function of the =T =T (34)

height difference between the leaves as an approximation @hiere the hotspot functiofi, of [4] is used by reducing it to
though in r'eallty. it is also a function of their azimuth angle d|f(1 —T'(¢)). These view factors described above are then used in
ference. It '15 defined a&(Li, L ;) = (1/2)((w/2) +601), where  the multiple scattering calculations in (11), (12), (15), and (16).
O = tan"* \/[Hi(Li) — H;(L;)]*/d, which is the incidence | is noted that simplifications are made in each view factor cal-
angle when the azimuth angles of both leaves are the same. Hhitions through prior numerical experiments. These simplifi-
is a simplified form for calculating the incident angle, takingations are necessary for fastimplementation of the scheme, but
into account for the incident angle variation for leaves at tr}ﬁay cause significant errors in some extreme conditions. Im-

same height but different azimuth angles through averaging %vements may still be needed in finding ways to simplify the
angles at two extremes. One extreme is at the same azi rwise complicated view factor calculations.

angle so the angle is determined by the height difference only,
i.e., ). The other is at the azimuth angle ©f2 at which the
incident angle is alse /2. After this treatment, the integral with
respect tap is no longer dependent on the integration with re- To illustrate the improvements made by the multiple scat-
spect tof but solely on the phase functidh(¢) in (25). In this tering scheme, the simulated results were compared with BRDF
way, (30) is easily implemented. To computer_, ;7 i.e., the Mmeasurements taken in two most common boreal forest types
average view factor for the shaded side of sunlit foliage frofitiring the BOReal Ecosystem-Atmosphere Study (BOREAS)
shaded side of a crown, the same method is used, except fRdl. One data set was taken by the Portable Apparatus for
the final integration is done ovér— I'(¢) instead of'(¢). The Rapid Acquisition of Bidirectional Observations of Land
view factor for the sunlit background from the outer edges of @hd Atmosphere (PARABOLA) [7]. It acquired radiance
tree crowns is calculated in a way similar to the sky view factdfiata in 13 field of view for almost the complete {4 sky-
The same inclination angle of the imaginary tree crown sur-and ground-looking hemispheres in three channels (visible,
face is used in the general expression as follows: near infrared, and mid-infrared; 0.650-0.670, 0.810-0.840,
and 1.620-1.690 um, respectively). During the BOREAS

I1l. EXPERIMENTAL DATA USED FORMODEL VALIDATION

1 (fa —-GQr(L - L;) experiment in 1994, the PARABOLA was mounted on a tram
Foor = f/o —Pug (65) exp {m} dL; which traversed a fixed set of tram cables at the Old Aspen
(31) (OA) and Old Black Spruce (OBS) sites within the Southern
where Study Area located near Prince Albert, Saskatchewan, Canada.
The tram cable height was approximately 13-14 m above the
6(L;) =0.53740.025- (L — L;) (32) height of the forest canopy. In order to adequately sample the

spatial variance of the canopy structures, PARABOLA scans
whereP,,(8,) is the probability of the background being illu-were made at 11 locations separated by 2 m along the tram
minated at the SZA,. The content of the integral in (31) istransect for each SZA set. Only red and NIR measurements are
the probability of viewing the sunlit background from an imaginvestigated in this study.
inary tree crown surface at a given height. This probability is The other BRDF data set for the same sites were taken from
integrated for all heights to obtain the mean sunlit ground viethe POLarization and Directional Earth Radiation (POLDER)
factor from all crown surfaces. The view factor for all backsensor mounted on an aircraft [8]. The sensor produced images
ground from the average sunlit crown surface, if§..7, can on a CCD matrix of 288 lines and 384 columns, corresponding
also be calculated from (31) wher&,,(6s) is taken as unity to a view zenith angle range &f43° in the crosstrack direction
to include both sunlit and shaded backgroun@ds.. zr is as- and+51° in the along-track direction. As the platform moved,
sumed to be the same &%;_., i.e., the view factors for the the images were continuously acquired so that one ground ele-
sunlit background from sunlit and shaded foliage are the sanmeental area represented by a pixel was viewed multiple times.
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Fig. 2. Comparison of BRDF simulations with and without the multiple scattering scheme to measurements made using PARABOLA and POLDER over an
aspen site near Prince Albert, Saskatchewan, Canada.

The number of data for each ground pixel depended on the @ome of the optical properties of the foliage and the background
craft speed and the time separation between two consecutiwéhese sites are also given [14]. Using the same parameters and
image acquisitions. In BOREAS, the POLDER data were atlie seasonal reflectivity and transmittance of leaves [18], the im-
quired at the altitude of 5500 m, producing images of squapeovement of this multiple scattering scheme over the previous
pixels at 35 m resolution. The along-track angular step betwegimple method based on band-specific multiple scattering fac-
two consecutive image acquisitions was abotit The angular tors are shown as comparisons to PARABOLA and POLDER
resolution within the same image is 0°3& BRDF was con- measurements.

structed using pixels around each of the PARABOLA sites av- In deciduous canopies, the multiple scattering is of high
eraged over &75 m x 175 m area found in successive POLDERmportance because of the large reflectivity and transmittance of
images. Red0.66-0.68 um) and NIR(0.854-0.874 ym) bands leaves, especially in the NIR band. Fig. 2 shows improvements
are used in the present model validation. Although the forestede by the multiple scattering scheme in BRDF simulations for
are fairly uniform at large scales around the sites accordingttee OA site. For this site, the double canopy version of 4-Scale
Landsat images, the local variability may contribute to the dif14] was used to model the first order of scattering since the site
ference between the POLDER and PARABOLA measuremenits composed of two distinct canopies with a uniform hazelnut
in addition to slight differences in band width and possibly isanopy beneath the aspen canopy. The multiple scattering
calibration. As the POLDER has the advantage of high angulaas computed with the single-canopy version using the mean
resolution and PARABOLA has the advantage of the completeflectance value from the hazelnut understory canopy as the
view range and small atmospheric effects. Both data sets aeekground reflectivity. In the late May case at SZA of ke

therefore used in this model validation. reflectance at large view zenith angles on the backscattering
side are underestimated in the red band. The dashed lines show
IV, RESULTS AND DISCUSSION the cases where constant multiple scattering factors are used.

They are well under the solid lines computed with the multiple
The descriptions for the OA and OBS sites are given in [14§cattering scheme in the vicinity of the hotspot. These large
The parameters used for describing the canopy architecture difterences, seen especially in the NIR case, mainly result
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Fig. 3. Comparison of BRDF simulations with (—) and without (- - -) the multiple scattering scheme to measurements made using PARABOLA and POLDER
over a black spruce site near Candle Lake, Saskatchewan, Canada.

from enhanced multiple scattering near the hotspot that ssheme are both larger than the measurements when the leaf
not considered when constant multiple scattering factors aedlectivity and transmittance measured on June 9 were used,
used. At SZA of 52 the red band simulations with a constanbut the shape of the simulated BRDF follows the measurements
multiple scattering factor and with the new multiple scatteringery well. The NIR band measurements show reflectances to
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Fig. 4. Hyperspectral canopy-level nadir reflectance calculated for the black spruce site (Fig. 3) using the multiple scattering scheme.

be 20%—-25% larger than the individual component reflectivielfferent sampling areas of the two sensors in the stand with
(foliage and background) due to multiple scattering. If thgignificant spatial variations in stand density. At low SZAs
actual hotspot had been captured by PARABOLA, the multiplexample 35), the modeled reflectance is generally larger
scattering enhancement would have been larger than 25%. Tien the observed values in both red and NIR bands. The
reflectance simulated with the multiple scattering scheme d#fferences between the modeled and measured values become
still not as large as the PARABOLA measurements, but appearsaller at larger SZAs (examples 5and 70). Regarding
to be a significant improvement over previous methods usibg the shape of BRDF in the forward scattering direction,
constant multiple scattering factors. The scheme increases BFARABOLA data may be more reliable than the POLDER
reflectance by 26% at the hotspot. Although angular variatiatata as the atmospheric effect is smaller in the PARABOLA
in the second-order scattering is explicitly considered in odata. The shape of the curves simulated with the multiple
scheme, it has not been explicitly considered in the higher ordmattering scheme in the forward scattering direction appears
scattering calculation. This could dampen angular variation ia be more compatible with measurements than that of the
cases where multiple scattering is considerable and could explaimves simulated using constant multiple scattering factors
partly the overestimation of the reflectance on the forwamt low SZA's, but the reverse is true at large SZA's. At
scattering side. Although the multiple scattering scheme WagA = 70°, it appears that the modeled values are too small
also applied to the understory to obtain the directionality of thed large view zenith angles in both forward and backward
first-order scattering, the angle-dependent interactons of theattering directions, suggesting some problems still exist in
second-order and higher order scattering with the overstory hdlie geometric optical model. One of the problems may be the
not been considered. This may also contribute to overestimatliases in the estimation of the probability of observing sunlit
of BRDF in the forward scattering direction shown in Fig. 2. Aeaves at large zenith angles, i.e., it is more likely due to the
more elaborate double-canopy multiple scattering scheme ntajculation of first-order scattering than the second-order and
be needed to further improve the simulation in this compléxgher order scattering. Although the improvements made by
forest stand. the scheme are small in the cases shown in Fig. 3, the fact that
When the same scheme is used to simulate the BRDF for the scheme can effectively replace the previous band-specific
SOBS site (Fig. 3), the improvement is not as considerable rasiltiple scattering factors means that the empiricism of the
those for the deciduous site, though the differences between gf@metric optical model is reduced and the model can be
results simulated using the scheme and the constant multigfgplicable for a much wider range of canopies than the previous
scattering factors are still considerable. The overall effectodel without the scheme.
of the scheme on the simulated BRDF remains the sameWith this multiple scattering scheme, the reflectivities of
increased reflectance in the backward scattering direction aat sunlit and shaded scene components are calculated auto-
decreased reflectance in the forward scattering direction. Timatically at given wavelengths, and band-specific multiple
PARABOLA data shown in Fig. 3 were acquired on thacattering factors are no longer needed. The 4-Scale Model
principal solar plane, while the POLDER data were abodit 1@vith this new scheme can therefore compute canopy-level
off the plane and therefore didn’t capture the hotspot. Thessflectance spectra according to input spectra for leaves
two data sets are in reasonable agreement in consideratiommd the background. It therefore becomes a hyperspectral
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