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ABSTRACT - Traditionally, the estimation of forest parametarsing physically-based canopy radiative
transfer models (RT) requires correcting the rens#asing data to top-of-canopy (TOC) level by inrgran
atmosphere RT model. By coupling the same canapwatamosphere models, it is possible to simulatedheof-
atmosphere (TOA) radiance and to work directly vttile measured TOA radiance data, thus avoiding the
correction to TOC level. Many studies discussediticecased potential of multiangular data for paraere
estimation, especially for forests, which have girdirectional properties. These studies, howevergevbarsed

on TOC data. In this study, we investigate the pa@tkot multiangular data at TOA level, based onase study
for three Norway spruce stands in the Czech Repuldiog multi-angular CHRIS data and the coupled SLC-
MODTRAN model. The coupled model provided satisfaciOA simulations of spectral and angular
signatures, and the dimensionality of the parametstimation problem increased with increasing angula
sampling. Canopy cover, fraction of brown materi@af chlorophyll and leaf dry matter content weréraated
using all possible angular combinations. No comborawas best for all parameters.

research site in the Moravian-Silesian Beskydy
1 INTRODUCTION Mountains, (18.54°E, 49.50°N; altitude 936 m above
. o sea level). A detailed description of the environtag
Trad_ltlonally, th_e estimation of fqrest p"’Ir"’lmemréonditions can be found in (Kratochvilova et al.,
requires correcting the remote sensing _data t.mtOp'1989). The forest area is dominated by montane
canopy (TOC). Ie_vel. This requires Inverting arNorway sprucelRicea abieqL.) Karst.). Three stands
atmosphere radiative transfer (RT) model, WhIChsad(af different ages and structures were selectedtier
errors to the data that will be used for the inverof study (Table 1): YOUNG, OLD1 and OLD2. The data
the canopy RT model. By. c.oupllng. the Same Canopy .o collected in the first half of September 2006.
and atmosphere models, it is possible to simulae t A set of multi-angular data was acquired on

top-of-atmosphere (TOA) radiance and to worg t :
! . . eptember 1% 2006, by CHRIS (Compact High
directly with the measured TOA radiance data, th esolution Imaging Spectrometer) on board of the

ayoiding the c_orrection to TOC? level. 'V'?“y StUOIie?’ROBA (Project for On Board Autonomy) satellite
discussed the |ncr_ease_d potential of multianguéa d latform. Only four images covered the study area.
I/(\)/reizsr;n;?tegogztlmeastloencizglﬁe?(])??(r)]reeesrtss e|_t| al L, |20 heir acquisition geometry is shown in Figure 1eTh
o ) €sp iy 1 ( . " images were acquired in chlorophyll mode (mode 4),
2010), which have strong directional propertiesssih resulting in 18 spectral bands in the range 485+802
studies, however, were based on TOC data. This sugya spatial resolution of 17 m. The images were
gglégled tgethSL'a Sg”_lfng'\'jzan?py (Vherhoelfgarlld l?ac diometrically calibrated by the data provider and
) an e atmosphere (Berk e alWere further de-striped, geo-corrected and ortho-

2003) radiative transfer models to estimate fOre?(—],;*ctified using nearest neighbor interpolation. Band

parameters from multi-angular TOA radiance dat 5 centered at 761 nm. was not used because it

s'gmpled one of the oxygen absorption features and
was very noisy. An AISA (Airborne Imaging Spectro-
radiometer) Eagle image with 40 cm pixel size was
acquired on September %4 2006. It was
atmospherically corrected using ATCORA4.

The plant area index (PAl), defined as half of the
The study area is located in a rather flat areiaistern total plant area (needles and non photosynthetiatpl
Czech Republic, at the Bily Kriz experimentamaterial) per unit of ground surface area (Chen6},99

The study focused on three Norway spruce stands
the Czech Republic.

2 MATERIALS AND METHODS

2.1 Study area and data
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Table 1. Stand characteristics and model inputs components (soil, humus, litter, understory spécies
(DBH: diameter at breast height, LIDF: leaf and of the bark were measured in the field at 1 nm
inclination distribution function, Sph: spherical). resolution with an ASD spectro-radiometer.

Stand YOUNG| OLD1 | OLD2

Age (years) 29 100 75 2.2 Radiative transfer models

Bgr;s?é/ngt)rees/ha) 11120 15630 43270 The Soil-Leaf-Canopy (SLC) model was used to
PAI 8.88 573 735 simulate the four top-of-canopy (TOC) reflectance
B 0.13 0.23 0.4 components of the stands. It couples:

2D 0 0 0 a) 4SOIL: soil reflectance model which was

% Hot 0.01 0.01 0.01 not used in this study, . .

8 |LIDF Sph Sph Sph b) PROSPECT: leaf optical properties model
Cv 0.9 0.55 0.7 (Jacquemoud and Baret, 1990), modified to
Zeta 0.34 0.24 0.26 include brown pigments (Cs) (Verhoef and Bach,
Cab (ugicm®) | 55 60 65 2003),

2 [Cw (cm) 0.02 0.02 0.02 c) 4SAIL2: canopy reflectance model which

§ Cdm (g/cm?) | 0.04 0.04 0.04 includes the crown clumping effect thanks to the

Z |Cs 0 0 0 introduction of two additional inputs: crown cover
N 2.7 2.5 2.3 (Cv) and tree shape factor (Zeta) defined as the
Cab (ug/lcm?) 10 crown diameter divided by the height of the crown

« |Cw (cm) 0 centre above ground (Verhoef and Bach, 2007).

g Cdm (g/cm?) 0.5 4SAIL2 also allows mixing green and brown
Cs 15 leaves in the canopy by using the fraction of
N 10 brown material (fB) and the dissociation factor

(D). The brown leaves were used for the bark.
0 The MODTRAN4 model was used for the

atmosphere. The following options were selected:
DISORT algorithm with 8 streams, medium speed
correlated-k option with 17 values, and 5 “tm
database.

2.3 Calculation of the TOA radiance

The 4-stream RT theory provides a simple but
accurate framework for radiative transfer modeling.
We use subscripts to indicate the direction of the
radiation: s for the sun directionp for the observer
direction andd for diffuse hemispherical radiation.
When ignoring the adjacency effect, the TOA radéanc
L, can be calculated as (Laurent et al., Submitted):

Figure 1: Polar view of the geometry of the

G +G
CHRIS acquisition. Ly =Lym ™ ssad'sa  Ssaad oo

1-T49Puq 1
was estimated in each stand by three methods: LAI- G. +G ’ (1)
: ; sdoo multrsd
2000 plant canopy analyzer, hemispherical + lio + Gesod'so
photograph, and TRAC (Tracing Radiation and 1-144Puq

Architecture of Canopies) (Homolova et al., 2007).

The obtained values were averaged to one PAI valW8ere Lam is the atmospheric path radiance, the

for each stand. The crown cover (Cv) was estimaté&fms are the reflectance factors of the canpgyis

by classifying the AISA image (Luke$, 2009). the spherical albedo of the atmosphere, and Ghe
Ten sample trees in the YOUNG stand and 20 igrms are atmospheric gain factors for the doubfsp

the OLD1 stand were selected for canopy and needflethe atmosphere. THe factors were calculated from

measurements. Only canopy measurements were mé# total path radiance, the sunlight ground-rédiéc

in the OLD2 stand. Canopy structure measuremerigdiance, and the total ground-reflected radiance

included tree height, crown radius, and crown lengt outputs of three MODTRAN runs for Lambertian

The spectral properties of the main backgrour@Hrfaces (Laurent et al., Submitted). Canopy
reflectances ands factors were resampled to the
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CHRIS bands using Gaussian approximations of tlistance of the CHRIS bands:
sensor response functions.
o W, = (/]2 _/]1)
2.4 Model parameterization W = (/]i+1 _/]i_l)/zl 2<i<n-1. (4)

i
The background signature was calculated as the w, =(/]n—/1n_l)
average of the signatures of the background
components, weighted by their fractional area. Thry allow easier comparison between stands, d¢he
PROSPECT model was used to simulate the optiGgl|yes were normalizedy(o).
properties of the needlgs and ba(k material. It mats A Singular Value Decomposition (SVD) was then
designed for that, so it was optimized to match thgyjied toJ, yielding the singular matri®. S relates
measured bark signature, and the parameters for {hge transformed output differences™AL to the

needles were tuned using the four angulgfansformed parameter variatiod8Ap as:
measurements at TOA level, together with the D

parameter (Table 1). UTAL =SVTAp, (5)
The same atmospheric properties were used for the )

four images. The urban aerosol type was chosen'if#ere AL is the stacked vector of model output

MODTRAN because of the dominant north windlifferences foro in @ and Ap is the vector of

blowing from an industrial zone and high ainormalized parameter variations. Because is

concentration of SO The visibility was chosen as thediagonal andU™ and V' are orthonormal, there is a

smallest value (100 km) for which the simulateg, One-to-one relationship betweem\L and Ap.

was smaller than all radiances in all CHRIS images. Therefore, the rank o is the dimensionality of the
estimation problem. The rank & was taken as the

2.5 Local sensitivity analysis number of singular values needed to reach 95%eof th

_ . sum of all singular values.
A local sensitivity analysis (LSA) was performed

based on the Jacobian values. For each observao§ pgrameter estimation

directiono, the Jacobian matri¥, is the matrix of the

partial derivatives of the model outplug with respect The cost functiony was defined using the same
to each input parametes, normalized assuming astructure as the indicator:

uniform distribution over its potential variatioange:

3o =l s, 3> w(aL, (1))

with j ., = oL, (00’/]i) (2 y= |2 i . ©
0,i,k _T, ZZ\NI
000 i=1

wheren, is the number of bands anglis the number
of parameters. The hotspot parameter (hot) was The look-up table (LUT) method was chosen
changed by 0.005 because of its very small value. because of its ability to find the global minimurh o
We note © the ensemble of the observatiorthe cost function. The free parameters in the LUT
directions used in the multi-angular analysis. The&ere chosen based on the results of the LSA.
Jacobian matrices fap in ® were vertically stacked
into the matrixJ. 3 RESULTS AND DISCUSSION
Only the most influent parameters can be ) )
estimated. To evaluate the influence of eachl Simulations

parameter, the indicatoi was defined as: The TOA simulations were satisfactory. Thealues

for @ = {m36, nadir, p36, p55} were:

5.9 mWi/(ntf.sr.nm) for the YOUNG stand, 9.5 for the

OLD1 stand, and 7.6 for the OLD2 stand.
3 Figure 2 presents the spectral simulation results
for the YOUNG stand. The monoangularvalues
were smaller in the forward than in the backward
direction @pagr = -16°). The signatures were
eoverestimated in the nadir, p36, and p55 directants
nderestimated in the m36 direction. This might be
ue to the leaf angle distribution function orhe t

where the w terms are the weights that wer
introduced to account for the irregular spectrzﬂ
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Figure 2. Spectral simulations (dashed lines) an&ISHneasurements (solid lines) of the TOA radiance
for the four available images for the YOUNG stand
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Figure 2. Angular simulations (dashed lines) and CHReasurements (solid lines) of the TOA radiance
for four selected wavelengths for the YOUNG stand

assumption of constant atmospheric parameterdiéor y values were smallest in the visible domain,
four angles. especially in the blue and red band where the nadia
The angular results for the YOUNG stand aris lowest, and larger in the NIR band, where the
shown in Figure 3. Both the simulations and theadiance is highest. This may be due to the
measurements present the bowl shape expected donospheric path radiance which is most important i
dense coniferous forests (Verrelst et al., In préBse the visible and accounts for the most part of the
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radiance, with only a small part coming from th&he dimensionality increases when using more angles
canopy. Thus, inaccuracies in the canopy refleetanin the combination, thus showing the increasing
were less important in the visible domain. On thimformation content when

contrary, the atmospheric path radiance is veryllsmaampling.

in the NIR domain, and inaccuracies at the canopy

level fully translated to TOA level.

Similar trends were observed for the OLD1 and
OLD2 stands, but with higher values. This may be
due to the lesser quality of the field data forsthe
stands.

3.2 Local sensitivity analysis

For each angular combination, thg,., values were
averaged over the three stands (not shown). All
combinations presented similar influence profiles,
except for the hotspot parameter. Hot was most
influent for m36 @nom = 0.33) and nadir (0.14) and
was not influent for the forward angles (<0.04)r Fo
the multiangular combinations, its influence depend
on which angles were used (e.g: 0.22 for four a)gle
For the other parameters, the most influent were B

Table 2. Dimensionality

YOUNG OLD1

OLD2

nadir
m36
p36
p55

nadir_m36
nadir_p36
nadir_p55
m36_p36
m36_p55
p36_p55

nadir_m36_p36
nadir_m36_p55
nadir_p36_p55
m36_p36_p55

4 angles

oo aabdhbhabhbdbhOwoww
OO0 o0l WWW

OO0 a0 blbAWW®W

increasing the angular

(0.18-0.22), Cv (0.14-0.22), needleCdm(0.14-0.17), o
LIDFa (0.09-0.17), and needleCab (0.06-0.08).Th&3 Parameter estimation
bark (©norm < 0.03) and atmospherex,fm

. < 0.04) Based on the dimensionality results, it was decided
parameters were least influent.

have four free parameters in the LUT. The four

The importance of the hotspot parameter is due {2 meters which were most influent and also most
the wide angular area of influence caused by thg V&g e\ ant for applications (forest health, fuel nais,

high PAI of the three stands. The m36 image isedoﬁarbon stock...) were used: fB, Cv, needleCdm, and

to the hotspot, and the nadir image is close 0 h@qqiecap. fB and Cv were sampled from 0 to 1 in
principal plane (relative azimuth = 2p The value of steps of 0.1, Cab from 0 to 100 in steps of 5, aneh Cd
0.01 for forests is well known. The LIDFa parametefom o to 0.05 in steps of 0.005.
was also very influent, but for coniferous stand, The estimation results for the YOUNG stand are
cannot assume any other leaf distribution tha;ﬂ'esented in Table 3. In all cases, only one swiuti
spherical. _ o _ was found in the LUT. No combination provided the
The local dimensionality values obtained from thgest estimates for all parameters. Some combirsgtion
SVD are presented in Table 2. For each comblnatl%wever’ were able to provide good estimates for tw

the three stands had very similar values, with the,ameters. The best estimates for Cv were obtained
YOUNG stand having slightly smaller dimensionality.

Table 3. Parameter estimates for the YOUNG staast (bstimates in bold).

Cv fB Cab(glcm?)  Cdm (g/cm? P # solutions
nadir| 0.8 0.0 75 0.050 1.044 1
m36| 1.0 0.2 50 0.025 1.672 1
p36( 0.9 0.1 75 0.045 0.960 1
p55| 0.8 0.2 75 0.030 0.982 1
nadir_m36| 0.6 0.0 55 0.025 1.689 1
nadir_p36| 0.7 0.0 75 0.040 0.722 1
nadir_ps5| 0.8 0.1 75 0.040 0.762 1
m36_p36( 0.7 0.2 50 0.015 1.673 1
m36_p55| 1.0 0.4 50 0.005 1.749 1
p36_ps5| 0.9 0.1 75 0.045 0.710 1
nadir_m36_p36| 0.7 0.0 60 0.035 1.377 1
nadir_m36_p55| 0.8 0.2 60 0.025 1.620 1
nadir_p36_p55| 0.8 0.1 75 0.040 0.618 1
m36_p36_p55| 0.9 0.4 55 0.005 1.469 1
4 angles| 0.8 0.2 60 0.025 1.270 1
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by combinations including p36, best estimates fds Ca  canopy. In M.E. Schaepman, S. Liang, N.E.
using m36 and best estimates for Cdm using nadir, an  Groot & M. Kneubiihler (Eds.)10th ISPMSRS
the best estimates of fB used only nadir and forward Davos, Switzerland: Intl. Archives of the
angles, similar to Cdm. The m36 angle was only used Photogrammetry, Remote Sensing and Spatial
for the Cv and Cab estimates. It is interesting tte no Information Sciences.
that the nadir angle was not used in the combinatioHuber, S., Koetz, B., Psomas, A., Kneublhler, M.,
providing the best Cv and that the combination using Schopfer, J., Itten, K., and Zimmermann, N.E.,
the four angles did not provide the best estimate f 2010, Impact of multiangular information on
any parameter. empirical models to estimate canopy nitrogen
The results for the OLD1 and OLD2 stands were concentration in mixed foresiournal of Applied
different, but similarly to the YOUNG stand, it was Remote Sensing, 4
not possible to distinguish a single combinatiodacquemoud, S., and Baret, F., 1990, PROSPECT: A

providing the best estimates. model of leaf optical properties spectRemote
Sensing of Environment, 345-91.
5 CONCLUSION Kempeneers, P., Zarco-Tejada, P.J., North, P.ReJ., d

Backer, S., Delalieux, S., Sepulcre-Canto, G.,
Morales, F., van Aardt, J.A.N., Sagardoy, R.,
Coppin, P., and Scheunders, P., 2008, Model
inversion for chlorophyll estimation in open

The coupled SLC-MODTRAN model was able to
provide satisfactory simulations of the TOA radianc
of the coniferous stands. Despite the simplicity of
SLC, the brown material and crown clumping features . :
adequately mimicked the stand structures, also when frire](r)r?éﬁif)nal fg?)rlrj]rnal ho)?per\[z?neocttéagen;nge%
seen from multiple observation directions. "
) : X 5093-5111.
The SVD is a very interesting tool to assess tr}g L
. : - L ratochvilova, .,
dimensionality of the estimation problem and to get
insight in the influence of the parameters, thusde

of great interest for steering the inversion precé$e - : . i
: : . . the impact of air pollution. |I. General description
multiangular SVD proved that the dimensionality of problemsEkologia, 8 407-419.

increases with increasing number of angles at TOL'Bé\urent V.C.E.. Verhoef W.. Clevers. J.G.P.W.. and
level. In the future, the LUT will be extended tom Scr;ae.prﬁa.r; M S’ubn.w’itted Es,tim.at.in.g ﬁ,)rest
parameters to make full use of the extra infornmatio parameters, fro.r’n top-of-atr’nosphere radiance

provided by the multiangular data. satellite measurements using coupled radiative
transfer modelsRemote Sensing of Environment
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