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ABSTRACT: 
 
Foliar concentration of the main photosynthetic pigments chlorophyll a and b (Cab) is widely regarded as a generic bioindicator of 
the actual plant status. However, when the scale moves up to stand level, relationships between the spectral response and leaf 
chemistry tend to break down due to confounding factors such as canopy structure, woody elements and background contributions. 
Especially in old-growth forests large numbers of standing and fallen dead wood are generated. We questioned the role of woody 
elements in the retrieval of Cab content on the basis of synthetic reflectance data through coupling of leaf-level (PROSPECT) and 
canopy-level (FLIGHT) radiative transfer models. For a wide range of forest stands the Cab-induced dispersion (Coefficient of 
Variation: CVCab) and total spread (Standard Deviation: SD) was calculated. The magnitude of CVCab and SD provides information 
about the Cab-related spectral spread and can therefore be regarded as stand-specific indicators of the theoretical Cab detectability. 
Results demonstrate that in dense canopies woody elements are key players in suppressing the Cab-related spectral spread. Apart 
from composition canopy structure also exerts influence: e.g. an overstory with crown coverage (CC) of 60% and a crown LAI of 1.5 
propagated greatest spectral spread. In sparse stands (e.g. CC<40%) the background contribution is the dominant confounding factor. 
The impact that woody elements exert in the theoretical retrieval of Cab content was quantified for four distinct real-world 
coniferous forest types.  
 
 

                                                                 
*  Corresponding author.   

1. INTRODUCTION 

Foliar concentration of the main photosynthetic pigments 
chlorophyll a and b (Cab) is widely regarded as a generic 
bioindicator of the actual plant status, such as stress condition 
(Lichtenthaler et al., 1996) and vegetation gross primary 
productivity (Gitelson et al., 2006). Various leaf and canopy 
experiments have indicated that imaging spectroscopy is a 
potentially powerful tool for assessing variation in chlorophyll 
content of trees (Ustin et al., 2004). However, when the scale 
moves up to stand or landscape level, relationships between the 
reflected electromagnetic radiation and leaf chemistry tend to 
break down (e.g. Trotter et al., 2002). Then the subtle scattering 
and absorption properties of the foliar chemistry are 
confounded by whole-tree features such as the foliage structural 
arrangement, woody elements and background reflectances (e.g. 
Asner, 1998).  
 
At landscape level, a common approach to deal with sub-pixel 
complexity is to unmix a pixel into its most distinct, ‘pure’ 
endmembers. For instance, a vegetated surface might be 
decomposed into fractions of photosynthetic vegetation (PV), 
non-photosynthetic vegetation (NPV) and bare soil. Although 
pixel unmixing into NPV-PV-bare soil endmembers facilitated 
to study ecosystem dynamics (e.g. Asner et al., 2004; Jia et al., 
2006), it does not provide understanding of the true complexity 
between the interaction of phytoelements and radiant energy. 
Alternatively, leaf chemistry estimates retrieved from optical 
remote sensing can be investigated using radiative transfer 
models, which describe the transfer and interaction of solar 
radiation inside the canopy based on physical laws and thus 

provide an explicit connection between the phytoelements and 
the canopy reflectance. While much work exists in the realm of 
radiate transfer modeling, the relative importance of woody 
elements (NPV) in the context of quantifying canopy 
chlorophyll content however has not adequately been evaluated. 
Only recently the influence of the 3D structure of trunks and 
branches in a coniferous canopy on reflectance has been 
explicitly quantified (Malenovsky et al., 2008). Yet this work 
comprised a young production forest (e.g. <30 year), where 
woody elements are exclusively part of the standing trees and 
concentrated in the lower part of the canopy. By contrast, in 
old-growth forests a surplus of woody parts in the form of lying 
and standing deadwood are scattered within the canopy layer 
and on the forest floor and can encompass 18-40% of total 
woody biomass (Siitonen 2001). In these older forests woody 
parts play a significant role in determining canopy reflectance 
(Asner, 1998), as they are an important photon absorbing and 
scattering component. Apart from changing canopy 
composition, the forest also increases in heterogeneity during 
aging (Franklin et al., 2002); making structural attributes 
equally important drivers of the canopy spectral response (Song 
et al., 2002). This paper reports on the propagation of canopy 
compositional and structural effects when inferring chlorophyll 
content assessments on the basis of synthetic reflectance data. 
We used the leaf-level model PROSPECT (Jacquemoud et al., 
1996) coupled with the canopy-level ray-tracing model 
FLIGHT (North, 1996). The coupled models allow controlling 
simultaneously foliar chemistry and biophysical variables. The 
objective of the present study was to assess the influence of 
NPV and forest structure on the determination of leaf 
chlorophyll concentration from synthetic reflectance 
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measurements. The exploitation of the theoretical data may lead 
to Cab retrieval feasibility maps concerning plausible canopy 
structural configurations that may potentially take place during 
forest aging.  
 
 

2. METHODOLOGY 

2.1 Radiative transfer models: PROFLIGHT 

During development stages in natural forest series two 
irreversible processes take place during forest aging: 1) Stands 
become woodier. This is particularly the case once reaching the 
status of ‘old-growth’ where masses of coarse woody debris 
propagate throughout the canopy. And: 2) the spatial 
arrangements of woody elements and green foliage become 
heterogeneously distributed in vertical and horizontal 
dimension (Franklin et al. 2002). 
 
To study the perturbing effects of woody elements (NPV) in the 
retrieval of Cab content for any canopy plausibly to occur 
during development stages on the basis of synthetic data, a leaf 
optical properties model (PROSPECT) was coupled with a 3-D 
canopy model (FLIGHT). PROSPECT idealizes the leaf as a 
pile of elementary plates composed of absorbing and diffusing 
constituents. The version of the model used here (Jacquemoud 
et al., 2000) is parameterized by chlorophyll concentration, the 
dry matter content, leaf water content, and the effective number 
of leaf layers. At canopy level, the bidirectional reflectance 
factor (BRF) for coniferous canopies was computed by the 
Forest LIGHT interaction model (FLIGHT). FLIGHT allows an 
explicit representation of complex canopy structures and a 
correct treatment of crown overlapping and multiple scattering 
within the scene. In the single crown envelopes foliage is 
approximated by statistical foliage properties with optical 
properties of both leaf (PV) and woody phytoelements (NPV). 
The canopy is (lower) bounded by a soil medium with 
anisotropic scattering functioning according to Hapke (1981). 
The horizontal exchange of rays with neighboring areas is 
arranged by cyclic boundary conditions, meaning that laterally 
exiting rays of the bounding box are re-cast from the opposite 
plane at the same trajectory angle to extend scattering to an 
infinitely extended forest. Subsequently, each generated scene 
canopy reflectance is the result of a unique, plausible, stand 
configuration. 
 
2.2 Study sites 

The models are parameterized based on field data from an old-
growth coniferous forest in Swiss National Park (SNP), 
Switzerland (10°13′48″E/46°39′45″N). SNP is one of the few 
areas in Western Europe that was not influenced by humans 
during most of the 20th century. The forest, characterized by its 
advanced age (165-200 yr; Cherubini et al., 2002) of the pine 
stands (P. montana and P. cembra), is classified as woodland 
associations of Erico-Pinetum mugo (Zoller, 1995). The 
overstory canopy is typified by relatively open and 
discontinuous stands resulting in a relatively low Leaf Area 
Index (LAI; between 1.5 and 4.5, Kötz et al., 2004) and a high 
fraction of total woody parts (e.g. trunks, branches, standing 
and fallen deadwood).  
 
Further, to exemplify the theoretical results into the context of 
real-world forests one young and two mature coniferous stands 
were additionally selected: 

Young Norway spruce: This Norway spruce (Picea abies (L.) 
Karst.) stand is located in the Moravian–Silesian Beskydy 
Mountains, in the eastern part of the Czech Republic bordering 
with Slovakia (49°50' N, 18°54' E). The trees of the 
monoculture plantation are currently 30 years old. Foliage is 
concentrated in the dense, uniform overstory, characterized by a 
mean canopy LAI of 7.8 and a mean canopy cover of 82%. 
(Homolová et al., 2007).  
 
Early mature Lodgepole pine: This Lodgepole pine (Pinus 
contorta) stand is located in the central interior of British 
Columbia, Canada. The ecosystem in this area is dominated by 
the Sub-Boreal Spruce (SBS) biogeoclimatic zone. The forest is 
located approximately in the centre of the province (124° 18' N, 
53° 39' E) and is between 61-80 years old. The region is 
attacked by mountain pine beetle since the mid nineties. 
Coarse–resolution LAI maps (Chen et al., 2002) indicate that 
LAI of this region ranges between 4 and 5. Crown coverage is 
visually assessed to range between 60 and 80%. 
 
Mature forest Norway spruce: This Norway spruce stand is 
located in the Sumava Mountains, (Bohemian Forest, southern 
Czech Republic; 48° 59' N, 13° 28' E). The region holds some 
of the best preserved and least human-influenced spruces 
forests in Central Europe. The age of the stand is over 100 
(±125) years (Wild et al., 2004). An extensive area of Norway 
spruce was affected by a massive bark beetle outbreak since the 
mid-1990s whereby vast stands lost all their needles (grey-
attack) (Jonášová & Prach, 2004).  
 
2.3 Optical properties 

The investigation of confounding factors affecting the 
relationship between reflectance and Cab requires the 
simulation of many reflectance spectra, at needle-level and 
canopy-level. At needle level, it is well known that needle 
chlorophyll concentration depends on age of needles (Jach & 
Ceulemans, 2000), stress (Carter & Knapp, 2001) and location 
within the canopy. Optical properties of needle leaves were 
simulated with PROSPECT whereby a variation of Cab content 
was explicitly accounted for. Chosen chlorophyll content 
ranged from 15 to 95 µg/cm2 with steps of 10 µg/cm2. This is a 
range that may typically occur in a conifer stand.The remaining 
model variables, leaf mesophyll structure, dry matter and water 
content were empirically acquired during the Fire Spread and 
Mitigation (SPREAD) campaign as described in Kötz et al., 
(2004) and were subsequently aggregated to obtain values 
generic for the SNP study site (N: 3.80, Cd: 0.036 g/cm2 and Cw: 
0.044 g/cm2 respectively). Optical properties of the understory 
background of SNP can be essentially conceptualized as a 
mixture of PV (shrubs, herbaceous species)  and NPV (woody 
parts, litter) elements; spots of bare soil are virtually absent 
within the forest. Field spectroradiometric measurements of 
understory vegetation were aggregated (35 vegetated understory 
spectra, 10 bark spectra) to approximate the spectral diversity 
characterizing the background spectra (figure 3a). Further, 
aggregation of the bark spectra equally led to a generic NPV 
signature.  
 
From the set of PROSPECT-generated spectra, the average (µ) 
and associated variation expressed by the standard deviation (σ),  
was calculated and shown in figure 1a. In a sense, the average 
of the reflectance series associated with the Cab range 
approximates the reflectance values of a needle with an 
intermediate chlorophyll concentration (e.g. around 55 µg/cm2). 
The figure clearly demonstrates that the influence of 

26



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences. Vol. XXXVII. Part B7. Beijing 2008 

chlorophyll concentration is restricted to the visible region and 
the red edge, with greatest SD (2.69) around 710 nm. Next, to 
gain insights in the dynamics of the chlorophyll-generated 
variability, the Coefficient of Variation (CV) was calculated: 
 
 

μ
σ

=CabCV ,                                     (1) 

 
 
The CVCab is a useful statistic for comparing the degree of 
dispersion, from one data series to another, even if the means 
are drastically different from each other. Figure 1b shows the 
CVCab of the PROSPECT-generated spectra with varying 
chlorophyll content. The derived CVCab is characterized by a 
peak in the red edge at 710 nm, which is the response of 
chlorophyll a absorption.  
 
 

 
 

Figure 1. a) Averaged reflectance of a PROSPECT-simulated 
needle, understory and bark representing the spectral properties 

of PV, background and NPV relevant for FLIGHT 
parameterization. The grey band represents the interpolated SD 

related to the Cab range. b) associated CVCab 
 
 
2.4 Generation of FLIGHT data set 

 
Range of variation 

LUT Variable Unit 
Generic 
field 
observations Min Max ste

p 
Within-crown       
NPV-PVa  % 0.7 0.2 1.0 0.1
Crown LAI - 2.5 1 10 0.5

b 
CC % 0.6 0.2 0.80 0.1
LAD  Spherical  
    
Stand 
structure 

   

Tree height m 11.93 ± 2.9  
Crown radius m 0.88  
Trunk height m 7.0   
Trunk 
diameter 

m 0.179 (at 
ground) 

 

 
Table 1. Ranges of within-crown structural variables for 

generation of LUT and field observations of stand variables 
relevant for FLIGHT parameterization (a: NPV=1-PV; b: 0.5 
until LAI: 5 then steps of1.0.). LAD: leaf angle distribution. 

 
Having introduced spectral variability at needle level, the 
analysis shifts to canopy level through coupling with FLIGHT. 
Automatic simulations were realized based on Look Up Tables 

(LUT). Prior to configuring the look-up tables, it is of 
importance that the relationship between confounding factors 
(e.g. structure, woody elements) and chlorophyll content is 
established for any given canopy structure or composition that 
may occur during a development phase. Key biophysical 
components that vary throughout stand development were 
selected, being canopy LAI, crown coverage (CC) and, to 
accommodate for a varying canopy composition, within-crown 
NPV and PV proportions. We used collected stand architectural 
data (e.g., trunk height, tree height, trunk radius, and crown 
radius) from the SPREAD campaign to parameterize FLIGHT. 
Their major characteristics are summarized in table 1. The 
simulated stands were horizontally distributed on a flat terrain 
according to a Poisson distribution with crowns of irregular 
conical shape and cylindrical trunks. Within the individual 
crows a spherical leaf angle distribution of the phytoelements 
was assumed. Additional parameters were fixed to model 
default or field measurement as described in Kötz et al. (2004). 
 
Canopy reflectance was simulated as observed from nadir in 18 
spectral bands corresponding with specifications of CHRIS in 
Mode 3 (land). CHRIS aboard PROBA (Project for On-board 
Autonomy) satellite is an experimental smallsat that has the 
capability to provide combined hyperspectral and 
multidirectional sampling with high spatial resolution (~17 m) 
of selected terrestrial targets (Barnsley et al., 2004). In the 
‘land’ mode wavebands are selected specifically to monitor 
vegetation cover. The spatial size of a CHRIS pixel precisely 
matched to the FLIGHT scene dimensions (17 m). The solar 
angle was set as during CHRIS-PROBA overpass over Swiss 
National Park on 2004-06-27 (θs: 24.0°, φs: 162.8°, see Verrelst 
et al., 2008 for details). All spectral data were convolved to 
CHRIS using the CHRIS band centers and full-width-half-
maxima (FWHM).  
 
To make sure that explicitly relationships between reflectance 
spectra and chlorophyll content are studied with no other 
influencing factors than canopy structure and woody elements, 
only the vegetation signal free of any contamination is needed. 
To achieve uncontaminated reflectance spectra, a solution is to 
apply a total correction for background signal by setting the 
background layer equivalent to a perfect absorber canopy 
background condition. In this case the optical characteristics 
and associated Cab range of the experimental overstory canopy 
signal was directly linked with biophysical parameters, without 
any atmosphere or background contamination. Once the 
initialization was done, one million rays penetrated in each 
experimental canopy. Finally a total of 7938 forest scene 
simulations (9 Cab × 14 crown LAI × 9 NPV-PV × 7CC) 
executed by PROFLIGHT provided the spectral sampling for 
the subsequent analysis of the contribution of woody elements 
and needle Cab content at stand level. 
 
 

3. RESULTS 

In FLIGHT, the radiant fluxes interacted with the woody 
elements and the chlorophyll-containing foliage which resulted 
into upscaled chlorophyll-induced spectral response. The 
averaged BRF ( BRF ) and chlorophyll-induced spectral 
dispersion (CVCab) was once more calculated, now at stand level. 
Figure 2a and 2b shows the averaged BRF and associated CVCab 
for the CHRIS bands and the SNP structural configurations 
(table 1). With a perfect absorbing background, only the 
scattering caused by the overstory canopy attributes that 
escapes into nadir direction are detected. This assures an 
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explicit connection with the structural configurations but, in 
turn, also leads to low BRF . Considering the CVCab, a shape 
similar to leaf level appeared but then with a markedly higher 
magnitude (around 35-40%), which can be fully explained by 
absence of any other confounding factor.  
 

 
Figure 2. a) BRF  with interpolated Cab-induced SD (grey 
band). b) associated CVCab at canopy level as simulated by 

FLIGHT (crown LAI: 2.5; PV: 70%; CC: 60%). 
 

To exploit the propagated variability along gradients of canopy 
variables, we chose one specific wavelength where the subtle 
Cab signal is prominently expressed. Wavelengths associated 
with chlorophyll content are to be found in the 550 or 700 nm 
regions, where higher contents of chlorophyll b and chlorophyll 
a, respectively, are required to saturate the absorptance 
(Thomas & Gausman, 1977). CHRIS wavebands associated 
with these chlorophyll regions are λmid: 530, 551, 570 and 697, 
703, 709 nm respectively. For each of these wavebands the 
CVCab were plotted along the NPV-PV gradient. The gradient 
starts from 0% NPV onwards whereby the proportion of canopy 
woody elements (NPV) gradually increases (figure 3). From 
this set of chlorophyll-sensitive wavebands, the λmid 531 nm 
band exhibited greatest decrease all along the NPV gradient 
implying greatest sensitivity to woody elements, while the λmid 
709 nm band gave sign of a flatter response implying certain 
robustness to woody elements. Since apart of chlorophyll, 
anthocyanin also absorbs around 550 nm (Sims et al., 2002), we 
opted to continue working with the radiant flux at 709 nm.  
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Figure 3. Waveband-dependent trends of CVCab (%) along the 
NPV gradient (%PV= 100-%NPV).  Values were averaged over 

the gradients of crown LAI and crown closure. 
 

3.1 Detectability of chlorophyll content 

The applicability of observed trends in the context of real-world 
canopies is analyzed next. As pointed out above, woody parts 
can significantly govern the canopy cover of coniferous forests. 
Being aware of varying NPV fractions at sub-pixel level the 
underlying idea of this modelling exercise is that modelling 
results may provide canopy-specific indicators regarding the 
suitability of retrieving chlorophyll content from reflectance 
data. The Standard deviation (SD) indicates the absolute spread 
of the reflectance spectra. Due to the fixed Cab range the 
magnitude of the SD is explicitly governed by structural 
attributes. Consequently, given the assumption that a greater 

spectral spread allows easier detection and mapping of 
chlorophyll content, the SD results provides thus a theoretical 
indicator of the stand-dependent chlorophyll content 
detectability. To exemplify this, four structurally distinct real-
world forests were selected (figure 4). 
 
Each of the coniferous stands holds near-optimal conditions to 
retrieve chlorophyll content in terms of CC and crown LAI with 
the exception of the heavily affected spruce stand in the 
Sumava Mountains. They encompass a CC of 60% or higher 
and a varying crown LAI. The homogenous, dense young 
spruce stand (figure 4a), for example, is characterized by high 
crown LAI value (7.8) which results into a slight suppressed SD 
as a consequence of the LAI-dependent chlorophyll absorptions. 
The other test sites encompass a lower LAI which implies a 
slightly greater spectral spread and thus detectability.  
When positioning the four stands along the NPV-PV gradient, 
however, only then the true Cab detection feasibility appears. 
The virtual absence of woody cover in the outer canopy of the 
young spruce stand implies that the full Cab-related variability 
can reach a sensor without any contamination. Canopy structure 
such as the high LAI would be the limiting factor here, but only 
to a minor extent (figure 4e). By contrast, the old-growth forest 
in SNP gave sign of a more complicated canopy structure and 
composition (figure 4b). As a consequence of dead and partly 
dead trees a fractional NPV cover may reach up to 30% at 
CHRIS pixel resolution.  Due to the scattered woody parts 
within the canopy, PV and NPV of this stand are 
heterogeneously arranged in a quasi-random manner. The 
modeling results indicate that such woody contribution may 
suppress the chlorophyll-dependent spectral spread with 28% 
given the SNP structural configurations (CC: 0.60; LAI: 2.5). 
However, note that the canopy throughout the test site is rather 
open meaning that in reality understory, which is again a 
mixture of PV and NPV, will partly contribute to the 
chlorophyll signal as well.  
 
Contrarily to the latter, the infested stands in British Columbia 
(figure 4c) and in the Bohemian Forest (figure 4d) are from 
another order of woodiness. The British Columbian stand shows 
mixtures of green trees, red-attack trees and grey-attack trees 
throughout the forest (figure 4d). Subsequently, the spatial 
distribution of NPV fractional cover varies dramatically. Such 
spatial PV-NPV variation implies that relationships between 
reflectance spectra and the needle pigment concentrations of 
remaining foliage are perturbed in a pixel-specific way. The 
presented results of the rapid declining SD along the NPV-PV 
gradient indicate the magnitude of change (figure 4f, g). Finally, 
the example of the Bohemian Forest reflects the worst case 
situation: virtually the complete stand suffers from insect 
defoliation. Only small patches and a few isolated trees are left 
unaffected. What is left of the signal from remaining green 
cover is in consequence heavily suppressed by dominating NPV 
cover. No structural assessments have been carried out in this 
region. With a visually assessed of remaining 40% PV and 50% 
CC the modeling results indicated that only 58% of the full Cab 
spread is left over.  
 

4. CONCLUSIONS 

Natural forests go through development stages with increasing 
heterogeneity in the distribution of foliage and woody parts. 
The direct observable effects of these trajectories are that 
structural variables such as fractional cover, LAI and the 
amount and arrangement of woody elements alter over time. 
For instance, the old-growth forest of Swiss National Park that 
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for a long time suffers from severe Alpine conditions (wind, ice 
and snow storms) and root-rot fungi is gradually reshaped into a 
highly heterogeneous, woody forest. Furthermore, examples of 
mature forests prone to insect defoliation demonstrate that 
woody parts may dominate the canopy cover already earlier in 
the development phases coniferous canopies (e.g. Radelhoff et 
al., 1999). 
 
 Needle chlorophyll content of these forests can be detected and 
mapped by fine-resolution satellites such as CHRIS-PROBA. 
Further, it has been demonstrated (Rautiainen et al., 2008; 
Verrelst et al., 2008) that CHRIS data with its relatively small 
pixel resolution (~17.0 m) matches well with radiative transfer 
models that provide scene-based BRF data of stands.  
 
Modeling results without background contamination 
demonstrate that nearly all real-world structural features match 
to quasi-optimal conditions for detecting and mapping 

chlorophyll from reflectance data as long as the fractional NPV 
fractional cover is low. In denser canopies a passive sensor 
cannot penetrate through tree crowns and detect signatures 
directly under tree canopy so the contribution of a background 
is of less importance in determining the Cab-related spread. In 
sparse canopies (CC<40%), however, the background signal 
may either act as an additional distorter (when ground cover is 
e.g. litter, bare soil) or contribute to the Cab variability (when 
ground cover is e.g. grass, shrubs), or may even be composed in 
a similar manner as the overstory (e.g. mixture of PV and NPV). 
The latter is the case in old-growth forests. Conclusively, 
modeling results demonstrated that canopy composition is the 
key player in determining the success of Cab retrieval. Within 
the scope of leaf-to-canopy upscaling problem, further efforts 
should be devoted to the robustness of chlorophyll retrieval 
techniques, with special attention to correct for fractional wood 
cover. 
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