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Abstract

A directional multispectral forest reflectance model hasrbegeveloped in the group of vege-
tation remote sensing at Tartu Observatory, Estonia. THg eersion of the forest reflectance
model by Nilson (1991) has been extensively modified. The ifieaddleaf optics models
PROSPECT by Jacquemoud et al. (1996) and LIBERTY by Dawsah €1998), atmosphere
radiative transfer model 6S by Vermote et al. (1994, 199Y0,leomogeneous two-layer canopy
reflectance model ACRM by Kuusk (2001) have been incorpdrat® the model. The new
model works in the spectral region 400-2400 nm with the sastesinput parameters, the
spectral resolution is 1 nm. Any Sun and view directions dmvad. The following manual
presents the Fortran-77 code of the model.

1 Introduction

The transfer of solar radiation within forest stands is heatomplex process. We need models
to understand how the reflected signal is formed and whiclitsaraost important driving fac-
tors. In addition, to create a satellite or aerial imageagdu forest management system, forest
reflectance models capable of acting as an interface bettheemages and forestry databases
are required. These models should be able to make maximuof tiseforestry data contained
in the database and allow to simulate the optical imagesiretgrms of standwise ground-level
reflectance factors. Originally, the forest reflectance ehal@scribed in Nilson and Peterson
(1991) has been derived just from these starting points. praeious version of the model
needed several improvements. First of all, to make use aiamgiular remote sensing data, the
model should be modified into a multiangular version. Secanahultispectral version of the
model is required to study the relations between leaf bioibal and high spectral resolution
reflectance data. Several improvements were also needeshiie @ more user-friendly version
of the model and to introduce some changes in the calculatgorithm. For these purposes, a
considerable modification of the original model was undema

2 General layout of the model

The forest reflectance model may be classified as a hybrltypdel, including the proper-
ties both geometrical and radiative transfer equatioretb@sodels. Tree crown envelopes are
modeled as ellipsoids of rotation or cones in the upper ahddsfs in the lower part (Fig. 1).
Leaves and branches are uniformly distributed in the crawchspherically oriented.

Several tree classes of different size and/or species aglpe (Fig. 1). Within each class,
trees are considered identical.



A homogeneous layer of vegetation is present on the grourfiaicgu

The radiances of the forested scene components — tree leaedkies, branches and stems,
ground vegetation, and soil — are estimated with the helgeofigetrical and radiative transfer
concepts. Special attention is paid to the adequate mapefiisingle scattering reflectance
components, whereas reflectance caused by multiple sogtia radiation in the canopy is
more roughly modeled.

The directional spectral reflectance of a forest stand irgiben directionr; is calculated as a
sum of the single scattering reflectangér;, r») and diffuse reflectancey (r),

I
p(r1, 1) = =2 pi(r1, ) + pp(r1, ) (1)
A

wherel, = I,(0,) cos(6,) is direct down-welling flux, and), = I, + D, is the total down-
welling flux, D, is diffuse downwelling flux,-y andr, are unit vectors in the Sun and view
direction, respectively, is the Sun zenith angle.

The single scattering reflectance factgfr;, ) accounts for the single scattering from tree
layer foliage and stemg. (1, 72), and single scattering from ground vegetatign (1, r»),

pr(r1,72) = peg(ri,r2) + par(r1,72). (2

Diffuse reflectance (1, r2) accounts both for the multiple scattering of radiation aortiie
diffuse radiance of scattered/reflected sky radiafign

The model works in the optical domain of radiation, 400-2469 spectral resolution is 1 nm.

3 Model components

3.1 Single scattering on tree crowns

The first-order reflectance componept, (1, ) is calculated separately for all tree classes,

m
per(r1,m2) = Y PeRjs
j=1

plCRj = Aj/// u; I'(r1,72) pooj (2, y, 2,71, 72) dedydz [ cos 0, 3)

Vi

Here )\; is the number of trees of theth class per unit ground area; = u;(x,y, z) is the
foliage area volume density within a tree crodin(r, 2) is the scattering (area) phase function
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Figure 1. Deriving the first-order scattering component.

of the canopy mediunp; () is the bidirectional gap probability of two simultaneousdiines-

of-sight in directions:; andr, from the point\/ = (z, y, z) within a crown of thej th tree class
(Fig. 1),V is the spatial region corresponding to the crown enveloptegral (3) is calculated
numerically.

The scattering phase functidiy(r, ) in formula (3) is the sum of diffus€; p(ry,72) and
speculad’; ,,(r, r2) Scattering,

Li(ry,r2) =1 p(r1,m2) + T sp(ri, ra). (4)

Leaves of broadleaf species are supposed to be bi-Lammeitigage element reflectiop;,
and transmissiom;; coefficients are calculated with PROSPECT submodel (Jacque and
Baret, 1990). Leaf refractive index;; is a given tabulated function of wavelength. Foliage
orientation is described by the two-parameter elliptiealflangle distribution (LAD) (Kuusk,
1995a),

g(01) = By/\J1 — € cos(dy, — 6,,), (5)

whered, is leaf inclinationf,, is the modal leaf inclination, ands the eccentricity of the LAD
which determines the shape of the LAB, is a normalizing factor. As the sensitivity range on
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the LAD eccentricity is very close to the limit value= 1, the parametee;, = —log(1 —€) is
used as the input parameter of FRT.

On these assumptions, the scattering phase funttigsr,, ) in Eq. (4) may be calculated
by analytical formulas in case of a few exceptional LAD (spded, horizontal, vertical LAD,

or fixed leaf angle) (Nilson, 1991), or by approximation fafae in case of elliptical LAD

(Kuusk, 1995a).

For conifer species the asymmetric Henyey-Greensteingdioastion is used (Lenoble, 1977),

1—g?
Tha(y) = , 6
O s e —2g ety ©

whereg is the asymmetry parameterl < g < 1, is the angle between sun and view direc-
tions.

Optical parameters are averaged over all foliage elembaeds, branches) according to their
share in the total foliage area.

The bidirectional gap probability,; is defined as a product of two independent probabilities

Pooj = P1P2 (7)

p1 being the within-crown level bidirectional gap probalyilgndp, that of the between-crown
level. In calculations of the bidirectional gap probalilit, results from (Kuusk, 1991) for the
crown of a single tree are applied. The mutual shading oflesed shoots and the characteristic
linear dimension of foliage elementg are accounted for.

The between-crown gap probabilips, in Eq. (7) stands for the parts of the lines-of-sight that
lie outside the crown of interest, i.e. from the pot (x4, 1, 21) until the upper boundary of
the forest canopy in the solar direction and fram(xs, y», z2) in the view direction (Fig. 1).
Based on (Nilson, 1977) it is calculated as follows:

P2 = as(zl, 91) as(22, 92) CHS2(217 29, l1a, 71, 7’2) ) (8)

wherea,(z, ) is the average proportion of gaps in the forest canopy at éighhz in the
directionf, andC'y 5 is the hot-spot correction factor for between-crown shgdin

Chrsa(21, 22, L2, 11, 12) = exp | Y Xj¢;Sej(21, 22, i, 11, 72) Poj | 9
J

Sej(#1, 22, li2, 71, 72) IS the area of the common part of thth class crown envelope projections
in solar and view directions, corresponding to the heighndz, and the horizontal distance
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li2; poj is the joint probability of gap occurrence within a singléh class tree crown when
viewed simultaneously from a point at the heighin the solar direction; and from another
point at the height, in the view directionr,, horizontal distance of the points beihg. The
parameter; is introduced to account for the deviations in the tree iistron pattern from the
Poisson distribution, see Eq. (17).

The gap probability:,(z, #) is calculated on the assumption of the binomial distributibtrees
(Nilson, 1977),

CLS(Z, 07“) = eXp {_ Z /\j [blj (Z, HT)SCTOwn,j(Z7 07") + Strunk,j(za 07")] } ) (10)
J

where by;(z,60,) = In[l — (1 —a1;(2,6,)) (1 —¢;)]/(1 — ¢;), Serown,j (2, 6r) is the area of crown
envelope projection for clagsat the levelz, andS,,..x ;(2, 0,) is the area of trunk projection
for class; at the levelz, a;(z,¥6,) is the gap probability in crowns of the tree clgsi the
directiond, at the levelz, 6, is the polar angle of the view vectef,i = 1,2. The area of
trunk projectionS,....x ; (%, 8,) is calculated using trunk tapering curves by Ozolins (1988
functiona,;(z, 8,.) is shown in Eq. (11),

Vi(2)
Scrown,j(za 87") COS(HT)

a1j(z,0,) = exp(—u; G(6,) ), (11)
V;(z) is the volume of the tree crown above the leveh the tree clasg, G(6,) is the Ross-
Nilson geometry function. In case of spherical LAE6,) = 1/2, for other LAD-s the ap-
proximation by Kuusk (1995a) are used. As the crown enveal@pe supposed to be surfaces
of revolution, the between-crown gap probability(z, ¢,,) does not depend on the azimuth.
Grouping and/or regularity of the stand is described by augirg parametet; in every tree
class, ¢c; <1, ¢; =1, and ¢; > 1 correspond to a regular, random, and clumped pattern of
trees in clasg, respectively. As the stem coverage (basal area) is verif,ambke the crowns,

the stem displacement pattern is supposed to be random.

In Eq. (10), the expressioN; [Scrown.; (2, 0r) + Strunk.j (2, 0,)] Stands for the mean coverage of
ground by the shadows cast by crown envelopes and trunkstfesntlasg, if the direction of
sunrays coincide with the view directigh. It is the effective coverage that should appear in
the exponent of Eq. (10). The mean coverage should be dinedjdecause the tree crowns
are supposed to be semi-transparent, and modified to acfaruthie tree distribution pattern
effect. The two effects of single-crown transparency andheftree distribution pattern on
the between-crown canopy gap fraction are introduced by#nameteb, ;(z, 6,). Note that
bij(2,0,) =1—ay1,(2,0,),ifc; = 1.

The overlapping of crown projections in Sun and view dil@t$iS,;(), which is needed for
the calculation of between-crown level bidirectional gaphabilities, is calculated so that the
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Figure 2: Calculation of the overlapping of crown projenso

crown projectionss; andS, in Sun and view directions, respectively, are substitutitd @ircles

of the same area. Centers of the circles are halfway betvisegprojections of the base and the
top of a crown, see Fig. 2. The estimated overlapping &kem Fig. 2 may be biased to
some extent. Depending on the Sun and view angles, theveskatimuth between Sun and
view directions, and the tree height and the crown size, beén- and underestimation of the
overlapping are&; are possible.

3.2 Single scattering on ground vegetation

The two-layer homogeneous canopy reflectance model ACRMunsK (2001) is applied for
the calculation of the bidirectional reflectance of groumgetation. Input parameters of the
ACRM are the leaf area index (LAI), leaf size, two leaf angkribution parameters, the set of
biophysical parameters (PRSOPECT or LIBERTY parametersio layers of ground vege-
tation, and weights of Price’s functions for the calculatad the soil reflectance spectrum. The
probability of seeing sunlit ground vegetation is calcethas they, in Eq. (8) for the ground
surfacez; = 29 = l15 = 0.



3.3 Diffuse fluxes

Diffuse fluxes of multiple scattering and of diffuse sky r&@hn are considered in four flux
approximation like in the SAIL model (Verhoef, 1984) ande tACRM model (Kuusk, 2001).
Four differential equations define four fluxes: vertical #sxyupFE, and downE _, a direct solar

flux E,, and a flux associated with the radiance in the direction séolationt,,

dE,./d> = —aupE, +ourE_+ s'upE;
dE_/dz = —ourE, +aupE_ — supE;
dEg/dz = kupE; (12)

dE,/dz = wvupFE_+uupEy — KupE,

The SAIL coefficientss, o, ¢, s, k, v, u, and K are expressed using the G-function and leaf
reflection and transmission coefficients and ;. Equations (12) can be solved analytically,
the general solutions fat,, £ and E, are given, e.g. in (Bunnik, 1978).

The diffuse component of reflectanggis a sum of two components, related to tree layer and
to ground vegetation'’° andp?’, respectively,

pa = pzlrees _'_pgl"’ (13)

where

/)zzrees = SQTSO + (1 - SQ) Tdo +

+ [SQ(p17éy +teariy) + (1 —SQ taarfyltao / (1 — raarly) (14)

and
pq = [SQpiriirad + tsa) + (1 —SQ taglrispa / (1 — raary)- (15)

Here SQ= 1,/Q\, p; = p(r;) is the gap probability in directiom;, %, 5, andr%, are
the directional-hemispherical, hemispherical-diretailp and hemispherical-hemispherical re-
flectance of ground vegetation, respectively. The grouryktation reflectances), 5., and
rg, are calculated by integrating the ACRM model over hemispbgrview, incident, and both
directions, respectively.

The scattering operators of the tree laygr, 4., tao, tsq, @andtyy are defined in Table 1 where
Dy = Qx — I

When calculating diffuse fluxes, the plant material is siggulto be distributed homogeneously
in the horizontal, no layers, no trees, no branches, no shaotl driving parameters are deter-
mined as averages approximating the behavior of the camamylk. The effective foliage area
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Table 1: Scattering operators of the tree layer

Definition Boundary conditions
Tdd = E+( )/E_(0) E0)=0, E.(-1)=0, E_(0)= D,
taw=E_(-=1)/E_(0)  E(0)=0, E.(-1)=0, E_(0)=D,
rsa = E(0)/Es(0) E,0)=1,, E.(-1)=0, E_(0)=0
tsa = E_(—1)/Es(0) Es0)=1,, E.(-1)=0, E_(0)=0
=E,(0)/E_(0) E(0)=0, E.(~1)=0, E_(0)=D,
tio = E;(—1)/E_(0) Es0)=0, E.(-1)=0, E_(0)=D,, E,;(0)=0
Tso = EO(O)/ES(O) ES(O) = ]Aa E-i—(_l) =0, E—(O) =0, Eo(_l) =0

index valueL Al is used in the calculations of diffuse fluxelSAI.;, is calculated from the

gap probability in a given direction, it depends on the Gefion of foliage and on the tree
distribution pattern (clumping/regularity). As the G-fiion is almost invariant relative to leaf
orientation at zenith angle 40° (Ross and Nilson, 1968)effextive LAl is calculated from the

gap fraction at, = 40°,

Z(/fcl,jLAIj -+ BAIJ)

LAIL ;s = -2 ; 16
; - (16)
where
Z(/{cl,jLAIj + BAI])
0 - J ;
E Ccos ‘9(] Z )\chroum,j<90)cj(‘90)
J
() = M= (=ay() (1= Gly). (17)

1-GI,

Here kqump j 1S the clumping coefficient of leaves/needles in a shoot efttee clasg, BAI,

is the branch area inde, is the Sun zenith angle, angl;(0;) is the gap probability in the Sun
direction in crowns of the tree clagsG; is the Fisher’s grouping index - the relative variance
of the number of trees in the aréa,., ;(#). The effective value of the foliage area index
LAIe(?}“”) is calculated from the assumption that the gap fractionéndinection of sunrays as
calculated by means of Eqg. (10), and the modified expon€eiatiadula, as proposed in Chen
and Cihlar (1996), should be equal. Thé¥; could be interpreted as the 'clumping index
caused by structures larger than a shoot'.
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3.4 Leaf optics

Leaf optics models PROSPECT (Jacquemoud and Baret, 1990B&BRTY (Dawson et al.,
1998) can be used for the calculation of leaf reflectance @m$mnittance. Both these models
are modified so that the number of leaf constituents and nafrigss of their extinction spectra
are listed in the input file. Extinction spectra of the modeROSPECT2 (Jacquemoud et
al., 1996), PROSPECT3 (Fourty and Baret, 1998), and LIBERD#wson et al., 1998) are
available. The structure parameter of a single leaf in th@ ®IRECT modelV is corrected to
an effective valueV, s, in order to account for the clumping of leaves/needles irghaot,

Neff :N/chl- (18)

If compared with the PROSPECT model, the LIBERTY model has aaditional parameters:
average internal cell diameter and intercellular air spheterminant (Dawson et al., 1998).

In the forest model input, the biochemical parameters are epressed as a fraction of the
dry matter of leaves/needles.Using the described set of biophysical parameters, theavhol
spectrum of leaf reflectance and transmittance in the sgieetnge 400-2400 nm is calculated
with the spectral resolution of 1 nm.

No good optical model for branch and trunk bark reflectancavalable so far. Therefore,
reflectance spectra of branch and trunk reflectance for éxesyclass are tabulated in separate
input files.

3.5 Sky radiation

The wavelength-dependent relative share of direct andig#ffflux in incoming radiation is
needed, Eq. (1). The atmospheric radiative transfer mo8aby6 Vermote et al. (1997) is
involved for the calculation of incident radiation fluxesaput parameters of the 6S model,
which are needed for the calculation of down-welling fluxa® the percentage of four main
aerosol components (dust-like, oceanic, water-solubid,soot), and horizontal visibility or
aerosol optical thickness at 550 niff°. The calculation of hemispherical-directional forest
reflectance for sky radiationy, is simplified. Instead of double integration over the heinéesp
for incident directions, integration is performed in thegendicular planeg = 90°) only,

w/2
/ d(r1)pr(r1,72) padry /0 d(01, 0 =7/2)p1(01, 00, p = 7/2)p1db;

__ J2 ~
PD (T2> - D)\ ~ D)\ 7(19)

whered(r ) is the sky radiance in the direction = (01, ¢1), 1 = cos 01, and
Dy = [, d(r1)udry is the diffuse down-welling flux from the sky.
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4 Transmittance of a forest canopy

The same algorithms can be used for the calculation of dowhvealiances and fluxes under
a forest canopy. The relative downward radiance in directioSun being in direction; is
presented as the sum of three components:

t(ri,re) = té‘R(rhTQ) + toky(r1,72) + tij(Th Ta) . (20)

Here the downward radian¢g-, ) is normalized as reflectance in Eqs (2,t1); (1, r2) is the
radiance of single scattering from tree crowhs, (r1, r2) is the sky radiance, ang’,(r1, r2)
is the radiance of multiple scattering on crowns. In the nmtfte sky radiance, () depends
only on the Sun zenith angls.

Total transmittance of the tree lay&f(r,, ;) is calculated as a ratio of the downward flux
below the tree canopy to the incoming total fiix,

1

tQ(Tl) = @ (téR(Tl) -+ as(O,Gl)) +

Dy

Q—/ (as(o,rg)—i—tlcR('r’g)) cos(fy) dry,  (21)
2\ Y2

and diffuse transmittance of the tree laygfr, ) is calculated as a ratio of the downward flux
below the canopy (direct sunrays screened) to the incomfhugd flux D),

tp(ry) = /27T (as(O, r9) cos(fy) + tICR(rg)) cos(by) dry + é—);tlcR(rl) . (22)

HeretL(r) is the scattering operatdy(r) — (downward scattered flux) for tree crowns.

5 Inversion of the model

Inversion of the model can be performed similar to Goel amdlf&d (1983) or Kuusk (1991):
a merit function is built, which has its minimum value whee thest fit of measured and cal-
culated reflectance data is reached. This way the complicagk of the solution of an array
of non-linear equations for the estimation of model paramseis reduced to a more simple
problem of the search of an extremum of a multidimensionattion. In the merit function
constraints are used in order to avoid the non-physicalegati input parameters, and uncer-
tainties of reflectance data and an expert estimate of paeawvedues are accounted for,

n

ro0 =B (552) ¢ 5 [l st s (=) @)

=1
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Here X = (z1,x9,...,x,) is the vector of model input parameters, is the number of the
measured reflectance valygs p; is the model reflectance valug,is the error of the measured
reflectance valug?, =; is a model parameter and, its value on the boundary of the given
region; w; is a weight,w; = 0 in the given region:; € [%; min, Timaez) @Ndw; = const else,
z.; IS the expert estimate of the parametgranddz; is a tolerance for the parametgrwhich
controls the sensitivity of the merit function on the expstimate.

There is an option to use only absolute differenggs— p;) in the merit function.

In the inversion, the redundancy of data can be effectivedui.e. the number of reflectance
values inverted may be more than the number of model parasribject to estimation. Any-
way, as the number of model parameters is large, most of thikehparameters should be fixed
at ‘best guess’ values, and only a few parameters can beastinsimultaneously. Only the
parameters of the first tree class can be estimated in thesione

6 Conclusion

The model can be used for the interpretation of multispeatrd/or multiangular remote sens-
ing data in the wide range of Sun and view angles in the whalieapdomain 400-2400 nm.
The proposed version of the model seems to be a good tooffferatit sensitivity analyses, e.g.
an analysis of the dependence of BRDF, in particular neahohspot, on the stand structural
variables at different structural levels and on opticabpaeters of the canopy and understorey
can be made.

The same computer code can be used both for direct and iomersadeling.

The model is coded in Fortran-77. The computational aspeddtsee model are detailed in the
following appendices:

» General description of the computer code
« Example of inputs and outputs

» Complete description of the subroutines
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Appendix

A General description of the computer code

A rough flowchart of the computer code is in Fig. 1, and thedall-tree in Fig. 2.

FRT, direct mode, ijob=0,1, 2 3
- read input data
- print input data
6S
subroutine ™| structure module
func
~ Optics modules
— output results
FRT, inverse mode, ijob =4, 5,|6
- read input data
— print input data
6S

Optimization modulgs

A

subroutin

— output results Structure module

func

Optics modules

Figure 1. Flowchart of the computer code.
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B The usage

The model is distributed as a compressed tar-archive ofcediexts, sample input and out-
put files. It is recommended to create a separate directorthéomodel. Move the archive

make frtl3 or make all

make clean removes object files,
make distclean removes object files and executables.

If you don't use the gfortran compiler then you should modifg makefile.
To run the code type on the commandline
frt13 inputfile outputfile

If you do not give input and output files on commandline then yall be asked for the file-
names.

Program frt13 calculates in direct mode forest reflectamckteansmittance. There are options
to perform calculations in various modes:

a single run for given Sun and view angles and fixed wavelengt

reflectance spectrum for given view and Sun angles in thengiange of wavelengths or
for a list of spectral bands

angular distribution of reflectance at given azimuth treéato the Sun azimuth) for a
given Sun zenith angle in the range of view polar angles 0°.. 80

BRF in the given direction for the listed Sun angles

Any view and Sun angle is allowed, however, do not use polglesrnvery close to 90°.

There are several input files required: a file of stand pararaéthe stand file), the files of tree
parameters for the second, thett tree classes, files of absorption spectra for the leaf optics
model, and files of bark and trunk reflectance spectra.

The same code is used for the inversion: parameters of ther&esclass and/or ground veg-
etation can be estimated. An additional flow control fiew.datis required for the model
inversion.

B.1 The stand file

The same stand file can be used both for the direct and invesdesnhowever, in the direct

mode some input parameters may be missing. The files of tlmdeand other tree classes
have the same structure as the stand file for the direct moelegtiundant data may be missing,
in case they are present they are not used.

The input parameterjob controls which task will be run:
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ijob task
0 single run, Sun and view angles, and wavelength fixed to tbtevilue
of the respective parameter in the input file
calculate spectrum, Sun and view angles fixed
2 calculate angular distribution for theta = -80 .. 80°,
Sun zenith, azimuth and wavelength fixed
3 n_sun Sun zenith angles, view angles and wavelength fixed

[ —

4 inversion of the model using BRF values in the fixed viewdimn, the initial guess,
the recommended range of parameters, and errors of thetagibecvalues
are accounted for in the merit function; BRF values at défeémwavelengths
and at different sun angles can be used
5 inversion of the model, absolute differences in the marittion
6 inversion of the model using BRF values in various viewdins
jjob=1

The spectral range is determined by the wavelength of thespiectral channel, the wavelength
incrementdwl, and the number of spectral channels. The valid range of leagths is 400 -
2400 nm, spectral resolution 1 nm. The spectrum step is diyean input parametetwl, if
dwl < 0 then the list of wavelengths should be given.

ijob =2

Program calculates the angular distribution of forest cédlece and transmittance in the range
-80 .. 80° at a given azimuth (relative to the principal plazed given increment in the view
nadir angle. Negative polar angles correspond to the battksing (hot-spot side), and positive
polar angles - to the forward scattering.

ijob =3

Program calculates the forest reflectance at the given viegten forn_sun Sun zenith an-
gles.

ijob=4

The code is run in inverse mode parameters of the first tree class which are listed in the key
vectorl/i(n) are estimated by minimizing the merit functiéi{ X ), Eq. (23).

ijob=5

As ijob = 4, except absolute differences are accounted for in the rwerdtion F'(X), i.e.

e =1in Eq. (23).

ijob =6

As ijob = 4, except sun zenith angle and wavelength are fixed. The secfioneasured
reflectance values differs from thatigbb = 4.

Structure of the stand file

A sample stand file is printed in the page 20. Colons are usethtt comments, information
after a colon is not used by the computer program. Below thgpkastand file is commented
linewise. The row of the input file is printed in bold. As themmioer of lines is not constant - it
depends on the number of leaf components - the lines in cortsraes not numbered.
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A sample stand file

'Jarvselja 112 Pine’
124
2

. data set name
. stand age
. # of size classes

*** files of refractive index and other tree classes ***

refrind.dat’ 'bepe’

x0 Xmin xmax
‘pine’
t_elli
1115 .0001 .08
15.9 10. 25.
4.2 5 10.
0. 5 10.
15 2 5.
18. 2. 25.
2.67 11 3.
160. 30. 180
3.99 .0 4.5
53.57 0. 90.
A .05 .6
3123 .01 1.
1.69 .6 2.8
A4 A .6
.6
'prospect’
4
240. 50. 320.
5540 3 1.
97.11 94. 99.8
18.91 0. 40.0
1.6016 1.6 2.8
.9 .6 1.2
'pine_branch_1.dat’
‘pinetrl.dat’
*** Ground vegetation ***
.208 .01 6.
15 .02 4
1.0 4 1.
1.2 0. 2.
3.99 .0 4.5
53.37 0. 90.
991 .6 1.3
81.7 80. 180.
'prospect’
4
139. 130. 320.
36 3 .8
99.52 94, 99.8
10 .0002 4,
1.315 1. 2.8
1.064 .01 11
A5 .02 4
1. A4 1
3.0 .0 4.5
75.469 0. 90.
1.224 .6 1.3
78.54 70. 180.
'prospect’
5
134.24 130. 320.
425 3 .8
0.733 3 .8
98.343 94. 99.8

dx

. species
. crown form
: stand density; 2
: tree height, m
: crown I, m; ell | con
: cylinder
: crown radius, m
: trunk diameter, cm
: m total dry leaf weight, kg/tree
. SLW - leaf weight per area, g m-2
:eln3 - -In(1 - eps)
: thm3 - modal leaf angle
: shoot length, m
: BAI/LAI
. tree distr. paraif./;
. H-G asymmetry (phase function)
: shoot shading coef
: leaf optics model
. # of leaf components
'waterb.dat’ : c1, % of SLW, component 1
"chlorp3.dat’ : c2, % of SLW, component 2
'drymatter.dat’ : c¢3, % of SLW, component 3
'base.dat’ : c4, % of SLW, component 4
. leaf str. param. - PROSPECT N
: refr. ind. ratio
: file of branch reflectance
. file of trunk reflectance

: LAI2_ground, upper layer
: sl2 - HS-parameter
: clmp2 - foliage clumping parameter
: szz - the displacement parameter
:eln2 - -In(1 - eps)
: thm2 - modal leaf angle
: n_ratio2
: SLW2(m?)
. leaf optics model, upper layer
. # of leaf components
'waterb.dat’ : c1, % of SLW, component 1
"chlorp3.dat’ : c2, % of SLW, component 2
'drymatter.dat’ : ¢3, % of SLW, component 3
‘brownpigm.dat’ : c4, % of SLW, component 4
: N2 (PROSPECT)
: LAI1_ground, lower layer
: sl1 - HS-parameter
. clmpl - foliage clumping parameter
;elnl--In(1 - eps)
: thm1 - modal leaf angle
. n_ratiol
. SLWE(m?)
: leaf optics model, lower layer
. # of leaf components
'waterb.dat’ : c1, % of SLW, component 1
‘chlorp3.dat’ : c2, % of SLW, component 2

7 5
58

‘anthocyanins.dat’ : ¢3, % of SLW, component3 9 5

'drymatter.dat’ : c4, % of SLW, componént
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.50 .0002 4. A ‘cellp3.dat’ : ¢5, % of SLW, component 5 61
2

1.0053 1. 5 2 : N1 (PROSPECT) 69
'soil.dat’ 45, : file of Price’ vectors, th*

2.0373 .05 4 .07 : sl - soil parameters 70
.0 -1 A .02 . s2 71

.0 -.05 .05 .02 : s3 72

.0 -.04 .04 .02 :s4 73

4 .80 .17 .0 .03 : iaer, c(i) - aerosol data (6S)

0. .09 . v, tau_aer(550) - visibility (6S)

1 : *ijob*: 0-single, 1-spectrum, 2-ad, 3-n_sun, 4,5,6drsion (4-relat., 5-abs. differences, 6-BRF)
1 6 -1. . # of Sun angles, spectral bands/BRF values, spectejmn
37.6 50. : Sun zeniths

486. 571. 650. 838. 1677. 2217. : spectral bands (TM)

0. 2. 0. : view nadir angle, its increment, and azimuth angle
‘powell’ : name of the optimization subroutine

5000 1 100 100 : nfmax, itmax, itbr, nbrak

1.E-9 1.E-7 1.E-13 1.E-8 . zeps, tolbr, tiny, ftolp

1. 5 2. 2 : alpha, beta, gamma, dx

2 20. f . n, at, lig - which initial guess

1 7 - I(i)

486. 0271 .02 : th_Sun=37.6

572. 2744 A : th_Sun=37.6

661. .2806 A : th_Sun=37.6

838. .0228 .02 : th_Sun=50.

1677. .2702 A : th_Sun=50.

2217. .2765 A : th_Sun=50.

lambda reflectance delta_rho

‘Jarvselja 112 Pine’ : data set name

124 : stand age

2 . # of size classes

The number of tree classes, the max number of tree class@s is 1
*** files of refractive index and other tree classes ***— a comment line
refrind.dat’ 'bepe’

This line cannot be omitted in the case of one tree class.

x0 Xmin Xxmax dx i - a comment
‘pine’ . tree species, a character string for information purposés
t_elli . crown form,

A logical parameter of crown shape: t — ellipsoid, f — cyling=one

Starting from the next row there are four parameter valuesach line. Only the
first value &O) is required for the direct problem, min andx_max are the bound-
ary values of the parameter in the inversion run. The foustbran,dz, is the tol-
erance of the parameter in the inversion, Eq. (23). The faktevk0) serves as
an initial guess and as an expert estimate, Eq. (23) of the parameter value in
the inversion. There is the parameter number in the vectpa@meters in the last
column. Only the first colummnxQ) is needed in the direct modgi¢b =0, 1, 2, 3)

1115 .0001 .08 .08 : stand density, m?
Number of trees for the given tree class
15.9 10. 25. 5. : tree height, m
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4.2 5 10. 9. :crown |, m;ell | con
Crown length (ellipsoid) or length of the conlcal part of trewn (cylinder+cone)
0. cylinder
Length of the cylindrical part of crown
15 2 5. 3 : crown radius, m
Crown radius - the horizontal semiaxis of ellipsoid or thedeadius of the cone
18. 2. 25. 5. : trunk diameter, cm
D BH - trunk diameter at the breast height.
2.67 1.1 3. 8. : m - total dry leaf weight, kg/tree
160. 30. 180. 60. : SLW - leaf weight per area, g m-2
3.99 .0 4.5 5 :eln3 - -In(1 - eps)
the eccentricity parameter of LAD
53.57 0. 90. 20. : thm3 - modal leaf angle
A1 .05 .6 2 : shoot lengthl m
3123 .01 1. .05 : BAI/LAI ratio
1.69 .6 2.8 .05 . tree distr. param(G'/;
Grouping index(1; = 1 —arandom standy/; < 1 —a clumped stand;/; > 1
—aregular stand.
4 A .6 .05 : H-G asymmetry (phase function)
If this parameter is< 0, then the Ross-Nilson area scattering phase functioraté pl
medium is used.
.6 : shoot shading coef
Shoot shading parameter accounts for the decrease of effective G-function due
the mutual shading of leaves (needles)= 1 — no mutual shading.
‘prospect’ : leaf optics model, options are 'prospect’ and ’liberty’.
4 : # of leaf components.,,,,,
In the nextn..., lines the percent concentration of the component and the file
name of the component absorption spectrum for every conmamksted. Despite
in the direct mode only the first paramete(0) is used, the filename must be at
the fifth position in the line. The components 15-24 of thetoeof parameters are
reserved for the leaf biochemical constituents - the trgerJacomponents 37-46 -
the upper layer of ground vegetation, and components 57t66 lower layer of
ground vegetation, so the maximum number of leaf biochdmaaponents is 10.
The components 25 and 26, 47 and 48, and 67 and 68 of the végarameters
are the LIBERTY parameters cell diameter and amount of-cédirair, for the tree
layer, the upper and lower layer of ground vegetation, rethjy.
A1 .3 1. .2 ’chlorp3.dat’ . ¢1, % of SLW, model component 1
250. 50. 320. 50. 'waterp3.dat’ : €2, % of SLW, model component 2
99.8 94. 99.9 20. 'drymatter.dat’ : €3, % of SLW, model component 3
1.6016 1.6 2.8 5 . leaf str. param. - - PROSPECT N
1. .6 1.2 2 : refr. ind. ratio

Refraction index of the leaf surface wax is calculated frowm tabulated value by
multiplying to this coefficient.
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4 A .6
'pine_branch_1.dat.dat’
'pinetr.dat’

: shoot length, m
: file of branch reflectance
: file of trunk reflectance

The next group of parameters are the input parameters oiitvdatlyer CR model

(Kuusk, 2001).

**** Ground vegetation ***

- a comment
: LAI2_ground, upper layer
: sl2 - HS-parameter
: clmp2 - foliage clumping parameter
: szz - the displacement parameter
:eln2 - -In(1 - eps)
: thm2 - modal leaf angle
: n_ratio2
: SLW2(g/m?)
. leaf optics model, upper layer
. # of leaf components
'chlorp3.dat’: c1, % of SLW, component 1
'waterp3.dat’ c2, % of SLW, component 2
'drymatter.dat’: ¢3, % of SLW, component 3
‘brownpigm.dat’: ¢4, % of SLW, component 4
: N2 (PROSPECT)
: LAI1_ground, lower layer
. sl1 - HS-parameter
: clmpl - foliage clumping parameter
:elnl--In(1 - eps)
: thm1 - modal leaf angle
: n_ratiol
: SLW1(g/m?)
. leaf optics model, lower layer
. # of leaf components
‘chlorp3.dat’: c1, % of SLW, component 1
'waterp3.dat c2, % of SLW, component 2
'drymatter.dat’: ¢3, % of SLW, component 3
brownplgm dat’: c4, % of SLW, component 4
: N1 (PROSPECT)
. file of Price’ vectors, th*
: sl - soil parameters
182
183
1 s4

WNNpwNhRND
S _Omw A

.95
.02
.02
.02

The next group of parameters are the input parameters oBmedglel (Vermote et

.59 .01 6.
A5 .02 4
1.0 4 1.
1.2 0. 2.
3.99 .0 4.5
53.37 0. 90.
9 .6 1.3
78. 80. 180.
'prospect’
4
4 3 .8
150. 130. 320.
99.6 94. 99.8
2 .0002 4.
1.315 1. 2.8
A .01 1.
A5 .02 4
1. 4 1.
0. .0 4.5
90. 0. 90.
9 .6 1.3
78. 80. 180.
'prospect’
4
4 3 .8
150. 130. 320.
99.6 94. 99.8
2 .0002 4.
1.0053 1. 2.5
'price.dat’” 45.
217 .05 .95
-.05 -1 A
.0 -.05 .05
.0 -.04 .04
al., 1997).
2 .70 .29 0. .01

. iaer, c(i) - aerosol data (6S)



iaer, c(i) — aerosol model (6S)
-1 BRDF, no sky radiation
no aerosols
1 continental model
2 maritime model
3 urban model
4  enter the volumic percentage of each component

¢(1) — fraction of dust-like

c(2) - water-soluble

c(3) - oceanic

c(4) - soot
30. .060 - visibility v, km, and/or tau_aerosol(550 nm)k 0
1 . *ijob*: 0-single, 1-spectrum, 2-ad, 3-n_sun,

4,5,6-inversion (4-relat., 5-abs. differences, 6-BRF)

The job control parametéjob:

0 - calculate a single value of canopy reflectance

1 - calculate reflectance spectrum for the given Sun and viggjea

2 - calculate reflectance angular distribution at given atim

3 - calculate CR for several Sun zenith angles

4 - inversion of the FRT model, relative differences in theitrfanction
5 - inversion of the FRT model, absolute differences in thetfenction
6 - inversion of the FRT model, BRF values in different viewedtions

2 3 -5. . # of Sun angles, spectral bands, spectrum step

Number of Sun angles and spectral bands; the spectrumisteld d\ < 0 then
give the list of spectral bands on the next line. Otherwaysihectrum has the fixed
increment and only the first wavelength is read.

NB! In case of inversiorijob = 6, the second parameter in this line is the number
of given BRF values. Up to 2000 spectral bangd® = 1) or given reflectance
values in the inversiofjob = 6 are allowed.

20. 50. : Sun zeniths
675. 800. 1360. . spectral bands
0. 2. 0. . view nadir angle, its increment, and azimuth angle.

The azimuth angle is counted from the principal plane.

The next group of parameters are optimization parametdrs.ohly working op-
tion for the optimization subroutine is ‘powell’.

'‘powell’ : name of the optimization subroutine
5000 1 100 100 . nfmax, itmax, itbr, nbrak
nfmazx —the max number of calculations of merit function
itmax —the max number of iterations
itbr  —the max number of iterations in the subroutine brent
nbrak — number of iterations in the subroutine mnbracket
1.E-9 1.E-7 1.E-13 1.E-8 . zeps, tolbr, tiny, ftolp
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1. 5 2. 2 . alpha, beta, gamma, dx
2 10. f . N, at, lig - which initial guess
n - the number of model parameters subject to inversion
at - penalty — the weightv;, Eq. (23), at = 10. is ok!
lig is a logical parameter,
lig =t (.true.) — parameters will be read from a temporary file
(results of the previous iteration)
lig = f (.false.) — parameters will be read from the input file
In the first run takdig = f (.false.)
11 14 - (i)
The key vectoil(n), here the ordinal numbers of free model parameters
which are subject to estimation are listed.

The next lines are the reflectance values for inversigns = 4 andijob = 5:
for the first Sun zenith for every spectral channel, for theosd Sun zenith for
every spectral channel etc. The number of reflectanceftrigtasce values should
ben_chnl x n_sun.

675. .0271 .02 : th_Sun=37.6
800. 2744 A : th_Sun=37.6
1360. .2806 A : th_Sun=37.6
675. .0228 .02 : th_Sun=50.
800. 2702 A : th_Sun=50.
1360. 2765 A : th_Sun=50.

In the inversionijob = 6 the structure of this group of data is different. The colurares

VZA VAA BRF

Here, VZA and VAA are the view zenith and azimuth angles, eesipgely. The ranges are 0..90
and -180..180, respectively. The view azimuth angle is temifrom the sun azimuth.

B.2 A sample file of the second tree class

‘Jarvselja Pine’ : data set name
124 : stand age
2 . # of size classes

** files of refractive index and other tree classes:
refrind.dat’ ’bepe’

x0

'’KS’ . species

t_elli . crown form

.0006 : stand density; 2
4.1 : tree height, m

2.9 :crown |, m;ell | con
0. X cylinder
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0.8 : crown radius, m

5.5 : trunk diameter, cm

0.6 : m - total leaf weight, kg/tree

76. : SLW - leaf weight per area, g m-2

0. :eln3 - -In(1 - eps)

53.57 : thm3 - modal leaf angle

2 : shoot length, m

.1505 : BAI/LAI

1.69 . tree distr. paramG/;

0. : H-G asymmetry (phase function)

.95 : shoot shading coef

‘prospect’ . leaf optics model

4 . # of leaf components

76.6 50. 320. 50. 'waterb.dat’ : c1, % of SLW, component 1
7375 3 1. 2 ‘chlorp3.dat’ : c2, % of SLW, component 2
99.9 94. 99.8 20. 'drymatter.dat’ : ¢3, % of SLW, component 3
7.395 0. 40.0 20. 'base.dat’ : c4, % of SLW, component 4
1.548 1.05 2.5 2 . leaf str. param. - PROSPECT N

9 .6 1.2 2 : refr. ind. ratio

'birch_branch_1.dat’ . file of branch reflectance
‘birctrl.dat’ . file of trunk reflectance

B.3 The flow control file flow.dat

The inversion procedure is iterative. If in given numbertefations the minimum of the merit
function is found,er = 1, then the program prints output and stops. Otherway £ 1), the
flow control parametenext is read from the flow control fildlow.dat The meaning of this
parameter is:

1 -continue

7 -stop

A sample file flow.dat

1 :continue
1 :continue
1 :continue
7 :stop

B.4 Bark and trunk reflectance spectra

The files of bark and trunk reflectance spectra are simplecolomn files of
2001 rows, where the first column is wavelength, nm, and tbersecolumn is
reflectance. The wavelength interval is 1 nm.
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C A sample output file

Forest Reflectance Model V.04.2013
by A. Kuusk, T. Nilson

Input parameters:

Stand Age = 124 Jarvselja Pine
# ijob = 1
Sun zenith = 37.0 View zenith = 0.0 View azimuth = 0.0

16 spectral bands
Files of parameters of other tree classes:
bepe
MA KS
ellips ellips
stand density, m-2 0.1115 0.0006

#

#

#

#

#

#

#

#

#

#

#

#

#

#

# tree height, m 15.900 4.100

#  ellipsoid or cone 4,200 2.900

#  cylinder, m 0.000 0.000

#  crown radius, m 1.500 0.800
#  trunk diameter, cm 18.000 5.500

#  total leaf weight 2.670 0.598

# leaf weight, g m-2 160.000 76.000

# eln 3.990 0.000
#  thm 53.570 53.570
#  shoot size, m 0.100 0.200
# BAI/LAI 0.312 0.150
#  tree distr. param. 1.690 1.690

# g _H-G 0.400  0.000
# Shoot clumping: 0.600 0.950

#  Leaf models: prospect prospect
#  # of leaf componen 4 4
# waterb.dat waterb.dat

# cl, % of SLW 240.00 76.60
# chlorp3.dat chlorp3.dat

# c2, % of SLW 0.55 0.74
# drymatter.dat drymatter.dat

# c3, % of SLW 97.11  99.90
# base.dat base.dat

# c4, % of SLW 18.91 7.36
# leaf str.par 1.6016 1.5480

# refr. ind. ratio 0.9000 0.9000

#  bark refl. files: pine_branch_1.dat birch_branch_1.dat
#  trunk refl. files pinetrl.dat birctrl.dat
#

# ==+ Ground vegetation, upper layer

# ground LAl 0.21

# leaf size 0.15

# clmp 1.00

# Szz 1.20

# eln 3.99

#  thm 53.57

# n_ratio 0.99

# SLW 81.70

# Leaf model: prospect

#  # of leaf components: 4

# waterb.dat

# cl, % of SLW 139.08

# chlorp3.dat

# c2, % of SLW 0.36

# drymatter.dat

# c3, % of SLW 99.52
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brownpigm.dat

c4, % of SLW 0.10
leaf str.par 1.3150
+»*x Ground vegetation, lower layer

ground LAl 1.06

leaf size 0.15

clmp 1.00

eln 3.00

thm 75.47

n_ratio 1.22

SLW 78.54

Leaf model: prospect

# of leaf components: 5
waterb.dat

cl, % of SLW 134.24
chlorp3.dat

c2, % of SLW 0.42
anthocyanins.dat

c3, % of SLW 0.73
drymatter.dat

c4, % of SLW 98.34
cellp3.dat

c5, % of SLW 0.50

leaf str.par 1.0053

s1_saoll 2.0373

s2 0.0000

s3 0.0000

s4 0.0000

6S parameters

aerosols type identity : user defined aerosols model

0.800 %
0.170 %
0.000 %
0.030 %
optical condition identity

of dust-like

of water-soluble
of oceanic

of soot

visibility 72.64 km opt. thick. 550nm 0.0900
ground pressure [mb] 1013.00

*xx  Results:

1 2
MA KS totals
ellips ellips
stand density, m-2 0.112 0.001 0.112
tree height, m 15.900 4.100 15.837
ellipsoid or cone 4.200 2.900 4,193
cylinder, m 0.000 0.000 0.000
crown radius, m 1.500 0.800 1.496
trunk diameter, cm 18.000 5.500 17.933
total leaf weight 2.670 0.598 2.659
leaf weight, g m-2 160.000 76.000 159.550
eln 3.990 0.000 0.000
thm 53.570 53.570 0.000
shoot size, m 0.100 0.200 0.000
BAI/LAI 0.312 0.150 0.582
tree distr. param. 1.690 1.690 0.000
g_H-G 0.400 0.000 0.000
Shoot clumping: 0.600 0.950
Leaf models: prospect prospect
# of leaf components 4 4
waterb.dat waterb.dat
cl, % of SLW 240.00 76.60
chlorp3.dat chlorp3.dat

c2, % of SLW 0.55 0.74
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drymatter.dat drymatter.dat

c3, % of SLW 97.11 99.90
base.dat base.dat
c4, % of SLW 18.91 7.36
leaf str.par 1.6016 1.5480
bark refl. files: pine_branch_1.dat birch_branch_1.dat
trunk refl. files pinetrl.dat birctrl.dat
rl_eff = 0.0803 tl_eff = 0.0009 n_eff 1.3408 rsl =
leaf area density 0.769 2.228
Total LAI 1.865
Total BAI 0.582
crown closure = 0.789 canopy closure = 0.737

*x+ Ground vegetation, upper layer

ground LAl 0.21

leaf size 0.15

clmp 1.00

Szz 1.20

eln 3.99

thm 53.57

n_ratio 0.99

SLW 81.70

Leaf model: prospect

# of leaf components: 4
waterb.dat

cl, % of SLW 139.08
chlorp3.dat

c2, % of SLW 0.36
drymatter.dat

c3, % of SLW 99.52
brownpigm.dat

c4, % of SLW 0.10
leaf str.par 1.3150

+x*  Ground vegetation, lower layer

ground LAl 1.06

leaf size 0.15

clmp 1.00

Szz 3.00

eln 75.47

thm 1.22

n_ratio 78.54

Leaf model: prospect

# of leaf components: 5
waterb.dat

cl, % of SLW 134.24
chlorp3.dat

c2, % of SLW 0.42
anthocyanins.dat

c3, % of SLW 0.73
drymatter.dat

c4, % of SLW 98.34
cellp3.dat

c5, % of SLW 0.50

leaf str.par 1.0053

s1_saoll 2.0373

s2 0.0000

s3 0.0000

s4 0.0000

Jarvselja Pine

Sun zenith = 37.0 View zenith =
16 spectral bands
wl, nm refl. b_down r_ground S'IQ
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489.1 0.1788E-1 0.1006 0.4421E-1 0.8343 0.7020E-2 0.7104E -2 0.3754E-2

528.6 0.3449E-1 0.9900E-1 0.7035E-1 0.8628 0.1604E-1 0.11 28E-1 0.7161E-2
549.7 0.3986E-1 0.9643E-1 0.8026E-1 0.8758 0.1886E-1 0.12 93E-1 0.8063E-2
568.2 0.3740E-1 0.8890E-1 0.7871E-1 0.8859 0.1753E-1 0.12 78E-1 0.7079E-2
629.1 0.3296E-1 0.7337E-1 0.7529E-1 0.9088 0.1521E-1 0.12 43E-1 0.5303E-2
658.6 0.3028E-1 0.6709E-1 0.7415E-1 0.9170 0.1355E-1 0.12 34E-1 0.4377E-2
671.9 0.2994E-1 0.6502E-1 0.7506E-1 0.9208 0.1325E-1 0.12 52E-1 0.4159E-2
694.5 0.4145E-1 0.7074E-1 0.9557E-1 0.9257 0.1906E-1 0.15 85E-1 0.6537E-2
703.4 0.6282E-1 0.8437E-1 0.1356 0.9276 0.2861E-1 0.2227E -1 0.1193E-1
709.5 0.8319E-1 0.9984E-1 0.1635 0.9295 0.3826E-1 0.2663E -1 0.1829E-1
738.5 0.1789 0.1729 0.2718 0.9355 0.7438E-1 0.4302E-1 0.61 57E-1
748.6 0.2001 0.1881 0.2920 0.9373 0.8069E-1 0.4602E-1 0.73 45E-1
777.2 0.2188 0.1980 0.3143 0.9422 0.8529E-1 0.4947E-1 0.84 12E-1
867.8 0.2466 0.2059 0.3622 0.9521 0.8920E-1 0.5710E-1 0.10 03
890.8 0.2526 0.2070 0.3729 0.9547 0.8999E-1 0.5883E-1 0.10 38
905.1 0.2562 0.2075 0.3796 0.9563 0.9046E-1 0.5993E-1 0.10 58

D Description of the subroutines

D.1 Subroutines of general use
D.1.1 Functionfunc

Function: In the direct mode the functioflunc organizes the data exchange between subrou-
tines and the main program.

In the inverse mode the functidancchecks that the model parameters are in the allowed range,
organizes the data exchange between subroutines and th@ragram, and computes the merit
function.

D.1.2 Subroutinesiterats, rtsafe and funcd

Function: To compute the Fisher’s grouping indéX/;, Eq. (10) from the given structure
parameter:; (6, ).

Description: The Newton-Raphson method is used, Press et al. (1992)ritkigo9.4.

D.1.3 Subroutinescubell9, cubcirc and gauleg

Function: Provide quadrature (cubature) knots and weights to nuadentegrations

D.1.4 Subroutinerspec

Function: Reads tabulated spectra — absorption spectra of leaf toerds, stem and branch
bark reflectance, Price’ vectoesc.
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D.2 Structure modules
D.2.1 Subroutinestrmean

Function: Computes the mean values of structure parameters.

D.2.2 Subroutineregre

Function: Regressions for tree parameters. The call of this subm@igioommented out. Such
regressions can be used in case some tree parameters availatie.

D.2.3 Subroutineggg

Function: The Ross-Nilson G-function for elliptical LAD.

D.2.4 Subroutinehetk8s

Function: Coordinates the calculation of free lines of sight in Sunaed directions.

D.2.5 Subroutineend

Function: Integrates the bidirectional probability,;, over the whole tree crown, Eq. (3), and
computes the probability to see the sunlight trunk.

Description: The volume integral [ [ poo;j(x,y, z; 11, 72) dv dy dz is calculated using a cuba-

J
ture for a sphere (ellipsoid) or cubature for a circle and $3duegendre quadrature in respect
of the z-coordinate for a cone+cylinder.

D.2.6 Subroutinebck3

Function: Computes the bidirectional gap probability,;, Eq. (4).

D.2.7 Subroutinespooj

Function: Computes the between-crown gap probabjityEq. (4).

Description: The overlapping of crown projections in Sun and view dim@usiS,;() is cal-
culated so that the crown projectioSs and .S, in Sun and view directions, respectively, are
substituted with circles of the same area. Centers of tioéesiare halfway between the projec-
tions of the base and the top of a crown, see Fig. 2 (p. 7).

D.2.8 Subroutinesrlipsand rkoon

Function: Subroutineslips andrkoon compute the distance from the given poMtx, y, 2)
to the perimeter of the ellipsoid or cone+cylinder, respety, in the given directiorid, v).
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D.2.9 Subroutinespillu, pilld, pi22u and pi22d

Function: Subroutinepillu, pilld, pi22wandpi22d compute projections of the crown part
above pillu, pi22y and below pilld, pi22d the given levek.

D.2.10 Subroutinescone

Function: Computes the projection area of a cone/frustum of a cone dorem direction.

D.2.11 Subroutinestem

Function: Computes the projection area of a stem.

D.3 Optics modules
D.3.1 Subroutineoptmean

Function: Computes the mean and effective values of optical parameter

D.3.2 Subroutineaground

Function: Computes the directional-hemispherical reflectandgrou and albedo (hemispherical-
hemispherical reflectancejdgrou of ground vegetation.

Description: The double integral over hemisphere which is needed for #raigpherical-
hemispherical reflectance of ground vegetation is substitby an integral over polar angle
at the azimuthp = 90°. The integral is calculated with an Gaussian quadrature.

D.3.3 Subroutinehet480

Function: Computes radiances down and up, and transmittance of enéaer.

D.3.4 Subroutinehetk8o

Function: Sums together radiance of all tree classes.

D.3.5 Subroutinediffor

Function: Computes diffuse fluxes of multiple scattering and of scatteliffuse sky radiation.

Description: Diffuse fluxes are computed in two-stream approximatiom(ik, 1978; Kuusk,
2001).
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D.4 Reflectance of ground vegetation

Subroutines

smcrm

biz2

gamma

gleaf

gmfres

soil

dif2

layer

rhocl

skylspec
constitute the two-layer homogeneous canopy reflectanceh#CRM. The full description
of algorithms is published by Kuusk (1994, 1995a,b, 2001).

D.5 PROSPECT - the leaf optics model

Subroutines
prospect
tav
sl3aaf
constitute the leaf optics model by Jacquemoud and Bar80j19

D.6 LIBERTY - the leaf optics model

Subroutines
liberty
fresnel
constitute the leaf optics model by Dawson et al. (1998).

D.7 Atmosphere radiative transfer model 6S

General description of the 6S model is published by Vermb#d. €1997). The detail descrip-
tion of 6S modules is in (Vermote et al., 1994). For the catah of incoming fluxes are used
the modules

sixd

abstra

aeroso

atmref

chand

csalbr

discom

discre

dust

gauss
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interp

ISO

kernel
ocea
oda550
odrayl

0S
print_error
scatra
soot
specinterp
trunca
us62
vegeta
wate

D.8 Optimization modules

The Powell's method (Press et al., 1992), Algorithm 10.53sdufor the minimization of the
merit function Eq. (16). The corresponding subroutines are

powell

linmin

mnbrak

function brent
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