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(Received 23 May 2009; in final form 24 May 2010)

The retrieval of total chlorophyll content (chl, +,) per unit leaf area and unit
ground area was investigated for a boreal forest near Sudbury in northern Ontario,
Canada. The retrieval was based on inversions of the 5-Scale and PROSPECT
models using canopy structure parameters, leaf area index (LAI) and clumping
index, generated from off-nadir (multi-angle) multispectral data. Findings support
the validity of combining nadir hyperspectral and multi-angle multispectral remote
sensing in simultaneous retrieval of structural and biochemical vegetation parame-
ters. Chlorophyll retrievals are improved once the improved structural parameters
are obtained from multispectral data at two optimal off-nadir angles, the hotspot
and darkspot. The estimated leaf chlorophyll contents agree well with the field mea-
sured values (R? = 0.89 and root mean square error (RMSE) = 8.1 g cm~2). When
the clumping index is excluded from the inversion, the coefficient of determination,
R?, decreases to 0.53 and the RMSE, increases to 13.4 jLg cm™2.

1. Introduction

The biochemical composition of vegetation canopies is an important indicator of
ecosystem health and sustainability (Carter 1994, Lichtenthaler 1998). Leaf chloro-
phyll and nitrogen content are key parameters for quantifying the photosynthetic rate
of foliage, and thus plant primary productivity (Ripullone ez al. 2003, Gitelson et al.
2005), which influences global climate. The relationship between foliage nitrogen con-
centration and light-saturated photosynthesis has been widely used in physiologically
based ecosystem models (Aber et al. 1995). Since chlorophyll content correlates to
nitrogen content of forest canopies (Boggs et al. 2003, Gabocik 2003, Ripullone ez al.
2003), it is used in such models to develop algorithms to estimate nitrogen content.
With remote sensing data, two approaches are commonly applied to estimate
chlorophyll content: (1) the empirical-statistical approach or (2) the inversion of phys-
ically based canopy and leaf reflectance models. The former is based on correlations
between hyperspectral indices, derived from reflectance at the leaf or canopy level,
and chlorophyll content (Curran 1989, Elvidge and Chen 1995, Broge and Leblanc
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2001, Zarco-Tejada et al. 2001, le Maire et al. 2004, Gitelson et al. 2005). This
approach is simple to use; however, it is site and sensor specific and does not account
for the complexity of canopy structure. Although biochemical composition controls
leaf and canopy reflectance properties, canopy structure (Chen et al. 2000) affects
canopy reflectance acquired by a sensor (Gitelson ez al. 2005, Lewis 2007, Malenovski
et al. 2008, Verrelst et al. 2008). Leaves in plant canopies, especially in trees and
shrubs, are generally highly clumped. Because of canopy features such as phyllotaxy,
branch and shoot arrangement and crown structure, forest leaves have more vertical
overlap than would occur randomly. At all sun angles, this clumping decreases the
proportion of sunlit leaves and increases the proportion of shaded leaves, affecting
the interaction between radiation and vegetation and thus plant growth and carbon
absorption. Canopy reflectances can differ among plants that have the same canopy
chlorophyll content but different canopy structure (Gitelson et al. 2005). This suggests
that estimation of structural characteristics, clumping in particular, would help reduce
uncertainties in chlorophyll content retrieval.

The latter approach, the inversion of physically based canopy and leaf models, can
be used to retrieve both biophysical and biochemical vegetation parameters. These
models use radiative transfer schemes that include a description of canopy architec-
ture. Most sophisticated canopy modelling techniques, used to simulate the radiation
transfer regime in a heterogeneous scene such as open forest canopies, are (1) 3-
dimensional numerical models such as ray tracing (Flight, Sprint-2, Raytran and
Drat), discrete ordinate (DART) and radiosity models (RGM); and (2) 3-dimensional
geometric optical/hybrid models such as GORT, SGORT, LIM, 5-Scale and FRT
(Pinty et al. 2004, Widlowski et al. 2007). Widlowski et al. (2007) reported that some
3-dimensional numerical models have matured to the point that they have been suc-
cessfully validated against field measurements and provide similar results. However,
these models are computationally expensive and require several input parameters.
Due to their ability to capture structural vegetation parameters the geometric-optical
(GO) models are more suitable for forest canopies (Chen ez al. 2000). In such models,
the canopy is represented as a collection of discrete crown entities that cast shad-
ows onto another crown and/or the background (Gerard and North 1997, Chen
et al. 2000). Inversion of the geometric models commonly relies on a look-up table
(LUT) approach to retrieve structural components (Knyazikhin ez al. 1998, Weiss
et al. 2000, Combal et al. 2002). For instance, the GORT model was successfully
inverted to estimate forest cover density (Woodcock et al. 1997, Ni et al. 1999). Zhang
et al. (2008a) successfully inverted the 5-Scale model to calculate leaf reflectance and
Lacaze and Roujean (2001) inverted the GOST model to estimate vegetation struc-
tural parameters. Coupling different types of canopy- and leaf-level models in the
inversion process has been explored in studies by North (1996), Luquet et al. (1998),
Demarez and Gastellu-Etchegorry (2000), Gastellu-Etchegorry and Bruniquel-Pinel
(2001), Dawson et al. (2003), Kempeneers et al. (2008) and Verrelst ez al. (2008).

Rapid developments in modelling approaches and remote sensing technologies over
the last two decades have inspired scientists to probe the relationships between struc-
tural parameters of a vegetation canopy and multi-angle, multispectral remote sensing
data. The concept of combining multi-angle and hyperspectral remote sensing, in
particular, is useful to retrieve both canopy structure and biochemical parameters
of vegetation (Lewis et al 2001, Rautiainen et al. 2004, Urso et al. 2004, Schlerf
and Hill 2005, Simic and Chen 2008, Vuolo et al. 2008). At fine spectral resolution,
hyperspectral data provide a unique way to retrieve chlorophyll content (Curran 1989,
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Elvidge and Chen 1995, Broge and Leblanc 2001, Zarco-Tejada et al. 2001, Gitelson
et al. 2005). The CHRIS instrument onboard the PROBA satellite (Cutter 2004) is the
first and only space-borne sensor that provides hyperspectral data at multiple viewing
angles. Although improved derivation of biophysical and biochemical parameters of
the surface is expected from such data, some challenges have yet to be overcome before
they can be used for information retrieval. Hyperspectral measurements in single- and
multiple-look directions appear to have much redundancy, and for broader applica-
tion the question of which angles are best for looking at the surface remains (Costa
and Fiori 2001, Bajwa et al. 2004, Guo et al. 2005, Kumar and Makkapati 2005, Vuolo
et al. 2005).

Simic and Chen (2008) considered redundancy of multi-angle hyperspectral CHRIS
data and proposed to refine the present multi-angle and hyperspectral measurement
concept. They tested a new concept: a system that acquires hyperspectral signals only
in the nadir direction and measures in two additional directions in two multispectral
bands, red and near-infrared (NIR).

The goal of this study was to explore the applicability of this refined concept to
retrieve chlorophyll content estimates from forest canopies. Simic et al. (2010) demon-
strated that signals related to vegetation structure were strongest for a combination
of two off-nadir multispectral directions, the hotspot and darkspot, and improved
the retrieval of the foliage clumping index. The retrieval of chlorophyll content was
derived from the Compact Airborne Spectrographic Imager (CASI) hyperspectral
nadir data using the improved structural parameters, the clumping index and leaf area
index (LAI), referred to as the optimized retrieval of structural parameters. The specific
objectives of this study were:

1. To explore whether the hyperspectral signals at off-nadir angles could be suc-
cessfully simulated for given nadir hyperspectral and off-nadir multispectral
CASI measurements, to show that no substantial information is gained from
acquiring hyperspectral measurements of vegetated areas at more than one
angle.

2. To refine the inversion of 5-Scale, a geometric-optical radiative-transfer model
developed by Zhang et al. (2008a), by incorporating the optimized retrieval of
structural parameters concept of Simic et al. (2010).

3. To demonstrate improvements in total chlorophyll (chl, + ) content retrieval
per unit leaf area and unit ground area based on the hyperspectral nadir data
and the optimized retrieval of structural parameters using the refined inversion
model approach.

2. Modelling

The 5-Scale model is a geometric-optical radiative-transfer model that considers the
structural composition of forest canopies at different scales, including tree groups, tree
crown shapes, branches, shoots and leaf cells. The model can be used to simulate open
canopy reflectance for all types of vegetation. A general description of what the model
does is:

1. Tree crowns are simulated as discrete geometrical objects: cone and cylin-
der for conifers and spheroid for deciduous species. The non-random spatial
distribution of trees is simulated using the Neyman type A distribution.
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2. Inside the crown, branch architecture is defined by a single inclination angle
(Chen and Black 1991). A branch is in turn composed of foliage elements (indi-
vidual leaves in deciduous and shoots in conifer canopies) with a given angle
distribution pattern.

3. The hotspot is computed both on the ground and on the foliage with gap size
distributions among and within crowns, respectively.

4. The tree surface created by the crown volume (cone and cylinder or spheroid)
is treated as a complex medium rather than a smooth surface so that shadowed
foliage can be observed on the sunlit side and sunlit foliage on the shaded side.

5. A multiple scattering scheme that relies on view factors is used to compute
the shaded reflectivity. This scheme is essential for hyperspectral calculations
because it automatically computes a spectrum of wavelength-dependent mul-
tiple scattering factors under given canopy geometry. This makes the 5-Scale
model unique for hyperspectral applications.

6. If canopy and background reflectances are available, the 5-Scale model can be
used to generate the bidirectional hyperspectral reflectance at any combination
of sun and view angle geometries (Leblanc ef al. 1997, 1999).

Model parameters are separated into three groups (Leblanc et al. 1999) as follows:
(1) site parameters—domain size equivalent to the size of a pixel, LAI, tree den-
sity, solar zenith angle (SZA), viewing angle and relative azimuth angle; (2) tree
architecture parameters—crown radius and height, apex angle, needle-to-shoot ratio,
foliage clumping index and typical size of tree foliage; and (3) foliage reflectance and
transmittance and background reflectance spectra or band-specific reflectances and
transmittance for multispectral simulations. In several studies the 5-Scale model is
presented as an advanced and reliable approach for obtaining the hotspot signature
(Chen et al. 2005, Canisius and Chen 2007, Zhang et al. 2008a).

To improve the performance of the 5-Scale model with respect to multi-angle sim-
ulations of background reflectance, the non-linear temporal angular model (NTAM)
(Latifovic et al. 2003) was added to characterize the angular variation of the back-
ground reflectance measured in the field at one angle. The contributions of geometric
and volume scattering are directly related to the amount of vegetation weighted
through polynomial relationships for different land cover types. A complete descrip-
tion of the model is provided by Latifovic et al. (2003).

3. Methods
3.1 Site description and field measurements

The study area was located near Sudbury in northern Ontario (74° 09’ 47.7" N; 81°
42/ 23.4”7 W). It is a flat area at elevation of 350 m above sea level (figure 1) with three
vegetation cover types: (1) mature forests of black spruce and jack pine (coniferous);
(2) young jack pine trees (~1 m high) with some open patches and shrubs (regener-
ating); and (3) deciduous forest patches that include mature aspen and young aspen
in large canopy gaps (deciduous). During an intensive field campaign in 2007, more
than 10 sites were selected in which to collect detailed ground truth data to be used
in 5-Scale. However, due to the positional inconsistency between overlapping remote
sensing swaths, only four of those sites were visible in all nadir and off-nadir directions.

In each of the four forest stands, measurements were performed along transects
established in a 30 x 30 m plot. Effective LAI (L.) was measured using the LAI-2000
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Figure 1. Location of the study area near Sudbury, ON.

plant canopy analyser (Li-Cor, Lincoln, NE, USA). To reduce the effect of multiple
scattering on the measurements the LAI-2000 was operated near dusk under diffuse
radiation conditions (LAI-2000 Operating Manual 1992). The element clumping index
was measured using TRAC (Tracing Radiation and Architecture of Canopies) (Chen
and Cihlar 1995). Structural parameters of trees (density, height and diameter breast
height) were also measured. Understorey reflectance for most common species was
measured using the Field Spec Portable Spectroradiometer (ASD, Boulder, CO, USA).
Measurements were made in the nadir direction around the solar noon under clear
skies.

In each sample area, foliage samples were collected from the top of trees to relate
the acquired reflectance by the airborne sensor to the field measured chlorophyll con-
tent. Within 10 hours of collecting the foliage, a specially designed integrating sphere,
compatible with the ASD spectroradiometer, was used to measure both needle and
broad leaf transmission and reflection spectra in a field laboratory. Leaves were then
placed in air-tight plastic bags, refrigerated near 0°C and transported to the Ontario
Forest Research Institute where leaf total chlorophyll (chl, 4 ) content was extracted
and measured using the method reported by Moorthy ez al. (2008).

3.2 Remote sensing data collection

On 28 June 2007, several sets of CASI data for the study area were acquired by the
Earth Observations Laboratory at York University, Toronto, ON, Canada. The CASI
instrument is a push-broom airborne imager (Anger et al. 1994) that in this case
acquired images in the hyperspectral mode in the 400-950 nm range and was flown
at 105 to 129 knots at 1524 m above ground level with a 55 ms integration time.
Images at the nadir view (view zenith angle (VZA) = 0°), hotspot (VZA = —40°)
and darkspot (VZA = 40°) were acquired along the solar principal plane at a SZA of



Downloaded by [University of Toronto Libraries] at 07:29 20 October 2011

5626 A. Simic et al.

about 40°. Each image had 72 bands at a spectral resolution of 7.5 nm and a spatial
resolution of 3 m. York University processed the data as follows: (1) radiometric cal-
ibration of CASI images was performed using latest radiance scale factors; (2) data
were atmospherically corrected to at-ground-modelled reflectance using Modtran 4
radiative transfer code in the Geomatica 10 atmospheric correction package (PCI
Geomatics Richmond Hill, ON, Canada); (3) geometrical corrections were completed
using geometric correction software developed by ITRES, Calgary, AB, Canada, with
consideration of the roll, pitch and location information from an onboard inertia nav-
igation system; (4) the nadir images were further corrected by locating the positions
of ground control points (2 x 2 m white plastic sheets) measured in the field; and (5)
the off-nadir images were further re-registered to the nadir image (from step 4) and to
one another.

3.3 Overall analytical approach

3.3.1 Off-nadir hyperspectral reconstructions. It was explored in this study whether
the hyperspectral signals at off-nadir angles could be simulated for given nadir
hyperspectral and off-nadir multispectral CASI measurements. As the CASI data
contain hyperspectral information acquired at multiple angles, spectral aggregation
was employed to build multispectral information. The red and NIR region of the
CASI data were aggregated separately within each off-nadir view based on the spec-
tral range of the Landsat Thematic Mapper (TM) red and NIR bands, as mean
reflectances of the TM bandwidths. Similarly, the mean reflectances were generated
for the model-simulated spectra.

Ratios between the mean reflectances of the CASI measurements and 5-Scale model
simulations for each view angle were calculated separately in red and NIR spectral
regions. For each view angle, a new off-nadir hyperspectral spectrum was then recon-
structed (denoted by x) new) by multiplying the 5-Scale hyperspectral simulation with
the ratios, that is, the visible region of the simulated reflectance was multiplied by the
red ratio and the NIR region by the NIR ratio

X, new = XTI, (1)

where x; is the off-nadir hyperspectral simulation value at wavelength A and r is the
ratio generated for the red or NIR spectrum. The red edge region was fine-tuned to
match the corresponding red and NIR averages:

X, new = Xp-27'. (2)

These reconstructed hyperspectral values were then compared with the hyperspectral
CASI measurements to show that after it is calibrated with nadir hyperspectral and
off-nadir multispectral measurements, the 5-Scale model can be used to reconstruct
the hyperspectral spectra at off-nadir angles.

3.3.2 Inversion of 5-Scale model and chlorophyll retrieval. The process of chloro-
phyll retrieval accomplished by inverting the 5-Scale and PROSPECT is illustrated in
figure 2. This approach can be used to estimate leaf reflectance and chlorophyll con-
tent for varying canopy structural composition. PROSPECT (Jacquemoud and Baret
1990), the most widely used leaf radiative transfer model, simulates leaf reflectance
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Figure 2. Steps involved in determining leaf chlorophyll content using an inverted version of
the canopy reflectance model 5-Scale and the leaf reflectance model PROSPECT.

and transmittance between 400 and 2400 nm. The model assumes a leaf is a stack of
N identical elementary layers separated by N — 1 air spaces.

First, the 5-Scale model was run in the forward mode. By combining the fine incre-
ments of the 5-Scale input structural parameters, such as LAI, tree structure and
tree density, the model reflectance components were generated for each combination.
These components included gap fractions, total canopy reflectance, sunlit background
reflectance and the sunlit leaf and background fractions needed to calculate an M
factor as explained below.

The model’s forward mode does not use the total clumping index (£2) as input but
rather the element clumping index (2g) as measured by TRAC (Chen 1996). For each
combination of structural components the following steps were used to generate the
total clumping index.

The gap fraction, P(9), at given zenith angle 6, calculated for each combination of
parameters and Miller’s theorem (Miller 1967) were used to calculate the effective LAI
(Le):

/2

L.=-2 fo In[P(6)] cos 6 sin 6d6. 3)

The clumping index was then derived using the equation:

L.

= LAD N
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Table 1. Major parameters used to produce look-up tables (LUTs) for conifers,
deciduous and regenerating forest stands.

Mature Deciduous  Regenerating
5-Scale parameters conifers forest forest
Stick height (Ha) (m) 10 10 0.25
Crown height (Hb) (m) 2 7 1.9
Number of trees per ha (D) 500-4500 300-1750 2000-8000
Radius of crown (R) (m) 0.3-0.9 0.8-2.2 0.4-0.6
Leaf area index (LAI) 0.1-10 0.1-10 0.1-10
Solar zenith angle (SZA) 40 40 40
Element clumping index (OMEGA_E) 0.81 0.89 0.8
Needle-to-shoot ratio (GAMMA_E) 1.6 1 1.6

where LAI represents an input for a given simulation.

The average field measurements were used to parameterize the 5-Scale model
(table 1).

The inversion of 5-Scale is based on the multiple scattering scheme incorporated
into the model. Multiple scattering is strongest in the NIR spectral range, which
may result in uncertainties in modelling canopy reflectance with geometrical optical
models. As explained by Chen and Leblanc (2001), this scheme is based on view factors
between sunlit and shaded components of canopy reflectance, including both foliage
and background, which allows for the second and higher-order scattering simulations.
Total simulated canopy reflectance (p) is a collection of four reflectivity components.
They are combinations of sunlit foliage and background reflectances (opr, popg) and
shaded foliage and background reflectances (pzg, pzt). The reflectances are weighted
by the fractions/probabilities of viewing the four parts of scenes in the following
manner (Chen and Leblanc 2001):

o = pprFer + pzrFzr + PrcFrc + pz6Fzo, ®)

where Fpr, Fzr, Fpg and Fzg are fractions/probabilities of viewing (from a remote
sensor) sunlit tree crown, shaded tree crown, sunlit background and shaded back-
ground, respectively.

Sunlit components appear due to the first-order scattering and are enhanced by mul-
tiple scattering. On the other hand, with no multiple scattering, shaded components
would be extremely dark. The multiple scattering increases both sunlit (ppr, ppg) and
shaded (pzg, pzT) components. Therefore, the multiple scattering factor (M) is further
developed in this study for the purpose of inverting reflectances from canopy to leaf.

To invert the sunlit canopy reflectance (ppr) into the sunlit leaf reflectance (o), the
sunlit canopy reflectance can be expressed as the sunlit leaf reflectance multiplied by
the multiple scattering factor (M), which, in our case, includes the contributions of
the two shaded components, as follows:

ppT = pLM. (6)

In this case, equation (5) can be expressed as:

p = (pLFpT)M + ppGFpG. (7
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By re-arranging equation (7) to include the shaded components (pozg, pzT) in the
M factor, the following equation is derived to calculate the M factor (Zhang et al
2008a):

— F
M:’O PPGL'PG

8
pLEPT ®

where p is the canopy-level total reflectance simulated by 5-Scale and py. is measured
leaf reflectance, which is an input value.

Other factors in equation (8) are derived using the 5-Scale model; canopy reflectance
p can be remotely measured and forest sunlit background reflectivity (ppg) is known.
An important change from equation (5) to equation (8) is the substitution of ppr
with pr. ppr is the reflectance of sunlit crown while pp is the sunlit leaf reflectance
as measured in the integrating sphere in the laboratory. As the sunlit crown surface
is complex at different angles to the sun, these two reflectances differ. In the 5-Scale
model, the sunlit crown reflectance is calculated based on leaf reflectance, leaf-sun
angle and the probability of viewing the shaded leaves on the sunlit side. To make the
inversion simple and feasible, the difference between ppr and py is absorbed into the
M factor, although the difference is not due to multiple scattering. This M factor was
calculated for each LAI-Q combination and the LUTs were generated for each land
cover type (conifer, deciduous and regenerating forest). For each LAI-2 combination,
the LUTSs contained M factor, total canopy-level reflectance (which was replaced by
CASI reflectance in the leaf reflectance estimation; see equation 9), sunlit background
reflectance and the viewing fractions for sunlit foliage and background.

Given that the model-driven canopy reflectance (p) closely resembles remote sensing
data (pcasi) and that the M factor for a forest is provided based on equation (8), then
the following equation can be used to estimate leaf reflectance of a pixel representing
a forest stand

_ pcast — ppGFrG

T ©)

PL

The corresponding leaf reflectance values were extracted based on the LAI and @
maps, which were generated in the optimized retrieval of structural parameters by
Simic et al (2010). The LAI and © maps represent improved structural parame-
ters generated using the empirical approach between the clumping index and the
Normalized Difference between Hotspot and Darkspot (NDHD) index (figure 3). The
NDHD, an angular index, is based on the best two view angles: (i) the hotspot, where
the sun and view directions coincide; and (ii) the darkspot, where the sensor sees the
maximum amount of vegetation structural shadows.

The inversion of the leaf reflectance model PROSPECT (Jacquemoud and Baret
1990), modified for conifer needles (Zhang et al. 2008b) was used to generate leaf
chlorophyll content based on the extracted leaf reflectance values. Canopy chlorophyll
maps were generated by incorporating the improved LAI values (Simic et al. 2010).

4. Results
4.1 Validation of simulated spectra

As the goal was to demonstrate performance of the 5-Scale model for open and closed
canopies, two of the available study sites and vegetation types (SB7b (open canopy)
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Figure 3.

Maps generated by Simic et al. (2010) and used in this study with permission:

(a) clumping index generated using the normalized difference between Hotspot and Darkspot
(NDHD) index based on the hotspot and darkspot spectra; (b) land cover; (c¢) Leaf area index

(LAI). Pixel size is 3 m.
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Figure 4. Agreement between the CASI spectra and 5-Scale simulations for black spruce sites
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resents the darkspot. The agreement between the off-nadir data depended on the calibration of

the nadir.

and SB17 (closed canopy)) were chosen to demonstrate the agreement between CASI
measurements and 5-Scale simulations (figure 4).

In all wavelengths Site SB7b had higher nadir values than site SB17 due to exten-
sive open space, which meant more exposure of the understorey vegetation and soil
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background. Pronounced forward scattering (i.e. darkspot reflectance) may result
from relatively sparse vegetation and a strong influence of the background under the
forest canopy (Chen and Cihlar 1996). The general trend suggests that the hotspot (i.e.
backward reflectance), relative to the nadir, is smaller for a canopy with lower LAI
and lower crown radius (SB7b). Even though tree density could be high, this occurs
because of the increased probability of observing the ground, which has a lower reflec-
tivity than the foliage. This trend is consistent with the finding of Chen and Leblanc
(1997).

The 5-Scale model was initially calibrated against the nadir and validated against
the off-nadir measurements. Although the trend of the simulated off-nadir reflectances
generally coincides with the CASI measurements, some disagreement is observed
between the simulated and measured hotspot reflectances within the red spectrum
(figure 4). Even though the pre-processing of the CASI data was done carefully, some
uncertainties, for example due to atmospheric corrections, may persist. A similar dis-
agreement was observed for the forward reflectances of CHRIS data in the study
by Simic and Chen (2008). The CASI spectra are somewhat lower than those simu-
lated with 5-Scale by Chen and Leblanc (2001). Overall, the results show very good
performance of the 5-Scale model.

4.2 Reconstruction of off-nadir 5-Scale simulations

As illustrated in figures 5 and 6, study results confirmed the validity of the proposed
concept (section 3.3.1), and indicate that the hyperspectral information at off-nadir
directions could be reconstructed from off-nadir multispectral red and NIR measure-
ments in addition to the nadir hyperspectral data. The reconstructed hyperspectral
simulation results were similar to those obtained using the CASI data for both off-
nadir angles (see also table 2). Although more research is required, these agreements
suggest that the hyperspectral airborne data acquired at multiple angles may include
redundancy. This supports the findings reported by Simic and Chen (2008) and Simic
et al. (2010) who proposed that the combination of the nadir hyperspectral and
off-nadir multispectral data is optimal for retrieval of structural and biochemical
vegetation parameters.

In addition, the measurements at off-nadir red and NIR (multispectral) reflectances
are necessary to reduce or remove any biases in off-nadir hyperspectral simulations.
Table 2 indicates that the mean bias errors, calculated as the absolute differences,
were considerably reduced when the reconstructed simulations were compared to
the CASI data. Like any other model, 5-Scale cannot perfectly represent off-nadir
hyperspectral reflectance. Therefore, the calibrated nadir hyperspectral reflectance and
additional off-nadir multispectral reflectance are necessary and sufficient to assure
accurate model performance for both nadir and off-nadir spectral simulations.

4.3 Model inversion

In the inversion process, the shaded components were lumped into a single multiple
scattering M factor to reduce the complexity in the inversion from canopy to leaf
reflectance. The shaded components generally contributed less to the total canopy
reflectance than the sunlit components and they were also less variable than the sunlit
components with LAI and SZA.

Behaviour of the LUT components is summarized in table 3. The M factor
decreased with the increase in LAI and with the increase in clumping index at each
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Table 2. Mean bias errors (absolute difference) of the reconstructed 5-Scale simulations and the
original simulations when compared to the CASI spectra.

Mean bias error Mean bias error
Viewing angle (before (after
Sensor  Site (VZA) Spectral region  reconstruction) reconstruction)
CASI  SB17 VZA =40 (Visible) VIS 0.0082 0.0045
Red edge-NIR 0.0068 0.0019
VZA = —-40  (Visible) VIS —0.0140 —0.0078
Red edge-NIR —0.0149 —0.0042

LAI level. This means that the contribution of the shaded components decreased
as LAI increased and clumping decreased (clumping index increased). Similarly,
both sunlit background reflectance and the probability of seeing sunlit background
reflectance were reduced as LAI and Q increased (table 3). In contrast, the total
reflectance and the probability of seeing sunlit foliage increased with increasing LAI
and Q.

The M factor varied more with LATI than with the clumping index at the same LAI
(figure 7). The values generally followed the shape of vegetation signature; low values
(below or above 1) in the visible and high values (generally around 2 or higher) in
the NIR spectral region. The magnitude and spectral variation patterns of the M fac-
tor resulted from multiple scattering, shaded components, and complex tree crown
surfaces. The spectral variation of the M factor resembled leaf reflectance spectra
because the second- and higher-order scattering was more or less proportional to the
leaf scattering coefficient (sum of reflectance and transmittance). The magnitude was
generally larger than unity to compensate for the shaded components. In the visible
spectral range, the M factor was sometimes smaller than unity because of the conver-
sion from ppr to pr. The complex tree crown surface (explained in section 2) allowed
for shadowed foliage to be observed on the sunlit side, making ppr smaller than py.
These shadow effects sometimes overrode the effect of the M factor, making its value
smaller than unity in the visible region (Zhang et al. 2008a). The variability in leaf
orientation relative to sun direction also affected this trend.

Calculated leaf reflectances were similar to the input measurements. The estimated
and field-measured leaf reflectances were correlated (R*> = 0.85 to R> = 0.98) for given
sites. Some discrepancy was observed in the blue region (400-500 nm) and beyond
band 69 (916 nm) likely due to atmospheric corrections of the CASI data.

Chlorophyll content maps obtained by inverting the PROSPECT model are shown
in figure 8. The chlorophyll content per unit leaf area ranged from 10 to 60 ug cm™2

Table 3. Behaviour of the look-up table components.

M factor 0 PPG Fpr Frg
then p|
OMEGA  Qt=M| Qt=pt  Q=pel QU =Furt QF=Fpl
within within within each

each LAI each LAI LAI

p is the total simulated reflectance, ppg is sunlit background reflectance, Fpr and Fpg are
fractions or probability of seeing sunlit foliage and sunlit background, respectively.
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Figure 7. Variations of the M factor with different (a) clumping index (£2) (same LAI) and (b)
LAI (same Q).

(figure 8(a)). Several pixels had higher values (> 60 wg cm~2). The highest values
were observed for the deciduous area (40-60 g cm~2) and some areas populated with
young jack pine. The area shown in the top part of the image is populated by mature
conifers and jack pine, and a mixture of high and somewhat lower chlorophyll content
values (figure 8(a)) is evident. Overall, the results concur with the findings of other
studies for forests in the Sudbury region (Moorthy et al. 2008, Thomas et al. 2008): the
highest values were found for jack pine and aspen stands (generally 29-59 g cm™2)
with slightly lower values for black spruce (20-45 jLg cm~2). The results generally agree
with those reported by Zhang et al. (2008a). As suggested by Verrelst e al. (2008), a
typical range of chlorophyll content for conifer leaves is 15-95 g cm™2.

The chlorophyll content per unit ground area generally ranged between 50 and
4000 mg m~2 (figure 8(b)). The lowest chlorophyll content values were obtained for
the regenerating forest, which has much open area. Similarly, deciduous forest, which
dominates the area on the right hand side of the image, had low chlorophyll per
unit ground area, also due to their open canopies and exposed soil. The area in the
top and middle portions of the image, populated with mature and healthy conifers,
had high chlorophyll content per unit ground area. The values obtained in this study
were somewhat higher than those reported by Zhang et al. (2008a). The difference is
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(b

Figure 8. Chlorophyll content per («) unit leaf (ug cm~2) and (b) unit ground area (mg m~2)
based on the look-up tables, improved structural parameters and the inversion of PROSPECT.
Pixel size is 3 m.

possibly due to the LAI map (figure 3). Some LAI values for conifers were slightly
higher than would be expected for a small number of conifer pixels (Simic et al. 2010).

The coefficient of determination between the estimated and field-measured chloro-
phyll content per unit leaf area in our study was higher (R?> = 0.69) than that reported
by Zhang et al. (2008a) (R*> = 0.47) (figure 9). And excluding the outlier in figure 9
increased the correlation coefficient to R?> = 0.89. The mean values of the estimated
and measured chlorophyll contents do not differ statistically at a significance level of
0.1. The proposed concept yields higher RMSE (RMSE = 8.1 ug cm™2) than that
found by Zhang et al. (2008a) (RMSE = 4.3 j1g cm~2). Thus, changes in observations
were estimated more accurately using the proposed sampling concept than with previ-
ously documented approaches but the bias was considerable (RMSE = 8.1 jLg cm™2).

To reduce the potential bias due to chlorophyll sampling process or calibration of
the remote sensing algorithms, the effect of clumping was further explored; the LUTs
were generated without considering 2.

First, they were developed LUTs based on LAI (with no other structural parame-
ters) and estimated chlorophyll content per unit leaf area (figure 10(a)). Comparing
these results with the field-measured data, the determination coefficient decreased to
R?> = 0.53 and RMSE increased to 13.4 ug cm~2 for the per-unit-leaf case. The shift
in R? is significant at 85% confidence interval.

Second, L. values were employed for each site in a way that the LUT components
were based on the LAT values extracted assuming 2 = 1 (figure 11(«)). In this scenario,
the coefficient of determination decreases to R> = 0.29 and RMSE increases to 22.9
pg cm~2 in the per-unit-leaf case. The shift in R? from the previous case is significant
at 85% confidence interval.
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Figure 9. Correlation between field-measured and estimated chlorophyll per (a) unit leaf area
(ig cm™2) and () unit ground area (mg m~2). When the outlier in () is excluded, the coefficient
of determination is R*> = 0.89.

Similar trends of decreased accuracy were observed for the estimated chlorophyll
per unit ground area in both cases (figures 10(b) and 11(0)).

5. Uncertainties

Exposure of the understorey and soil in open forest canopies represents a major
obstacle to accurately estimate leaf chlorophyll content. A background of vegetation
contributes to variation in total chlorophyll and one of soil and litter can affect esti-
mates of chlorophyll content (Verrelst et al. 2008). The understorey directly affects the
simple ratio (SR) values, resulting in some uncertainties in the SR-LAT algorithms.
Houborg and Boegh (2008) reported that even at high forest canopy density, soil
reflectance affected LAI estimates due to the high canopy penetration capabilities of
the NIR reflectance. Although exploring the effect of the background was not a goal
of this study, it was desirable to separate the understorey and overstorey reflectances
(Urso et al. 2004, Canisius and Chen 2007). Two steps were used in this study to reduce
uncertainties related to the background. First, background reflectances, measured and
averaged for each study site, were used as inputs to the model. Second, refinement of
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(g cm~2) and (b) unit ground area (mg m~2) based on LAI from the LUT when no clumping
is involved.

the 5-Scale model to account for the anisotropic effect of the background, as explained
in section 2, helped further to reduce the uncertainties. Although the 5-Scale model is
sensitive to background reflectance, in the study by Simic et al. (2010) on the same
sites, the structural forest components overpowered the effect of the background on
the canopy reflectance measurements.

Because similar canopy spectra may be produced from different combinations of
canopy structural parameters, all physically based models may be limited in their
performance. This so-called ill-posed nature of model inversion (Combal et al. 2002,
Atzberger 2004) can be reduced by carefully selecting the initial parameters. To a
certain extent this phenomenon occurred in our study as well; different structural
canopy characteristics sometimes resulted in the same total Q values. However, by
incorporating the optimized retrieval of structural parameters in the inversion pro-
cess, the ill-posed nature of model inversion was minimized. Vuolo et al. (2008) also
emphasized that multi-angular information should smooth the ill-posed problem as
this technology better characterizes the anisotropy of reflectance from vegetation.
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Some CASI values in our measurements were negative in the blue region, increas-
ing the differences between the estimated and field-measured leaf reflectance. This
disagreement occurs due to the CASI reflectance behaviour, which is a result of high
atmospheric scattering and related atmospheric correction in this spectral range. As
chl, , , was not separated into its components, the blue band spectral region is not
essential to the results. Possible error issues with PROSPECT were not explored in this
study. In general, higher statistical significance in results may be possible by sampling
more study sites with larger ranges in LAI and chlorophyll content.

6. Discussion

The final results (figures 9-11) indicate that errors for the concept proposed in this
study were considerably lower than those for the two scenarios for which the clumping
index was ignored. Both random errors and accuracy were reduced by incorporat-
ing the clumping index in the model inversion. When the field-measured data were
compared with the estimated values, the LAI-based relationship was more strongly
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correlated than the L.-based relationship. This suggests that the clumping index incor-
porated in LAI during the initial measurement steps provided better results than the
L.-based case in which the clumping index was ignored. Overall, the results demon-
strated that chlorophyll content retrieval was improved when the optimized retrieval
of structural parameters was considered. Demarez and Gastellu-Etchegorry (2000)
found that errors in leaf chlorophyll content can exceed 23 g cm~2 if canopy archi-
tecture is not considered. Moorthy et al. (2008) showed that RMSE of the estimated
chlorophyll content is reduced from 9.8 to 6.3 g cm~2 when shadow pixels are masked
and only sunlit pixels are included in the relationships between canopy reflectance
and chlorophyll content. Delegido et al. (2008) used a mathematical approach to
relate CHRIS multi-angle reflectances and biophysical parameters in an independent
retrieval of LAI and chlorophyll content. Structural and biochemical vegetation char-
acteristics, such as clumping index and chlorophyll content, vary considerably within
the same species (Houborg and Boegh 2008). Thus, the coupling of these variables is
crucial for chlorophyll content retrieval in open canopy vegetation.

The chlorophyll content per unit ground area was strongly correlated (R*> = 0.84)
between field measured and estimated values. However, the results are still biased.
The retrieval algorithms can increase the overall bias errors of the results over and
above measurement and sampling errors. The spatially invariable leaf and background
reflectances used as inputs to 5-Scale, and a single background reflectance data file
used in the inversion may be influenced by second order errors in the multiple scatter-
ing (M factor) calculation, although they are justifiably used to avoid making the LUT
construction unnecessarily complicated. This may cause deviations of the chlorophyll
content estimates from the true values in a systematic manner and result in error bias.
More sophisticated LUTs that compensate for variations in background greenness
with effective LAI are needed to improve chlorophyll estimates.

While the random error for the laboratory method of measuring chlorophyll in our
study is low (mostly less than 5%) (Noland, unpublished data), its error bias remains
unknown but is expected to be small. In natural systems, tree to tree variations in
chlorophyll can be quite large and choosing enough representative individual trees
to get an accurate estimate of the average canopy chlorophyll per stand is critical.
The reason for sampling five representative trees per stand was to get enough samples
from the stand to reduce the error bias in these samples and to accurately represent the
average canopy chlorophyll concentration. However, increased sampling effort should
decrease the bias (Walther and Moore 2005). Differences in sampling locations and
methods of choosing sample trees in this study versus that by Zhang et al. (2008a)
may account for differences in their results.

The findings indicate the strength of the canopy model inversion approach using the
M factor. Given that canopy reflectance from a sensor and background reflectance
measurements are available, this innovative inversion method of calculating leaf
reflectance based on the vegetation structural information appears to be reliable. This
approach allows for leaf-level information retrieval in the absence of leaf spectra field
measurements. The ability to estimate leaf-level information based on remote sensing
data is an important step forward in hyperspectral applications to forestry including
forest health, resource management and carbon cycle estimation.

7. Conclusions

This study investigated the feasibility of the recently proposed concept (Simic and
Chen 2008) of combining nadir hyperspectral with hotspot and darkspot multispectral
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measurements to simultaneously characterize vegetation structural and biochemical
parameters from airborne CASI acquisitions. The correlation between retrieved and
field-measured chlorophyll content was stronger when canopy structure parameters,
such as the clumping index, were considered. The concept may be considered as a
refinement of the approach used in the operation of the existing multi-angle hyperspec-
tral sensor CHRIS. This refinement has been proposed to reduce the redundancy of
hyperspectral data at more than one angle and to better retrieve the three-dimensional
vegetation structural information by choosing the two most useful angles of mea-
surement. The concept is only tested for vegetated surfaces and for visible and NIR
wavelengths and further work is needed to test it for longer wavelengths and for
other applications of hyperspectral data, such as soil moisture assessment and mineral
exploration.

The LUT approach in the canopy reflectance model inversion developed in this
study represents an elegant way to obtain sunlit leaf reflectance spectra from hyper-
spectral remote sensing measurements, for the purpose of leaf chlorophyll retrieval
through leaf-level reflectance model inversion.
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