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Abstract

A directional multispectral homogeneous canopy refle@gi@R) model has been developed
in the group of vegetation remote sensing at Tartu ObsemnydEstonia. The early versions of
the CR model by Nilson and Kuusk (1984, 1989) and Kuusk (199986, 1994, 1995b) have
been extended to a two-layer model (Kuusk, 2001). The newehvaarks in the spectral region
400-2400 nm with the same set of input parameters, the sppeesolution is 1 nm. Any Sun
and view directions are allowed. In the present version (M Ehe same code works both for
direct and inverse problems. The following manual presergs$-ortran-77 code of the model.

1 Introduction

Several vegetation canopies have a two-layer structurdorésts a moss or lichen layer is
on ground surface under grass layer. In field crops a thin Meest on ground under crop
canopy is rather common. Both, optical and structural patam of these two layers may be
rather different and if we use homogeneous canopy refleet@@R) models for the calculation
of the directional reflectance of such canopies using meamged mean) values of phyto-
metrical and optical parameters we may have systematicsanmaoeflectance values. Below a
simple two-layer CR model is described which could be usedhi® calculation of directional
reflectance of such two-layer vegetation canopies. The hieda extension of the homoge-
neous multispectral CR model MSRM (Kuusk, 1994) and Markbaic CR model MCRM
(Kuusk, 1995b). Like the MSRM and MCRM maodels, the new modebaints for nonlamber-
tian soil reflectance, the specular reflection of direct Sulation on leaves, the hot spot effect,
and a two-parameter leaf angle distribution (LAD).

The model works in the optical domain of radiation, 400-2464 spectral resolution is 1 nm.

2 Description of the model

Vegetation canopy is supposed to consist of a main homogerayer of vegetation, and a ge-
ometrically thin layer of vegetation on ground surface.lBetgetation layers are characterized
with a similar set of phytometrical parameters: leaf aredein(LAl), leaf angle distribution
(LAD) parameters, leaf size, and biochemical parameteishwtontrol the optical properties
of leaves.

Canopy hemispherical-directional reflectapds calculated as a sum of directional and diffuse
components,



p=(S\/Qx)p1+ pa (1)

where p; is the single-scattering component of the bidirectionfieotance factorp, is the
share of diffuse fluxes in hemispherical-directional reflace factor, and’, and@, are the
direct solar and total spectral irradiances in a horizopltahe above the plant canopy.

2.1 Single scattering of radiation

Single scattering of direct radiation from a two-layer gaycan be represented as the sum of
three components

pr=p5+ o+ ()

Here p§! and p$? are the components of single scattering from the lower aqmbufayer of
vegetation, respectively, ang°! is the component of single scattering from soil. The single
scattering of the upper layer is calculated as in an one-legr@opy (Kuusk, 1991)

7"1,7’2 UL

pEQ - / Q T17T27 ) =2 (3)
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whereI'® (r,,r,) is the phase function in the upper layey,andr, are unit vectors in Sun
and view directions, respectivelyf) is the leaf area densityr(? /m?) in the upper layen:; =
cos(6;), 0;,7 = 1,2 are the polar angles of vectarsandr,, Q) (ry, ry, 2) is the bidirectional
gap probability in the layer 2 (the upper layer) at levehnd H is the canopy height.

Single scattering in the lower layer is calculated as

T (r,ro)u HD
p'il = 4( ! 2) L Q(2 7’177127 / Q( T17T27 )dZ, (4)
a2

and single scattering from soil as

Piml - psoil(rla T?)Q(O) (rla T, H)7 (5)

Wherepsoil(rl,r2) is the soil bidirectional reflectance fact@® = QW (ry,75) Q@ (r1,73),
QW (ry,ry) = pPpP CYL(y), and HY is the height of the Iower layer. Hepg” is the gap
probability in the layer; in directionr; , p¥ = exp(—u¥’ G /), GY is the Ross-Nilson
G-function, the projection of a unit leaf area in dlrectrqnn the layer; (Ross and Nilson,
1968). The hot-spot correction is calculated for both layierthe similar manner, only the

phytometrical parametera%’, s(Lj), ng)) may be different,
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COL() = exply GVGCY ) (ppiz)u’ (1 — exp(—€D)) /€D, (6)

0 = A/sD A = \/1//ﬁ +1/p2 — 2cosy/ (), s is the leaf size parameter in the
layer j, and~ is the angle between vectarsandrs.

Expressions for the single scattering in both layers arelaimexcept the bidirectional re-
flectance of the lower layer is multiplied to the bidirecbgap probability in the upper layer
Q@ (ry, o, H). Equation (4) is an approximation, it is valid in the case ebetrically thin
lower layer,H") << H.

2.2 Diffuse fluxes

Diffuse fluxes in a single layer are calculated similar to8#dL model (Verhoef, 1984). Four
differential equations define four fluxes: vertical fluxeshipand downE _, a direct solar flux
E,, and a flux associated with the radiance in the direction eéokationZ,,

dE./d> = —aupE,+ourE_+ supF,
dE_/dz = —oupEy +aupFE_ — supFj
dEs/dz = kupE; (7)

dE,/dz = wvupE_4+uupEy — KupE,

The SAIL coefficients, o, ¢, s, k, v, u, and K can be expressed using the G-function and
leaf reflection and transmission coefficiepts andr,, & = G/, K = Go/ps, o =
(p+70)/2+ (pr — 70)J/2, a =1— (pp +70)/2+ (pr — 70)J/2, s = (pr + TL)k/2 —

(pr —71)J/2, 8 = (pr + 10)k/2 + (pr. — 70)J/2, v = (pr + 7)K/2 + (pr — 71)J/2,
u= (pr+7)/2— (p — 7)J/2, zis the vertical coordinate, = 0 at the top of the canopy
andz = —1 on the ground.J is an integral function/ = (1/27) [, gr(rr)p3dry, where
gr(rp) is the distribution density of leaf normatg. Equations (7) can be solved analytically,
the general solutions fdr,, £_ and E, are given e.g. in (Bunnik, 1978).

A series of reflection and transmission coefficients (opesais introduced for the calculation
of the diffuse component, for a single layer,

lants soi
pa =P + P, (8)

where



Table 1: Scattering operators of the leaf layer

Definition Boundary conditions
Tdd = E+( )/E-(0) E,0)=0, Ei(-1)=0, E_(0)=
ta = E_(—1)/E_(0) E,0)=0, Ei(-1)=0, E_(0)= DA
Tsd = E+(0)/Es( ) E,0) =55 Ei(=1)=0, E_(0)=0
tsa = E_(=1)/E,(0)  E,(0)=S5), Ei(-1)=0, E_(0)=0
E,(0)/E_(0) E(0)=0, Ei(~1)=0, E_(0)=Dy
tao = E;(—l)/E_( ) Es0)=0, E.(-1)=0, E_(0)=D,, E;(0)=0
= E,(0)/Es(0) E(0) =85, Ey(=1)=0, E_(0)=0, E(=1)=0

pslams = SQrso (1 - SQ) Tdo

+ [SQpi iy + tsarsy) + (1= SQ) taa | tao / (1 — raa v’ (9)
and
Pt = [SQ(p1 755" Taa + tea) + (1 — SQ tag) 13 pa / (1 = raa i) (10)

Here SQ= S/Q, is the share of direct flux in the total irradiange, = p(r;) is the gap
probability in directionr;, 9! is the soil directional-hemispherical reflectancg! is the
soil hemispherical-directlonal reflectance, afjg is the soil hemispherical-hemispherical re-
flectance. The scattering operators of the leaf laygry,, t4, tsq, andty; are defined in Table
1 whereD, = @, — S} is the diffuse flux from the sky. Equation (9) sums togethediamaces
of diffuse fluxes scattered in the view direction. The fadtpfl — rr53!) accounts for the
multiple scattering of diffuse fluxes between the leaf legsed soil (Sobolev, 1956).

In order to define the forward scattering operatgran additional differential equation should
be added to the set of equations (7),

dE) Jdz = —uupE_ —vur,E, + KupE,
where £ is a diffuse flux which is associated opposite to the view eect. In Eq. (9
and Table 1 the validity of reciprocity relations is suppbge. the scattering operator(s ?j
directionr; are equal to those in the opposite direction.

In a two-layer canopy the diffuse componepﬂ‘émts andp:! are also computed with equations
(9) and (10) where the scattering operators for the compdsdf layer are calculated using
the adding method (Sobolev, 1956) and scattering operatmsmponent layers as defined in
Table 1.



2.3 Leaf optics

Leaf optics models PROSPECT (Jacquemoud and Baret, 1990BBRTY (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 nafriss 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.

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

In the model input, the biochemical parameters are expresskas a fraction of the dry mat-
ter of leaves/needlesUsing the described set of biophysical parameters, theevdéctrum
of leaf reflectance and transmittance in the spectral raf8e2400 nm is calculated with the
spectral resolution of 1 nm.

2.4 Sky radiation

The wavelength-dependent relative share of direct andigfflux in incoming radiation is
needed, Eq. (1). Here the results by McCartney (1978a) aravioey and Unsworth (1978b)
are used (Kuusk, 1994),

Dy/Qx = ap(N) +v(AN)T(A), (11)

wherer(\) = - A7F, k ~ 1.4, andg is theAngstrom turbidity factor. Functions,()) and
v(A) are given by McCartney (1978a) and are tabulated in the model

3 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 compdicagk 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 paeanvedues are accounted for (Kimes
et al., 2000),



m oot —p\ & T — 3o\ 2
£ () Emres (2] o

Here X = (o7, xss, ..., T70) 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 expestimate. The component numbers
start from 27 in order to be congruent to the component nusntfdhe forest reflectance model
FRT (Kuusk and Nilson, 2002). If the concentration of sored EmMponent is subject to the
estimation, then water should be the first leaf componené stim of concentrations of other
components is forced to be equal to 100% in the inversion.

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

In the inversion, the redundancy of data can be effectivegdui.e. the number of reflectance
values inverted may be more than the number of model parasrmibject to estimation. Any-
way, as the number of model parameters is large, most of tliehparameters should be fixed
at ‘best guess’ values, and only a few parameters can beagstimimultaneously.

4 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 whaleaplomain 400-2400 nm.
The proposed version of the model seems to be a good toolfferaht sensitivity analyses, e.g.
an analysis of the dependence of BRDF, in particular neahdhepot, on the canopy optical
and structural variables.

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

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

e General description of the computer code

e Example of inputs and outputs

e 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.

ACRM, direct mode, ijob=0, 1, 2,B
- read input data
- print input data

— output results

ACRM, inverse mode, ijob = 4, 5
- read input data
— print input data

subroutine

func

CR model MCRM2

- output results

Optimization modules

subroutine

func

CR model MCRM2

Figure 1: Flowchart of the computer code.
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GAULEG
(gauleg.f)

ACRM
(acrm.f)

RSPEC
(rspec.f)

LINMIN — POWELL
(minsub.f) (minsub.f)
h 4
F1DIM MNBRAK BRENT
(minsub.f) (minsub.f) (minsub.f)
FUNC
(functl.f)
SMCRM
(rmsub .f)
DIF2 GAMMA BIZZ SKYLSPEC PROSPECT LIBERTY
(difz2.f) (rmsub .f) (rmsub .f) (rmsub .f) (prospect.f) (1iberty.f)
LAYER SOIL GLEAF GMFRES RHOC1 S13AAF TAV FRESNEL
(layer.f) (rmsub . ) (rmsub .£) (rmsub .£) (rmsub .£) (prospect .f) (prospect .f) (liberty.f)
EINT
(rmsub .f)

Figure 2: The call-tree of the computer code.




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 directortheomodel. Move the archive

make acrm or make all

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

If you don't use the g77 compiler then you should modify thekafde.
To run the code type on the commandline
Jacrm inputfile outputfile

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

Program acrm calculates in direct mode canopy reflectankereTare options to perform cal-
culations in various modes:

e a single run for given Sun and view angles and fixed wavelength

¢ reflectance spectrum for given view and Sun angles in thengaege of wavelengths or
for a list of spectral channels

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

Any view and Sun angle is allowed, however, do not use polglesnvery close to 90

There are several input files required: a file of canopy parars@nd files of absorption spectra
for the leaf optics model.

The same code is used for the inversion: any input parametkee anodel and/or any number
of model parameters can be estimated. An additional flowrobfike flow.datis required for
the model inversion.

B.1 The input file of canopy parameters

The same input file can be used both for the direct and invers#des In direct mode the
unnecessary parameters may be missing.

The input parameterjob controls which task will be run:

13



ijob task
0 single run, Sun and view angles, and wavelength fixed to tétevilue
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, the initial guess, the recommendade of parameters,
and errors of the reflectance values are accounted for in dhni¢ function
5 inversion of the model, absolute differences in the marittion
jjob=1

The spectral range is determined by the wavelength of thespesctral 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.

jjob =2

Program calculates the angular distribution of canopy ctflece in the range -80 .. 8@t

a given azimuth (relative to the principal plane) and givecrément in the view nadir angle.
Negative polar angles correspond to the backscatterirtesfut side), and positive polar angles
- to the forward scattering.

ijob=3

Program calculates the canopy reflectance at the given viegtidn for n_sun Sun zenith
angles.

jjob =4

The code is run in inverse mode parameters of the model which are listed in the key vector
ll(n) are estimated by minimizing the merit functiéi{ X ), Eq. (12).

jjob=5

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

e =1in Eq. (12).

Structure of the input file of canopy parameters

A sample input file of canopy parameters is printed in the gEgeColons are used to mark
comments, information after a colon is not used by the coergutogram. Below the sample
input file is commented linewise. The row of the input file igped in bold. As the number of

lines is not constant - it depends on the number of leaf compisn the lines in comments are
not numbered.

14



A sample file of canopy parameters

‘A sample input file’ : data set name
*** files of refractive index and McCartney functions for skyx ***
refrind.dat’ "angstr.dat’

x0 Xxmin Xmax dx [

.59 .01 6. .3 : LAI2ground, upper layer 27
15 .02 4 .05 : slground 28

1. 4 1. 2 . sz2 - the Markov parameter 29
0. .0 4.5 5 :eln2 - -In(1 - eps) 30
90. 0. 90. 20. : thm2 - modal leaf angle 31
9 .6 1.3 2 . oratio2 32
160. 80. 180. 30. : SLW2(m?) 33
‘prospect’ . leaf optics model, upper layer

4 . # of leaf components

150. 130. 320. 50. ‘’waterp3.dat’ . cl, % of SLW, component 1 34
4 3 .8 2 ‘chlorp3.dat’ . €2, % of SLW, component 2 35
99.6 94, 99.8 20. 'drymatter.dat’ : c3, % of SLW, component3 6 3
2 .0002 4, A1 ‘brownpigm.dat’ : c4, % of SLW, component 4 37
0112 .01 .05 .05 . leaf str. param. - coefficient 46
A .01 1. 3 : LAllground, lower layer 47
15 .02 A4 .05 : sllground 48

1. A4 1. 2 . sz1 - the Markov parameter 49
0. .0 4.5 5 selnl --In(1 - eps) 50
90. 0. 90. 20. : thm1 - modal leaf angle 51
9 .6 1.3 2 : oratiol 52
160. 80. 180. 30. : SLWH(m?) 53
‘prospect’ . leaf optics model, lower layer

4 . # of leaf components

150. 130. 320. 50. 'waterp3.dat’ : ¢l, % of SLW, component 1 54
A4 3 .8 .2 ‘chlorp3.dat’ . €2, % of SLW, component 2 55
99.6 94, 99.8 20. ’drymatter.dat’ : c3, % of SLW, component3 6 5
2 .0002 4, A ‘brownpigm.dat’ : ¢4, % of SLW, component 4 57
0112 .01 .05 .05 . leaf str. param. - coefficient 66
‘price.dat’  45. : file of Price’ vectors, th*

217 .05 4 .07 . s1 - soil parameters 67
-.05 -1 A .02 . s2 68

.0 -.05 .05 .02 : s3 69

.0 -.04 .04 .02 . s4 70

1 : *ijob*; 0-single, 1-spectrum, 2-ad, 3-sun, 4,5-inversion (4-relat., 5-abs. differences)
1 6 -5. . # of Sun angles, spectral channels, spectrum step
38. 50. :Sun zeniths

18 .24 : b_Angstrom

486. 571. 650. 838. 1677. 2217. : spectral channels (Lafidgat

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

5000 10 10 100 : 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

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

27 67 68 (0]

6 . nref - # of reflectance data for the inversion

486 0481 .0084 0 0. 38. 10

572 0633 .0095 0 0. 38. 10

661 0863 .0127 0 0. 38. 10

838 1601 .0116 0 0. 38. 10

1677 3066 .0209 0 0. 38. 10

2217 2475 .0218 0 0. 38. 10

lambda reflectance deltho tho phi th.s h.Angs

'A sample input file’ . data set name

*** files of refractive index and other tree classes ***— a comment line

15



'refrind.dat’ 'angstr.dat’

x0 Xmin Xmax dx i - a comment
Starting from the next row there are four parameter valuesagh line. Only the
first value &0) 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. (12). The faktevk0) serves as
an initial guess and as an expert estimate, Eq. (12) of the parameter value in
the inversion. There is the parameter number in the vectpa@fmeters in the last
column. Only the first colummnxQ) is needed in the direct modgi¢b =0, 1, 2, 3)

.59 .01 6. 3. : LAI2, upper layer

15 .02 A4 .05 : sl2 - leaf size parameter

1. 4 1. 2 : sz2 - the Markov parameter

0. .0 4.5 5 > eln2 - -In(1 - eps)

90. 0. 90. 20. : thm2 - modal leaf angle

9 .6 1.3 2 . n_ratio2
Refraction index of the leaf surface wax is calculated frowm tabulated value by
multiplying to this coefficient.

160. 80. 180. 30. : SLW2(g/m?)

'prospect’ . leaf optics model, options are 'prospect’ and ’'liberty’.

4 : # of leaf components..,;,,,,
In the next..,,, lines the percent concentration of the component and thesfitee
of the component absorption spectrum for every compondistésl. Despite in the
direct mode only the first parametef0) is used, the filename must be at the fifth
position in the line. The components 34-43 of the vector o&peeters are reserved
for the leaf biochemical constituents - the upper layer, emchponents 54-63 -
the lower layer of ground vegetation, so the maximum numbkgad biochemical
components is 10. The components 44 and 45, and 64 and 65 wéther of
parameters are the LIBERTY parameters cell diameter andianod inter-cell air,
for the upper and lower layer of vegetation, respectively.

150. 130. 320. 50. ‘'waterp3.dat’ :cl, % of SLW, component 1

4 3 .8 2 ‘chlorp3.dat’ : €2, % of SLW, component 2

99.6 94. 99.8 20. ’drymatter.dat’ : c3, % of SLW, component 3

2 .0002 4, A ‘brownpigm.dat’ : c4, % of SLW, component 4

0112 .01 .05 .05 . leaf str. param. - coefficienty
The PROSPECT parametdr= cy « SLW.

A .01 1. 1. : LAIL, lower layer

15 .02 4 4 : sl - leaf size parameter

1. 4 1. 2 : sz1 - the Markov parameter

0. .0 4.5 5 :elnl--In(1 - eps)

90. 0. 90. 20. : thm1 - modal leaf angle

9 .6 1.3 2 > n_ratiol

160. 80. 180. 30. : SLW1(g/m?)

'prospect’ . leaf optics model, lower layer

4 . # of leaf components
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150. 130. 320. 50. ‘'waterp3.dat’ :cl, % of SLW, component 1

4 3 .8 2 ‘chlorp3.dat’ : €2, % of SLW, component 2

99.6 94. 99.8 20. ’drymatter.dat’ : c3, % of SLW, component 3

2 .0002 4, A ‘brownpigm.dat’ : c4, % of SLW, component 4

0112 .01 .05 .05 . leaf str. param. - coefficient

'price.dat’” 45. : file of Price’ vectors, th*

217 .05 4 .07 : sl - soil parameters

-.05 -1 A .02 :S2

.0 -.05 .05 .02 :s3

.0 -.04 .04 .02 :s4

1 : *jjob*: 0-single, 1-spectrum, 2-ad, 3-8un, 4,5-inversion (4-relat., 5-abs. differences)

The job control parametéyob

0 - calculate a single value of canopy reflectance

1 - calculate reflectance spectrum for the given Sun and viggea

2 - calculate reflectance angular distribution at given atim

3 - calculate CR for several Sun zenith angles

4 - inversion of the ACRM model, relative differences in therihfunction
5 - inversion of the ACRM model, absolute differences in theribfunction

2 6 -5. . # of Sun angles, spectral channels, spectrum step
Number of Sun angles and spectral channels; the spectryriste
If d\ < 0then give the list of spectral channels on the next line
otherway, the spectrum has the fixed increment and only tteAfavelength is read

38. 50. : Sun zeniths

18 .24 : b_Angstrom

486. 572. 661. 838. 1677. 2217. : spectral channels

0. 2. 0. : view nadir angle, its increment, and azimuth angle.

In case of b&ngstrbm i 0 there is no diffuse sky fluk), /@, = 0.
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 10 100 100 : nfmax, itmax, itbr, nbrak
nfmax —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
1. 5 2. 2 . alpha, beta, gamma, dx
3 20. f . n, at, lig - which initial guess

n - the number of model parameters subject to inversion

at - penalty — the weight;, Eq. (12), at = 20. is ok!

lig is a logical parameter,

lig =t (.true.) — parameters will be read from a temporary file
(results of the previous iteration)
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lig = f (.false.) — parameters will be read from the input file
In the first run takeéig = f (.false.)
27 67 68 = (i)
The key vectofi(n), here the numbers of free model parameters
which are subject to estimation are listed.
6 . nref - # of reflectance data for the inversion

The next lines are the reflectance values for inversion.

486. .0481 .0084 0 0 38. 10
572. .0633 .0095 0 0 38. 10
661. .0863 .0127 0 0 38. .10
838. 1601 .0116 0 0 38. 10
1677. .3066 .0209 0 0 38. .10
2217. 2475 .0218 0 0 38. .10
lambda rho stdev tiew phi th.sun hAngs

B.2 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. Otherwiay £ 1), the
flow control parametenext is read from the flow control fildlow.dat The meaning of this
parameter is:

1 -continue
7 -stop
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A sample file flow.dat

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

C A sample output file

#

# Reflectance of a two-layer canopy by A. Kuusk, 12.2002
#

#

## Input parameters: A sample input file

## ijob = 1 - the reflectance spectrum

#

# Files of refractive index and McCartney functions for sky f
# refrind.dat angstr.dat

#

# ek Upper layer Lower layer
# LAl 0.5 0.00
# leaf size 0.15 0.15

# sz 1.00 1.00
# eln 0.00 0.00
#  thm 90.00 90.00
# n_ratio 0.90 0.90
# SLW 160.00 160.00
# Leaf models: prospect prospect

# # of leaf components: 4

# waterp3.dat waterp3.dat

# cl, % of SLW 150.00 150.00
# chlorp3.dat chlorp3.dat

# c2, % of SLW 0.40 0.40
# drymatter.dat drymatter.dat

# c3, % of SLW 99.60 99.60
# brownpigm.dat brownpigm.dat

# ¢4, % of SLW 0.20 0.20
#  leaf struct. par. 0.0112 0.0112

# sl soil 0.2170

# s2 -0.0500

# s3 0.0000

# s4 0.0000

# Sun zenith(s) 38.0

# b_Angstr om 0.180

#

#

# x>  Results:

#

# Sun zenith, deg 38.0

# View zenith and azimuth 0.0 0.0

#

# Imbda, nm; reflectance; S'/Q

#

486.0 0.0276 0.48
572.0 0.0657 0.58
661.0 0.0763 0.71
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838.0 0.2271 0.91
1677.0 0.1703 0.97
2217.0 0.0865 0.98

D Description of the subroutines

D.1 Subroutines of general use

Subroutines
gauleg - quadrature knots and weights for numerical integrations
rspec - reads tabulated spectra
functionfunc

In the direct mode the functioilunc organizes the data exchange between subroutines 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@rgram, and computes the merit
function.

D.2 Leaf optics models
D.2.1 PROSPECT

Leaf optics model by Jacquemoud and Baret (1990).

prospect
tav
s13aaf

D.2.2 LIBERTY

Leaf optics model by Dawson et al. (1998).

liberty
fresnel

D.3 CR model MCRM2

Subroutines
smcrm - root of the model

biz2 - single scattering by plants and soil

rhocl - single scattering from leaves

gamma - phase function and G-function

layer - diffuse reflection and transmission of a layer of leaves
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gleaf - elliptical LAD

gmfres - Fresnel reflection

soil - soil reflectance

skylspec - diffuse/total ratio of incoming flux

D.4 Optimization modules

The Powell's method (Press et al., 1992), Algorithm 10.5ssdufor the minimization of the
merit function Eq. (16). The corresponding subroutines are

powell

linmin

mnbrak

function brent
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