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g has great potential for accurate retrieval of forest biochemical parameters. In this
paper, a hyperspectral remote sensing algorithm is developed to retrieve total leaf chlorophyll content for both
open spruce and closed forests, and tested for open forest canopies. Ten black spruce (Picea mariana (Mill.))
stands near Sudbury, Ontario, Canada, were selected as study sites, where extensive field and laboratory
measurements were carried out to collect forest structural parameters, needle and forest background optical
properties, and needle biophysical parameters and biochemical contents chlorophyll a and b. Airborne
hyperspectral remote sensing imagery was acquired, within one week of ground measurements, by the
Compact Airborne Spectrographic Imager (CASI) in a hyperspectral mode, with 72 bands and half bandwidth
4.25–4.36 nm in the visible and near-infrared region and a 2 m spatial resolution. The geometrical–optical
model 4-Scale and the modified leaf optical model PROSPECT were combined to estimate leaf chlorophyll
content from the CASI imagery. Forest canopy reflectance was first estimated with the measured leaf
reflectance and transmittance spectra, forest background reflectance, CASI acquisition parameters, and a set of
stand parameters as inputs to 4-Scale. The estimated canopy reflectance agrees well with the CASI measured
reflectance in the chlorophyll absorption sensitive regions,with discrepancies of 0.06%–1.07% and 0.36%–1.63%,
respectively, in the average reflectances of the red and red-edge region. A look-up-table approach was
developed to provide the probabilities of viewing the sunlit foliage and background, and to determine a
spectral multiple scattering factor as functions of leaf area index, view zenith angle, and solar zenith angle.
With the look-up tables, the 4-Scalemodel was inverted to estimate leaf reflectance spectra fromhyperspectral
remote sensing imagery. Good agreements were obtained between the inverted andmeasured leaf reflectance
spectra across the visible and near-infrared region, with R2=0.89 to R2=0.97 and discrepancies of 0.02%–3.63%
and 0.24%–7.88% in the average red and red-edge reflectances, respectively. Leaf chlorophyll content was
estimated from the retrieved leaf reflectance spectra using the modified PROSPECT inversion model, with
R2=0.47, RMSE=4.34 μg/cm2, and jackknifed RMSE of 5.69 μg/cm2 for needle chlorophyll content ranging from
24.9 μg/cm2 to 37.6 μg/cm2. The estimates were also assessed at leaf and canopy scales using chlorophyll
spectral indices TCARI/OSAVI and MTCI. An empirical relationship of simple ratio derived from the CASI
imagery to the ground-measured leaf area index was developed (R2=0.88) to map leaf area index. Canopy
chlorophyll content per unit ground surface area was then estimated, based on the spatial distributions of leaf
chlorophyll content per unit leaf area and the leaf area index.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Monitoring forest health and stress from remotely sensed images is
of concern for forest management. Spectrally continuous hyperspec-
tral remote sensing data can provide information on forest biochem-
ical contents, which are important for studying vegetation stress,
nutrient cycling, productivity, and species recognition etc. (Asner
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et al., 1998; Curran, 1994; Davidson et al., 1999; Lewis et al., 2001;
Noland et al., 2003; Sampson et al., 2003; Zarco-Tejada et al., 2004a,b).
Healthy and stressed vegetations present different reflectance
features in the green peak and along the red-edge due to changes in
pigment levels (Belanger et al., 1995; Carter,1994; Gitelson et al., 1996;
Rock et al., 1988). Leaf chlorophyll content is the main parameter
determining leaf spectral variation in the visible regions. Quantitative
estimates of leaf chlorophyll content from hyperspectral data can
provide a useful means for assessing forest growth and stress as
affected by insects and diseases (Sampson et al., 2003). Total leaf
chlorophyll content, and the ratio of chlorophyll a to b decrease when
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vegetation is under stress (Fang et al., 1998). The dependence of
spectra on leaf biochemical properties provides the physical bases for
remote detection of vegetation stresses through monitoring the
change of chlorophyll content. Hyperspectral remote sensing with
high spatial resolution has been demonstrated to be useful for
detecting tree stress due to insect attack (Lawrence & Labus, 2003).

Empirical relationships between spectral indices and chlorophyll
content measurements have been exploited for estimating leaf
chlorophyll content. At the leaf level, optical indices have been widely
used for plant species discrimination (Belanger et al., 1995), leaf vigor
evaluation (Luther & Carroll, 1999), vegetation stress assessment
(Carter, 1994; Gitelson & Merzlyak, 1996; Rock et al., 1988), and leaf
chlorophyll estimation (Datt, 1998, 1999). le Maire et al. (2004)
summarizes the chlorophyll spectral indices published until 2002.
Most spectral indices employ ratios of narrow bands within spectral
ranges that are sensitive to chlorophylls to those not sensitive and/or
related to some other controls on reflectance. This method solves the
problem of overlapping absorption spectra of different pigments, the
effects of leaf surface interactions, and leaf and canopy structure
(Chappelle et al., 1992; Peñuelas et al., 1995). Though spectral indices
provide non-destructive, efficient, and sensitive measurements of leaf
pigment contents from leaf spectral reflectance, these optical indices
are generally developed for a specific species. As the size, shape,
surface, and internal structure of leaves may vary from species to
species, the application of optical indices to other vegetation types or
biomes needs to be re-investigated. Efforts have beenmade to improve
the robustness and generality of chlorophyll indices by testing over a
range of species and physiological conditions. Nevertheless, spectral
indices need calibration when applied to a specific species.

Statistical estimation of canopy-level biochemical contents is
performed through different methods. The simplest way is to directly
develop statistical relationships between ground-measured biochem-
ical contents and canopy reflectance measured in the field or by
airborne or satellite sensors (Curran et al., 1997; Johnson et al., 1994;
Matson et al., 1994; Zarco-Tejada & Miller, 1999). Alternatively, some
leaf-level relationships between optical indices and pigment content
are directly applied to the canopy-level estimation (Peterson et al.,
1988; Yoder & Pettigrew-Crosby, 1995; Zagolski et al., 1996). Canopy
biochemical composition depends strongly on plant species as well as
on canopy structure. Confounding factors that influence the remotely
sensed optical properties make it difficult to spatially and temporally
extrapolate leaf-level relationships to canopy-level. From the leaf to
the canopy scale, the complicated perturbations of canopy structure to
light transfer need to be carefully considered. Statistical relationships
are often site- and species-specific, and thus cannot be directly applied
to other study sites since the canopy structure and viewing geometry
may vary from different sites and species.

Considerable progress has beenmade in physically basedmodeling
approaches to estimate leaf biochemical contents. At the leaf level,
numerical inversion of leaf-level radiative transfer (RT)models, such as
PROSPECT and LEAFMOD, have been used to predict leaf chlorophyll
content (Demarez et al., 1999; Ganapol et al., 1998; Jacquemoud &
Baret, 1990; Renzullo et al., 2006; Zarco-Tejada et al., 2001). Studies
using coupled leaf and canopy RT models attempt to understand the
effects of controlling factors on leaf reflectance properties at the
canopy scale (Demarez & Gastellu-Etchegorry, 2000). Canopy reflec-
tance models are used to scale up the leaf-level relationship between
optical indices and pigment content (Zarco-Tejada et al., 2001). Canopy
RT models or ray-tracing models are also coupled with leaf RT models
for pigment content retrieval (Dawson et al., 1997; Demarez &
Gastellu-Etchegorry, 2000; Jacquemoud et al., 1995; Moorthy et al.,
in press; Zarco-Tejada et al., 2004a,b). Coupled models refine the
development of spectral indices, which are insensitive to factors such
as canopy structure, illumination geometry, and background reflec-
tance for estimating foliar chlorophyll concentrations from canopy
reflectance (Broge & Leblanc, 2000; Daughtry et al., 2000).
Canopy RT models often assume that a canopy is composed of
horizontal, homogeneous vegetation layers with infinite extent and
Lambertian scatterers. Elements of the canopy are assumed to be
randomly distributed in space as a turbid medium (Liang & Strahler,
1993; Verhoef, 1984; Verstaete et al., 1990). It is suitable for close and
dense canopies such as corn, soybean, and grass canopies where the
foliage spatial distribution is close to randomness. At the canopy scale,
especially for the heterogeneous, open, and clumped forest canopies,
canopy structural effects on remote sensing signals are considerable.
As remote sensing signals originating from vegetated surfaces are
determined by both canopy structure and leaf optical properties, the
structural effects in open forests cannot be ignored. Canopy RTmodels
do not consider canopy architecture, they are valid only for closed
canopy with high LAI (LAIN3) (Zarco-Tejada, 2000). Efforts have been
made to deal with canopy structural effects on the retrieval of forest
biochemical parameters. Zarco-Tejada et al. (2001) estimate leaf
chlorophyll content through coupled leaf and canopy-level RT models
using the red-edge index as a merit function to minimize the effects of
forest canopy structure, shadows, and openings. The application of the
method was extended to coniferous forests for scaling leaf-level
pigment estimation to canopy-level using high spatial resolution
airborne imagery to select only bright-crown pixels in the scene for
analysis (Moorthy et al., in press; Zarco-Tejada et al., 2004a). Though
this method produces promising results for leaf chlorophyll content
retrieval, the structural effects imposed by the open forest canopies
are not tackled. In cases where a pixel is completely occupied by sunlit
foliage and the shadow effects are small, such a bright-crown
methodology would be successful. However, remote sensing pixels,
even at sub-meter resolutions, generally contain both sunlit and
shaded fractions. For retrieving leaf-level information from remote
sensingmeasurements above conifer forests which are generally open
and have distinct structural effects, new methodologies are yet to be
developed. It is highly desirable to develop a methodology that is
applicable to not only closed but also open canopies.

For retrieving leaf-level information from canopy-level measure-
ments, the interactions of radiation with plant canopies need to be
considered. Models based on radiosity (Borel et al., 1991; Goel et al.,
1991), and ray tracing (Gastellu-Etchegorry et al., 1996; Myneni et al.,
1990) can simulate the complexity of multiple scattering, but
simplifications of the mathematical and canopy architectural descrip-
tions are inevitable due to computational limitations (Gastellu-
Etchegorry et al., 1996; Thompson & Goel, 1999). Geometrical–Optical
(GO) models combine the advantages of simplicity, easy implementa-
tion, and capability of simulating the effects of canopy structure on the
single and multiple scattering processes (Chen & Leblanc, 2001). GO
models use geometrical shapes, such as cones for conifers and spheres
or spheroids for deciduous trees, to simulate the angular and spatial
distribution patterns of reflected solar radiance from forests (Chen &
Leblanc,1997; Li & Strahler,1988; Li et al., 1995).When considering the
complex canopy architectural conditions, Geometrical–Optical-Radia-
tive Transfer (GO-RT) models seem to be a good solution to solve the
multiple scattering issues, in which geometrical optics are used to
describe the shadowing (the first order scattering) effects, and RT
theories are adopted to estimate the second and higher order
scattering effects. Chen and Leblanc (1997) developed the 4-Scale
model using geometrical–optical theories. The applicable scale can
range from leaves, whorls, crowns, and stands to the landscape. It is
appropriate for analyzing surface scattering and scene compositions,
and suitable for non-dense canopies for the study of structural change
(Peddle et al., 2003), directional reflectance (Leblanc et al., 1999),
forest structural parameters (Chen et al., 2005), and forest background
information (Canisius & Chen, 2007).

The purpose of this paper is to develop a hyperspectral remote
sensing algorithm for retrieving leaf chlorophyll content. The specific
objectives are: (i) to investigate the feasibility of GO-RT models for
retrieving leaf chlorophyll content of closed and, in particular, open
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canopies; (ii) to develop a process-based methodology of retrieving
leaf spectral reflectance from hyperspectral remote sensing imagery;
(iii) to estimate leaf chlorophyll content through the combination of
leaf and canopy-level model inversion; (iv) to compare this algorithm
with spectral index methods on estimating leaf chlorophyll content;
and (v) to retrieve leaf area index from hyperspectral remote sensing,
and scale the leaf-level chlorophyll content estimates to the canopy-
level. An example of a chlorophyll content image per unit ground
surface area will be shown.

2. Data collection and processing

2.1. Study sites and leaf sampling

Ten black spruce (Picea mariana (Mill.), abbreviation SB) stands,
within the area of 46° 49′ 13″ to 47° 12′ 9″ N, 81° 22′ 2″ to 81° 54′ 30″
W near Sudbury, Ontario, were selected as study sites (Fig. 1). The ten
SB sites are of different ages, growth conditions, and crown closures.
Of the ten sites, seven have very vigorous understorey species such as
bog Labrador tea (Ledum groenlandicum Oeder), lichen (Cladonia
cristatella), Feathery Bog-moss (Sphagnum cuspidatum), grass and bog
rosemary (Andromeda polifolia). Three other sites are covered mainly
by dense green moss. All the sites are easily accessible from roads and
large enough (with a pure stand area of at least 20×50 m) for
hyperspectral remote sensing image acquisitions. Near each site, at
least two 2×2 m white ground targets were arranged as the ground
control points to georeference the remote sensing images. Two 50 or
60-m-long parallel transects separated by 20 m were set up at each
site in the east–west or southeast–northwest direction. Each transect
was marked every 10 m using forest flags. In 2003 and 2004, field and
Fig. 1. Location of the ten black spruce (Picea mariana (Mill.)) s
laboratory measurements were carried out in four intensive field
campaigns. Five medium trees from each site within a 20×20 m area
were marked for shoot sampling and measurements of the average
tree height and diameter at breast height (DBH). Shoots were sampled
using a shotgun from the upper canopy, where needles are most
exposed to sunlight. After sampling, shoots were immediately sealed
in zip-lock plastic bags, and kept in a cooler with ice (the interior
temperature of the cooler is 0 °C) for transport to a field laboratory for
leaf spectral measurements and the subsequent needle biophysical
and biochemical analysis.

Two aspen (Populus tremuloides) sites in the study regionwere also
selected in 2003 to measure structural parameter leaf area index. Five
trees of each site were sampled for measuring leaf optical spectra.

2.2. Leaf optical properties, biophysical and biochemical parameters

Within 12 h of the shoot sampling, five needles from each tree
weremeasured for the reflectance and transmittance spectra. The new
(year 2004) and old needles from the same tree were measured
separately. Leaf reflectance and transmittance spectra were acquired
based on themethod of Harron andMiller (1995), which uses specially
designed black anodized carriers to mount five needles in the spectral
measurements. The average adaxial reflectance and transmittance
were measured with a 1 nm spectral interval using a portable field
spectroradiometer FieldSpec Pro FR (Analytical Spectral Devices, Inc.
Boulder, USA) attached via a fiber optic cable to a Li-Cor 1800
integrating sphere (Li-Cor 1800-12S, Li-COR, Inc., Lincoln, Nebraska,
USA). Leaf reflectance and transmittance spectrawereweighted by the
number of old and new needle samples (altogether 25 needles per
site) to obtain the reflectance and transmittance of the site.
tudy sites in Ontario, Canada, used in this research work.
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Following the spectral measurements, needle thickness and width
were measured using a digital calliper (Marathon Company, Canada).
Needles were then stored in separate freezer bags and placed in a
cooler with ice (the interior temperature of the cooler is 0 °C) for
transport to the laboratory of the Ontario Forest Research Institute and
stored at −23 °C. Leaf chlorophyll a and b contents were extracted and
measured using the method described by Moorthy et al. (in press).

2.3. Needle-to-shoot area ratio

Of the ten black spruce sites, five siteswith different canopy closures
and ages were selected for the needle-to-shoot area ratio measure-
ments. From each site, onemedium treewasmarked to collect branches
from the top, middle, and bottom parts of the tree crowns. In addition,
one site that is of medium canopy openness, growth condition, and tree
height was sampled extensively to include a good variety of shoots.
Three trees, one dominant, one co-dominant, and one suppressed tree
were sampled from three heights of the crown: respectively top,middle,
and bottompart. Sampleswere kept in portable electrical peltier coolers
at a temperature slightly above 0 °C for laboratory analysis within one
week after the sampling. For all the sampled branches, five shoots from
each branch were analyzed. A digital camera (Toshiba PDR-4300)
mounted on a firm copy stand (Regent Instruments Inc., Canada) was
used to measure the shoot area projected on a light table (Kaiser Prolite
5000,Germany) at three camera incident angles: 0°, 45°, and90° relative
to the shoot main axis at 0° azimuth angle. The image analysis software
WinSEEDLE (Regent Instruments Inc., Canada) was used to analyze the
shoot projected area. Needle surface area in a shoot was determined
using the volume displacement method described in Chen et al. (1997).
Needle-to-shoot area ratio was derived based on the equation of Chen
(1996), which includes the conversion of the projected shoot areas at
multiple angles to the total shoot area.

2.4. Forest structural parameters

Three different optical instruments were used to measure leaf area
index (LAI) and element clumping index (ΩE) at each site following the
recommendation of Chen et al. (1997). TRAC (Tracing Radiation and
Architecture of Canopies, 3rd-Wave Engineering, Ottawa) instrument
was operated under sunny conditions. Along two transects of 40–50m
at each site, TRAC measurements were tagged at each 10 m interval to
mark the distance in the data stream. The effective LAI (Le) was
measured using the LAI-2000 (Plant Canopy Analyzer, LI-COR, Lincoln,
NE) instrument and digital hemispherical photography (DHP) techni-
ques at approximately the same time. These two instruments were
operated around each 10 m flag on the two transects under overcast
conditions or at either near dusk or dawn when the sun is below 75°
from the zenith. For all the LAI-2000 measurements, a 90° view
restrictor was used to block the direct light and to avoid the influence
of the operator on the sensor. The operator always stood between the
sensor and the sun. All hemispherical photographs were collected
using a high resolution digital camera (4 Mega pixels) Nikon CoolPix
4500 with a Nikon FC-E8 fish-eye lens. The camera was mounted on a
tripod to facilitate a horizontal camera setting, and the fish-eye lens
was at nearly the same position and the same height of LAI-2000. The
protocol proposed by Zhang et al. (2005) was adopted for the digital
photo acquisition. Exposure setting was determined as a two stop
overexposure relative to the automatic exposure of the sky outside of
each stand.

2.5. Airborne hyperspectral remote sensing image

The reflectance imagery was acquired by the Compact Airborne
Spectrographic Imager (CASI) over the ten black spruce sites in a hy-
perspectral mode at nadir on September 5, 2003. The CASI imagery
provides 72 channels at a 7.5 nm spectral resolution covering the
visible and near-infrared range from 408 nm to 947 nm and a 2 m
spatial resolution. The images were radiometrically corrected to “at
sensor” radiance by the Earth Observations Laboratory at York
University. The atmospheric correction uses CAM5S and ground
aerosol optical depth to obtain the ground-reflectance (O'Neill et al.,
1997). The CASI imagery was then georeferenced using GPS data
collected at the center of the sites and 2×2 m ground white targets
that can be visually identified to accurately locate the sites. Flat field
adjustments were applied to generate the final reflectance spectra.
Average reflectance from pixels re-sampled to 20 mwas used as input
for analyses and modeling effort.

2.6. Forest background reflectance

The reflectance of dominant forest floor cover types were
measured using the portable field spectroradiometer FieldSpec Pro
FR (Analytical Spectral Devices, Inc. Boulder, USA) along the transects
of each site under sunny conditions. Photos were taken around each
10 m forest flag using a digital camera (Toshiba PDR-4300). The
camera lens was faced perpendicularly to the forest floor on
homogeneous sunlit cover types and triggered by a remote control
to avoid the operator's influence. The average areal fractions of major
forest floor cover types were obtained by classifying the digital photos
using the image processing software EARDAS. Based on the reflectance
of the major cover types weighted by their corresponding areal
fractions, forest background reflectance of the sites was derived.

The backgrounds of black spruce sites are composed of green moss
and herbaceous understorey. The shrub-like understorey can cast
shadows on the ground. During the measurements, the shadows of
these targets are avoided. However, the site average reflectance should
include these shadowing effects. The time, i.e., the solar zenith angle
(SZA), for collecting forest background reflectance (SZA=50°) is different
from that of the CASI image acquisition (from SZA=40° to SZA=44°). A
bidirectional reflectance distribution function (BRDF) correction is
performed to normalize the background reflectance of the ten black
spruce sites to the sun-target-sensor geometry of the CASI data
acquisition. BRDF correction coefficients are determined with a
kernel-based BRDF model (Latifovic et al., 2003). The correction
coefficients are determined by taking a ratio of the BRDF of the shrub
type at nadir view and at the solar zenith angle during the measure-
ments of the spectroradiometer (~50°) to the BRDF of the grass type at
nadir and at the solar zenith angle during the CASI acquisition. The
coefficients are calculated to be 0.86 and 0.74 for the visible and near-
infrared region, which means that the visible and near-infrared
reflectances are reduced by a factor of 0.86 and 0.74, respectively.

3. Methodology

Fig. 2 shows the flowchart of the leaf-level and canopy-level
chlorophyll retrieval. The geometrical–optical model 4-Scale (Chen &
Leblanc, 1997) and the leaf-level RT model PROSPECT (Jacquemoud &
Baret,1990)were combined to retrieve forest chlorophyll content. Forest
canopy reflectance was simulated with the 4-Scale model. A look-up-
tablemethod,which is applicable to both open and closed canopies,was
developed to invert the 4-Scale model for estimating leaf reflectance
from canopy-level hyperspectral remote sensing imagery. With the
estimated leaf reflectance, leaf chlorophyll content was estimated from
the PROSPECT inversionmodel. Based on the retrieval of leaf chlorophyll
content and a LAI map derived from the hyperspectral remote sensing
imagery, forest chlorophyll content was mapped.

3.1. Estimation of canopy reflectance and forest scene components

To derive forest biochemical parameters accurately from hyper-
spectral remote sensing imagery, one approach is to estimate leaf
reflectance spectrum from canopy-level hyperspectral data. To fulfill

http://dx.doi.org/doi:10.1016/j.rse.2008.01.013


Table 1
Input parameters to the 4-Scale model to generate LUTs for black spruce and deciduous
species

4-Scale model parameters Black spruce Deciduous

Number of trees per ha 3500 2000
Tree shape Cone+cylinder Spheroid
Stick height (m) 5 10
Crown height (m) 10 10
Radius of crown (m) 0.5 2

Fig. 2. Flowchart for leaf-level and canopy-level chlorophyll retrieval. In this chart, dashed lines represent inversion processes. The left right arrows represent the comparison for
modeled and measured parameters.
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this purpose, forest canopy reflectance needs to be estimated first. GO
models estimate the anisotropic crown reflectance due to tree
architecture and mutual shadowing among and within tree crowns
by dividing the crown into two components: the sunlit and shaded
foliage. Similarly, the sunlit and shaded backgrounds contribute to the
overall reflectance of a pixel. Forest canopy reflectance is assumed to
be a linear combination of these four components (Chen & Leblanc,
1997; Li & Strahler, 1988; Li et al., 1995):

R ¼ RTPT þ RZTPZT þ RGPG þ RZGPZG ð1Þ

where R is the canopy reflectance; RT, RZT, RG, and RZG are the
reflectivities of sunlit tree crown, shaded tree crown, sunlit back-
ground, and shaded background, respectively; PT, PZT, PG and PZG are
the probabilities of a sensor viewing sunlit and shaded tree crowns,
sunlit and shaded background, respectively.

The GO model 4-Scale developed by Chen and Leblanc (1997) was
used to estimate the canopy reflectance and the probabilities of
viewing these four components. The model considers not only the
spatial distribution of tree groups and the geometry of tree crowns,
but also the structural effects of tree branches and scattering
elements. Trees are simulated as non-random discrete objects with
internal structures such as branches and shoots for coniferous types
and leaves for deciduous types. A coniferous crown is simulated as a
cone on top of a cylinder, and a deciduous crown as a spheroid with
variable vertical and horizontal dimensions. Trees spatially follow a
Neyman distribution to simulate patchiness of a forest stand. Each
crown is taken as a complex medium, inwhich the mutual shadowing
occurs between shoots of coniferous types and leaves of deciduous
types, so that even on the sunlit side of the crown, the shaded foliage
could be observed by the sensor. A multiple scattering scheme, which
is based on view factors among the four components in canopies, is
incorporated in the model to simulate the angular variation in the
multiple scattering processes (Chen & Leblanc, 2001).

The 4-Scale model was run to estimate canopy reflectance with
inputs of leaf optical properties, forest background reflectance spectra,
and parameters of tree architecture, canopy structure, and image view
geometry. For black spruce species, field and laboratory measure-
ments provide the required canopy structural parameters, leaf and
forest background optical properties. The viewing geometry para-
meters were derived from the CASI image acquisition campaigns. For
deciduous species, as only leaf optical spectra and image viewing
geometry parameters were available. Chen and Leblanc (1997) defined
a set of general tree architectural parameters for coniferous and
deciduous canopies separately. Table 1 lists the forest parameters
input to the 4-Scale model for black spruce and deciduous species.

3.2. GO model inversion for estimating leaf reflectance

The objective of model inversion is to estimate the contribution of
an individual sunlit leaf to the measured canopy-level reflectance R
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across the spectrum. The canopy reflectance R derived from remote
sensing images is the combination of the contributions from all forest
scene components. Each pixel represents an assemblage of green and
non-green plant portions including leaves, twigs, bark, and forest
background. The reflectivity of the sunlit foliage simulated by the
model (RT) is accordingly the reflectivity of an assemblage of sunlit
leaves. RT is different from the reflectivity of an individual leaf due to
leaf angle distribution and multiple scattering effects inside the
canopy. In the 4-Scale model, a phase function is used to estimate the
distribution of scattered radiation from a foliage element (shoot for
conifer, leaf for broadleaf forest) with view angle. Multiple scattering
effects are strong in forests, which can enhance the leaf absorption
features up to a factor of 2 (Baret et al., 1994). To convert the re-
flectivity of the sunlit foliage (RT) to the reflectivity of an individual
leaf RL, a multiple scattering factor M0 is introduced:

RT ¼ RL �M0 ð2Þ

This factor also accounts for the effect of the leaf phase function
determining the first order scattering at various view directions re-
lative to the illumination direction.

The shaded foliage and background components result from
diffuse radiation from the sky and multiple scattering. The reflectivity
of the shaded foliage and shaded background can be expressed as
follows:

RZT ¼ RT � SSdif
Sg

�M0 ð3Þ

RZG ¼ RG � SSGdif
Sg

�M0 ð4Þ

where Sg is the total incoming solar irradiance. SSdif is the diffuse
irradiance on the shaded leaves, SSGdif is the diffuse irradiance on the
shaded background. SSdif

Sg
and SSGdif

Sg
are respectively the fractions of

diffuse irradiance in the total incoming solar irradiance above and
below the stand. Compared with the sunlit reflectivities, the shaded
reflectivities are small. The contribution of the shaded leaves and
shaded background can be incorporated in the first term of Eq. (1).
Therefore, a multiple scattering factor M, which includes the con-
tributions of the two shaded components, was introduced to convert
RT to RL. The Eq. (1) becomes:

M ¼ R� RG � PG
RL � PT

ð5Þ

Given that canopy reflectance R can be remotely measured and
forest background reflectivity RG is known, the probabilities of
observing the sunlit foliage (PT) and background (PG) components
and the spectral multiple scattering factor (M) need to be estimated to
invert the individual leaf reflectivity RL. Different methodologies can
be carried out for the estimation of biophysical canopy parameters by
numericalmodel inversion. The look-up table (LUT) is conceptually the
simplest method (Pragnère et al., 1999). Two LUTs were developed
using the 4-Scale model to take into account different canopy
structural configurations and viewing geometry. At given SZA, view
zenith angle (VZA), and azimuthal angle between sun and view (PHI),
variations of R, PT, and PG depend on stem density, LAI, tree height, and
radius of tree crown. The sensitivity of R, PT, and PG to these model
input parameters was investigated to develop the LUTs. For simplicity,
two LUTs were developed as functions of viewing geometry (VZA, SZA,
and PHI) and one dominant contributor for both black spruce and
deciduous species. One LUT provides the probabilities of viewing the
sunlit foliage PT and background PG components, and the other LUT
provides the spectral multiple scattering factors MS to convert the
average reflectivity of sunlit leaves to the reflectivity of an individual
sunlit leaf.
Combining the two LUTs, forest background reflectance measure-
ments, and canopy reflectance derived from CASI, the sunlit leaf
reflectivity RL can be derived:

RL ¼ RCASI � RG � PG
PT �M

ð6Þ

where RCASI is the reflectance of the site from the re-sampled 20 m
CASI imagery.

3.3. Leaf-level chlorophyll content retrieval

The leaf model PROSPECT simulates leaf reflectance and transmit-
tance based on Allen's multilayer plate model (Allen et al., 1969). Leaf
biochemical contents can be estimated from measured leaf spectra
through numerical iteration to minimize the difference between
measured and estimated leaf spectra. The model is validated widely
with several broadleaf species. It has been improved to simulate
seasonal and canopy-height related variation in broadleaf chlorophyll
content (Zhang et al., 2007) and modified for applications to conifer
needles by introducing needle thickness and width to take into account
the effects of needle shape on radiation scattering (Zhang et al., 2008).

PROSPECT model requires leaf reflectance and transmittance
spectra as inputs to estimate leaf chlorophyll content. In this study,
the original andmodified PROSPECTmodelswere applied separately to
deciduous, grass, and coniferous species for estimating broad leaf and
needle chlorophyll contents. Based on the inverted needle/broad leaf
reflectance from Eq. (6), and spectral ratio of the corresponding
measured needle/broad leaf reflectance to transmittance spectra,
needle/broad leaf transmittance spectra can be derived. For needles,
as themeasured transmittance is low in the red region from 650 nm to
690 nm, the ratio of the spectrally averaged reflectance to transmit-
tancewas applied in the derivation of needle transmittance in this low
signal region. With all the measured needle/broad leaf spectra
available, it is found that using the average spectral ratio of measured
leaf reflectance to transmittance to derive leaf transmittance incurs
bias estimation of chlorophyll content by −5.2% to 8.4%. The Li-Cor
1800 lamp emits UV-violet light at very low intensities, which results
in noisy spectral signals in the needle spectra in the 400–500 nm
region, onlywavelengths beyond 450nmwas included in the inversion
of needle chlorophyll content. As no leaf spectraweremeasured for the
grass type, the reflectance of grass type obtained from the CASI
imageries was taken as a surrogate of the reflectance of grass leaves. It
is found that the grass shows similar spectra to that of sugar maple
leaves (Mohammed et al., 2000). The spectral ratio of sugar maple
leaves based on measurements by Zhang et al. (2007) was applied to
grass type to derive transmittance spectra of grass.

The root mean square error (RMSE) in estimates was computed to
estimate the deviation between the estimated and measured chlo-
rophyll content:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm
i¼1

ŷi � yi
� �2

vuut ð7Þ

where ŷi is the chlorophyll content estimate based on model inversion
or an empirical spectral index, and yi is the corresponding measured
chlorophyll content; m is the number of leaf samples. The estimates
were then subject to an intensive cross-validation procedure using a
jackknife re-sample technique (Miller, 1964, 1968). RMSE was
calculated on the reduced sample by leaving out one sample at a
time from the whole sample set. The procedure was repeated until all
samples are evaluated. As a comparison, two spectral indices (Sims &
Gamon, 2002), the modified Simple Ratio index (mSR): (R728−R434) /
(R720−R434), and the modified Normalized Difference index (mND):
(R728−R720) / (R728+R720−-2⁎R434), were investigated for the estima-
tion of needle chlorophyll content.
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Two chlorophyll spectral indices, TCARI/OSVAI developed by
Haboudane et al. (2002) and MTCI by Dash and Curran (2004), were
adopted to evaluate their correlation to chlorophyll content at leaf and
canopy scales. These two spectral indices were developed based on
modelled spectra, field spectra, and airborne/spaceborne remote
sensing data, so may be viewed as semi-empirical indices sensitive
to chlorophyll content. TCARI/OSVAI minimizes the effects of varying
LAI and soil background using narrow-band remote sensing data and
has been reported to be suitable for crop, as well as open and
structured canopies (Haboudane, 2002; Zarco-Tejada et al., 2004b,
2005). MTCI relates a measure of the red-edge position with canopy
chlorophyll content (Dash & Curran, 2004).

3.4. LAI retrieval and forest chlorophyll content mapping

LAI is an important forest structural variable to scale up leaf-level
biochemical parameters to a canopy scale. Satellite digital imagery has
demonstrated utility for LAI retrieval (Badhwar et al., 1986; Chen &
Cihlar,1996; Hall et al., 1995; Nemani et al., 1993; Peterson et al., 1987).
Airborne remote sensing technology has the advantage over satellite
data in terms of reducing uncertainties and errors in the process of
image registration, atmospheric correction, and matching of image
and ground measurements. Airborne hyperspectral CASI data with
high spatial resolution can reproduce the heterogeneity of ground
surface, and is effective to derive forest biophysical parameters (Chen
et al., 1999). Vegetation indices have been found to correlate with
ground-based LAI measurements. The Normalized Difference Vegeta-
tion Index (NDVI), Simple Ratio (SR), and Reduced Simple Ratio (RSR)
are commonly used indices for retrieving LAI. Chen and Cihlar (1996)
found SR is more linearly related to LAI than NDVI in boreal forest. This
study explored the SR algorithm, calculated as:

SR ¼ qNIR
qred

ð8Þ

As the effects of shadows in open canopies are large, recommen-
dations of Chen et al. (1999) were followed to minimize the effects of
forest background on the LAI retrieval. Reflectance of the fine
resolution (2 m) images was spectrally averaged to calculate SR first,
and the spatially averaged SR of 20×20m pixel was then taken as SR of
the site to explore the correlationwith ground-measured LAI. As LAI of
deciduous species and grass were not measured, the SR-LAI correla-
tions developed by Chen et al. (2002) were adopted for retrieving LAI
of these two species.

Forest chlorophyll content was mapped through the following
procedure: (i) to generate a fine resolution (2×2 m) land cover image
through image classification. The vegetated area in CASI imagery was
stratified into three categories: coniferous, deciduous, and grass cover
types; (ii) to produce a coarse resolution (20×20 m) LAI image based
on the land cover image and results of the LAI retrieval; and (iii) to
map vegetation chlorophyll content (per unit ground area) using the
LAI image and retrieved leaf chlorophyll content (per unit leaf area)
described in Section 3.3.
Table 2
Black spruce (SB) site parameters: tree diameter at breast height (DBH), clumping index (ΩE),
area ratio (γe), view zenith angle (VZA), solar zenith angle (SZA), and azimuthal angle betw

Site Longitude (°W) Latitude (°N) Tree height (m) DBH (cm) ΩE

SB1 81.742 47.164 13.89±1.63 15.44±1.38 0.79
SB2 81.908 47.202 15.72±1.12 19.60±1.75 0.81
SB3 81.368 46.821 14.08±0.73 16.38±1.97 0.88
SB4 81.375 46.820 17.78±2.37 18.28±3.39 0.84
SB5 81.420 46.907 12.58±2.31 12.14±1.88 0.80
SB6 81.743 47.164 17.10±1.47 14.78±2.77 0.77
SB7 81.746 47.163 4.90±2.02 5.58±2.89 0.85
SB8 81.727 47.162 6.56±3.03 6.58±2.73 0.84
SB9 81.867 47.199 11.20±0.83 10.22±1.15 0.84
SB10 81.908 47.203 13.28±2.46 15.08±4.01 0.81
4. Results

4.1. Canopy reflectance estimates

The ten sites have a good variety of tree heights, tree diameters,
leaf chlorophyll content, foliage coverage, and clumping (Table 2). The
viewing geometry of the CASI images over the sites ranges from SZA of
40° to 44° (Table 2).

Fig. 3 shows an example of the measured needle reflectance and
transmittance spectra, and forest background reflectance spectra after
BRDF correction of one black spruce site as inputs to the 4-Scalemodel.
One site (SB8) with medium foliage coverage and clumping was
selected for the LUT development. Fig. 4 shows the comparisons of
estimated canopy reflectance and CASI measurements for the other
nine sites. The model captures the feature of canopy reflectance from
the visible to the near-infrared ranges, with slight discrepancies (0.24%
to 3.28%) between the estimated andmeasured reflectance in the blue
region, and in the green and red region (0.01% to 1.60%). Discrepancies
are much larger in the near-infrared region (0.00% to 4.44%), where
CASI reflectance frombands 69 to 72 is inconsistent as the sensitivity of
the sensor is low at longer wavelengths and the atmospheric water
absorption was not corrected. In the chlorophyll absorption sensitive
region (the red and red-edge region), discrepancy between the
estimated canopy reflectance and CASI measurements is 0.06%–1.07%
in the average red reflectance and 0.36%–1.63% in the average red-edge
reflectance (Table 3). Discrepancy of the chlorophyll sensitive red-edge
index (R750/R710) is in a range of 0.021 to 0.043 (Table 3).

4.2. LUTs and leaf reflectance retrieval

The 4-Scale model was run to investigate the sensitivity of canopy
reflectance, PT, and PG to input parameters. Table 4 shows the
variations of PT, PG, and red-edge index (R750/R710) under a range of
stem density, LAI, tree height, and radius of tree crown for black
spruce species. At a given viewing geometry, LAI is the dominant, and
stem density is the secondary factor contributing to PT, PG, and canopy
reflectance. Increase of LAI from 1 to 5 results in an increase of PT by
5.5%–32.3% and R750/R710 by 1.3%–4.4%, and a decrease of PG by 15.5%–
28.3%. When the stem density is changed from 2000 to 4500 trees per
ha, PT increases by 7.1%–9.8%, PG decreases by 7.6%–14.3%, and the
optical index R750/R710 increases by 0.4%–1.8%. Compared to LAI, the
effects of stand density on the canopy reflectance is small. Doubling
LAI results in an increase of the red-edge index R750/R710 by 4.7%–7.5%,
while doubling of stand density causes an increase of R750/R710 by
4.1%–5.3%. However, LAI and stand density are often correlated in
reality. For simplicity, this study developed LUTs as a function of LAI,
VZA, SZA, and PHI for both the black spruce and deciduous species. For
each species, two LUTs were developed to provide the probabilities of
viewing sunlit foliage and sunlit background, and the spectral
multiple scattering factors, with LAI ranging from 0.1 to 6 in steps of
0.1, VZA from0° to 45° in steps of 15°, and SZA from 0° to 70° in steps of
10°. Tables 5 and 6 are the two sample LUTs for the black spruce
leaf area index (LAI), average total chlorophyll content (Chlorophylla+b), needle-to-shoot
een sun and view (PHI)

LAI Chlorophylla+b (μg/cm2) γe VZA (°) SZA (°) PHI (°)

3.30 32.68±5.62 0 40.38 0
3.97 25.01±2.26 0 40.50 0
2.36 37.30±4.38 1.5276 0 43.66 0
3.21 33.64±11.06 1.4537 0 44.20 0
3.09 31.18±6.80 0 40.28 0
3.78 37.61±4.38 1.3564 0 40.38 0
1.14 30.76±3.39 0 40.38 0
2.88 28.34±5.21 1.4876 0 40.38 0
3.83 24.96±10.54 1.4783 0 40.44 0
5.37 34.99±7.65 0 40.50 0



Fig. 3. Needle reflectance and transmittance spectra, and forest background reflectance
of one black spruce site used as inputs to the 4-Scale model.
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species. The contributions of the sunlit foliage and the sunlit
background vary with the view angle. At the nadir view, PT is the
minimumwhile PG is themaximum.When VZAvaries from 30° to 45°,
Fig. 4. Comparison of the canopy reflectance from the 4-Scale mo
PT increases while PG decreases. At a given VZA and at nadir for the
CASI imagery in this study, the contributions of the sunlit foliage and
background to the total canopy reflectance can be seen from Fig. 5a
and b. The probabilities of viewing sunlit foliage (PT) and background
(PG) vary with LAI and SZA. PT increases as the foliage coverage (LAI)
increases, while PG decreases as LAI increases. When LAI increases
from 1 to 2, the change of PT and PG are dramatic, with an increase of
PT ranging from 29.1% to 32.5% and a decrease of PG ranging from
15.5% to 53.2%. When LAI is above 2, PT increases and PG decreases
gradually. Clumping of needles affects both the magnitudes of these
probabilities and rates of their changes with LAI. Both PT and PG
decrease as the shaded components increase with SZA.

The effect of LAI to the multiple scattering factor M is partially
shown in Table 6. M increases with the increase of LAI. In the visible
region, the values of M are smaller than 1, while in the near-infrared
region, M are greater than 1. When the observed sunlit foliage
component is estimated, the mutual shadowing effects of leaves on
the sunlit side of tree crown is already considered in 4-Scale, which
treats a crown surface as a complex surface rather than an imaginary
smooth surface. The variation of reflected radiance with the leaf angle
relative to the sun's direction is quantified using a phase function in
the 4-Scale model. Because of the variable orientations of leaves
relative to the sun's direction, the reflectance of combined sunlit
leaves is lower than that of a leaf perpendicular to the sun (in leaf
spectral measurements, incident light is perpendicular to the leaf
surface). To convert a reflectance spectra of an aggregated sunlit
foliage to that of a fully sunlit leaf, the spectral multiple scattering
factor is therefore smaller than 1 in the visible region. In the near-
del and from the CASI images for the nine black spruce sites.



Table 5
Sample look-up table for black spruce species for the probabilities of viewing sunlit
foliage (PT) and sunlit background (PG) by the sensor as functions of leaf area index (LAI),
view zenith angle (VZA), solar zenith angle (SZA), and azimuthal angle between the sun
and view (PHI)

LAI PT PG VZA SZA PHI

1.0 0.1245 0.6486 0 30 0
1.1 0.1303 0.6275 0 30 0
1.2 0.1354 0.6080 0 30 0
1.3 0.1401 0.5898 0 30 0
1.4 0.1443 0.5727 0 30 0
1.5 0.1481 0.5568 0 30 0
1.6 0.1188 0.4862 0 40 0
1.7 0.1213 0.4708 0 40 0
1.8 0.1236 0.4563 0 40 0
1.9 0.1257 0.4426 0 40 0
2.0 0.1276 0.4297 0 40 0
2.1 0.2920 0.3714 30 40 0
2.2 0.3000 0.3581 30 40 0
2.3 0.3077 0.3455 30 40 0
2.4 0.3151 0.3336 30 40 0
2.5 0.3223 0.3224 30 40 0
2.6 0.3950 0.3174 45 40 0
2.7 0.4025 0.3074 45 40 0
2.8 0.4098 0.2980 45 40 0
2.9 0.4169 0.2891 45 40 0
3.0 0.4238 0.2806 45 40 0

Table 3
The discrepancy of the red-edge index (R750/R710), average red reflectance (Rred), and
average red-edge reflectance (Rred-edge) between the 4-Scale model estimation and the
CASI measurements for different sites

SB1 SB2 SB3 SB4 SB5 SB6 SB7 SB9 SB10

R750/R710 0.029 0.035 0.021 0.022 0.028 0.038 0.021 0.030 0.043
Rred 0.06% 0.24% 0.73% 0.12% 0.35% 0.66% 0.08% 0.12% 1.07%
Rred-edge 0.36% 0.43% 0.73% 1.63% 0.49% 0.32% 1.54% 0.90% 0.61%
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infrared region, however, multiple scattering is strong due to large leaf
reflectance and transmittance. This strong multiple scattering could
more than compensate the phase function effect, making the multiple
scattering factor greater than 1.

Sunlit leaf reflectance of both the black spruce and the deciduous
species were retrieved. Table 7 shows the comparison of the retrieved
and measured leaf reflectance for the black spruce species. The
retrieved leaf reflectance is in reasonable agreement with the
laboratory measured leaf reflectance. The discrepancy between
estimated andmeasured leaf reflectance is 0.02%–3.63% in the average
red reflectance and 0.24%–7.88% in the average red-edge reflectance.
The discrepancy of the chlorophyll sensitive red-edge index (R750/
R710) is in a range of 0.001 to 0.024. Across the spectrum, the estimated
and measured leaf reflectance demonstrate a good correlation
(R2=0.89 to R2=0.97), with poor correlation found in the blue region
(400–500 nm) and beyond band 69 (916 nm).

It is found that the retrieval of leaf reflectance is sensitive to the
canopy reflectance. The discrepancy between the estimated canopy
reflectance and CASI measurements, for example, from 400 nm to
450 nm (Fig. 4), causes a large discrepancy between the inverted and
measured leaf reflectance. In the near-infrared region, small variation
in the CASI reflectance results in large discrepancies (0.01%–11.80%
from 700 to 908 nm) between the measured and inverted leaf
reflectance. From bands 69 to 72, the discrepancy is large due to the
inconsistency in the CASI reflectance. In the red region (600–700 nm)
where the leaf has strong absorption, the model generates good
Table 4
Sensitivity of the probability of viewing sunlit foliage (PT) and sunlit background (PG),
and chlorophyll sensitive index R750/R710 to stem density, LAI, tree height, and radius of
tree crowns

Parameter and value PT PG R750/R710

LAI 1 0.095 0.611 1.778
2 0.126 0.438 1.861
3 0.141 0.340 1.922
4 0.150 0.277 1.954
5 0.158 0.234 1.981

Stem density (number of trees per ha) 2000 0.111 0.390 1.882
2500 0.123 0.341 1.917
3000 0.135 0.306 1.944
3500 0.148 0.278 1.954
4000 0.161 0.256 1.963
4500 0.174 0.238 1.955

Tree height (m) 5 0.146 0.300 1.860
6 0.148 0.285 1.876
7 0.149 0.272 1.893
8 0.150 0.262 1.910
9 0.151 0.254 1.919

10 0.152 0.247 1.945
11 0.153 0.241 1.945
12 0.154 0.236 1.955
13 0.154 0.232 1.955
14 0.155 0.227 1.964
15 0.155 0.224 1.973

Radius of tree (m) 0.4 0.130 0.279 1.898
0.5 0.147 0.238 1.898
0.6 0.156 0.205 1.876
0.7 0.159 0.179 1.883
0.8 0.155 0.158 1.878
0.9 0.148 0.142 1.894
1.0 0.138 0.129 1.900
estimates. The discrepancy between the inverted and measured leaf
reflectance is in a range of 0.04% to 4.45%.

4.3. Chlorophyll content retrieval and mapping

Fig. 6 shows the results of needle chlorophyll content retrieval for
the black spruce sites using the modeling approach. Compared to the
ground-measured average needle chlorophylla+b content, the estima-
tion yields an accuracy of R2=0.47 and RMSE=4.34 μg/cm2 for the nine
sites with chlorophylla+b content ranging from 24.9 μg/cm2 to 37.6 μg/
cm2. The jackknifed RMSE is 5.69 μg/cm2. The R2 of chlorophyll
Table 6
Sample look-up table for black spruce species for the spectral multiple scattering factor
(M) as functions of leaf area index (LAI), view zenith angle (VZA), solar zenith angle
(SZA), and azimuthal angle between the sun and view (PHI)

Wavelength (nm) LAI=2 LAI=3 LAI=4 LAI=5

400 0.6866 0.7429 0.7656 0.7818
401 0.6705 0.7318 0.7570 0.7751
402 0.6633 0.7244 0.7497 0.7678
403 0.6816 0.7137 0.7418 0.7619
404 0.6733 0.7106 0.7418 0.7642
405 0.6643 0.7071 0.7418 0.7668
406 0.6387 0.7213 0.7245 0.7517
407 0.6257 0.7161 0.7216 0.7517
408 0.6512 0.7080 0.7161 0.7491
409 0.6261 0.6888 0.6995 0.7352
410 0.6337 0.6980 0.7093 0.7457
411 0.6327 0.6979 0.7096 0.7111
412 0.6277 0.6933 0.7053 0.7421
413 0.6017 0.6739 0.6888 0.7286
414 0.6050 0.6786 0.6940 0.7344
750 1.0468 1.3180 1.4242 1.4727
751 1.0380 1.3262 1.4182 1.4673
752 1.0485 1.3219 1.4294 1.4785
753 1.0422 1.3327 1.4258 1.4755
754 1.0530 1.3282 1.4366 1.4862
755 1.0468 1.3390 1.4329 1.4831
756 1.0575 1.3342 1.4289 1.4797
757 1.0524 1.3308 1.4408 1.4914
758 1.0467 1.3418 1.4373 1.4884
759 1.0563 1.3360 1.4468 1.4978
760 1.0491 1.3468 1.4437 1.4955

Here VZA=0°, SZA=40°, and PHI=0°.



Fig. 6. Relationship between the needle chlorophyll content from the measurements
and from the modified PROSPECTmodel (The dotted line is the 1:1 line.). The jackknifed
residual is shown in the figure.

Table 7
The discrepancy of the red-edge index (R750/R710), the average red reflectance (Rred), and
the red-edge reflectance (Rred-edge) between the 4-Scale model inversion and the
measured leaf reflectance for different sites

SB1 SB2 SB3 SB4 SB5 SB6 SB7 SB9 SB10

R750/R710 0.011 0.024 0.003 0.001 0.022 0.022 0.001 0.009 0.018
Rred 0.02% 1.69% 2.31% 0.08% 3.63% 2.46% 0.25% 1.50% 0.13%
Rred-edge 0.24% 1.57% 3.78% 3.43% 7.88% 2.91% 0.59% 2.91% 1.31%

Fig. 5. Probabilities of forest scene components estimated by the 4-Scale model. (a)
Probabilities of viewing sunlit foliage at nadir view with change of leaf area index (LAI)
and solar zenith angle (SZA). (b) Probabilities of viewing sunlit background at nadir
view with change of leaf area index (LAI) and solar zenith angle (SZA).
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estimation for black spruce needles using mND and mSR are 0.17 and
0.21, respectively. The relationship between the chlorophylla + b
estimates from the model and ground-based measurements has a
slope close to 1 (0.803) and a small interception (4.27), indicating that
the modeling approach produces systematically fair estimation.

The two chlorophyll indices MTCI and TCARI/OSAVI show the
expected variation with leaf and canopy chlorophylla+b content over
the nine sites (Table 8). TCARI/OSAVI correlates better with leaf
chlorophylla+b. But with its relative insensitivity to LAI variations, it
shows only poor relationship with canopy chlorophylla+b content. In
this study, the forest background has a green and variable vegetation
signature instead of bare soil. The relationship of TCARI/OSAVI to
canopy chlorophylla+b content is not as tight as those shown for crop
canopies or open canopies (Haboudane et al., 2002; Zarco-Tejada et al.,
2004b, 2005). MTCI shows a good relationship with canopy
chlorophylla+b content, as it is based on a measure of the red-edge
position which is influenced by both leaf chlorophyll content and LAI.
However, it shows no measurable correlation with leaf chlorophylla+b
content because of the confounding effect of LAI variations. For both
indices when applied to open boreal canopies, a strong influence of
the vegetated understorey remains as a perturbing parameter.
With the mean background SR value from the field measurements,
and the spatially and spectrally coarsened SR fromCASI imagery versus
LAI measurements of the nine black spruce sites, the SR–LAI relation-
ship is developed (Fig. 7). SR can explain 88% of the LAI variation.When
the canopy is open, the effect of forest background is large. The
background is often visually greener than the forest canopy. SR is high
even under low LAI, which may be due to the abundant understorey
and moss ground cover of the sites. The original 2 m resolution CASI
imagery was classified into water body, land, grass, coniferous and
deciduous forest species. The 20 m resolution land cover map was
produced based on the dominant cover types in the 2 m CASI land
cover imagery. Combined with SR-LAI correlations, a final CASI LAI
coverage was generated (Plate I). In this image, the proportions of
coniferous species, deciduous species, and grass are respectively 53.2%,
16.1%, and 21.4%. LAI of the vegetated regions ranges from 0.18 to 5.40.
The highest LAI values are found from the deciduous forest species.

Leaf chlorophylla + b contents for the three cover types were
estimated from the re-sampled 20 m resolution CASI image (Plate II).
The predicted chlorophylla+b content ranges from 24.1 μg/cm2 to
35.9 μg/cm2 for the black spruce species, 27.2 μg/cm2 to 43.4 μg/cm2

for the deciduous species, and 20.1 μg/cm2 to 23.4 μg/cm2 for the grass
species. Combined with LAI, this output was used to estimate
chlorophylla + b content per unit ground surface area (Plate III).
Chlorophylla+b content per unit ground surface area ranged from
30 mg/m2 to 2170 mg/m2 for vegetated pixels.

5. Discussion

Changes in leaf chlorophyll content result in variation of leaf
reflectance and transmittance spectra in the visible region, which
contribute to the canopy reflectance. Canopy reflectance is also strongly
affected by other factors such as canopy architecture, chlorophyll
distribution in the canopy, sun/viewangle, and forest background. These



Plate I. CASI LAI image over one black spruce site. The image is derived based on the SR-
LAI relationship and land cover image. The spatial resolution of the image is 20×20 m.

Table 8
Performance of TCARI/OSAVI and MTCI index for estimating chlorophyll content at leaf
and canopy scales (y denotes leaf/canopy chlorophyll content, x denotes index)

Index Correlation to leaf
chlorophyll content

Correlation to canopy
chlorophyll content

TCARI/OSAVI y=-12.41Ln(x)+8.5886,
R2=0.4025

y=-81.998Ln(x)−48.634,
R2=0.1915

MTCI y=53.265x2−204.51x+226.05,
R2=0.2005

y=151.29(x)−184.35,
R2=0.6456
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factorsmask and confound changes in canopy reflectance caused by leaf
chlorophyll content, which makes chlorophyll retrieval at the canopy-
level complicated and challenging. This study handles this complex
issue usingprocess-basedmodels,whichare especially necessary for the
open forest canopies. Compared with empirical correlations and
radiation transfer models that assume the canopy is spatially homo-
geneous, the GO model 4-Scale takes into account the complex canopy
structural effects, and the leaf model considers light interactions with
the foliar medium and the complexity of leaf internal structure. This
study demonstrates that the model can mimic the reality of the open
and clumped nature of boreal forests. The LUT method for the 4-Scale
model inversion is applicable for both deciduous and coniferous species.
The LUTs consider detailed canopy information and viewing geometry,
and separate the canopy structural effects from leaf optical properties.
Combination of process-based leaf and canopy-level models is feasible
for retrieving chlorophyll content of needle and broad leaf species from
hyperspectral remote sensing images.

Accurate measurements of leaf optical properties, forest back-
ground reflectance, and forest structural parameter LAI are the key to
the success of leaf reflectance retrieval, and thus the leaf chlorophyll
retrieval from remote sensing imagery. As seen from the discrepancy
between the estimated canopy reflectance and the CASI measured
reflectance, the noisy signals in needle reflectance spectra in the blue
region (400–450 nm) cause opposite variations. The discrepancy can
cause bias estimates of the spectral multiple scattering factor. As the
multiple scattering factor incorporates effects of leaf angle distribu-
tion, and the contributions from the shaded foliage and background,
the bias is enlarged in the retrieval of sunlit leaf reflectance from
remote sensing imagery.

LAI is the dominant factor that determines the amplitude of canopy
reflectance, fractions of viewing forest scene components, spectral
multiple scattering, and thus the retrieval of leaf reflectance fromremote
sensing imagery. As LAI measurements only include tree canopy, LAI of
the sites is actually the overstorey LAI. Open boreal forests have clumped
and open overstorey, and dense, vigorous, and variable understorey
which contribute to the above-canopy reflectance measured by the
Fig. 7. Correlation between vegetation index SR derived from the CASI images and
ground-based LAI measurements.
sensor. For the black spruce species in this study, the forest background
is mainly covered by vigorous green moss and herbaceous understorey.
The relationship of ground-measured LAI and SR derived from remote
sensing imagery may have some bias. In addition, due to the
heterogeneity of the forest background, the retrieved overstorey LAI
distribution from SR may not fully represent the variations in reality.
Plate II. CASI chlorophylla+ b content distribution per unit leaf area. The image is
produced based on the retrieved chlorophylla+b content for the three vegetated cover
types. The spatial resolution of the image is 20×20 m.



Plate III. CASI chlorophylla+ b content distribution per unit ground surface area. The
image is derived based on the LAI image and retrieved chlorophylla+b content per unit
leaf area of the three vegetated cover types. The spatial resolution of the image is
20×20 m.
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Stem density has the secondary importance in determining canopy
reflectance. This study only developed LUTs as functions of LAI, and view
and sun geometry. The assumption that the shaded reflectivities of tree
crown and the background are comparatively small wasmade to reduce
the unknown parameters in the model. The contribution of these two
componentswas incorporated in themultiple scattering factor. In future
studies, more comprehensive LUTs, which include LAI, sun and view
geometry, stem density, and the two shaded components, can be
generated to take into account the complexity of forests.

The probability of viewing forest background by the sensor is large in
open forests. As the background compounds the effects of shadows, the
BRDF correction to the measured background reflectance is necessary to
account for themutual shadowingeffect amonghighunderstorey layers. In
this study, the LUTs are developed under the assumption that forest
background does not vary significantly across the landscape. Due to the
heterogeneity and variability of forest background, the effects of forest
background on the total remote sensing signals are uneven. To map
chlorophyll content more accurately, the spatial variation of forest
background needs to be estimated. Multi-angle remote sensing data have
demonstrated the capability for deriving background reflectance (Canisius
& Chen, 2007). With the retrieval of spatially explicit forest background
reflectance, forest chlorophyll content mapping will be improved.

Detailedmeasurements of canopy architecturewere notmade, and
general parameters were used as inputs to the model for the study
sites. However, the 4-Scale model can be run with confidence as the
model has been successfully demonstrated to be capable of (i)
estimating the variability of forest background reflectance with a set
of general parameters (Canisius & Chen, 2007), (ii) detecting forest
structural change (Peddle et al., 2003), and (iii) estimating contribu-
tions of forest scene components across the wavelength spectrum
(Chen et al., 1999). To map the chlorophyll content, this study used the
reflectance and transmittance spectra of aspen leaves for deciduous
species, and took the canopy reflectance of grass as leaf-level
reflectance. In future studies, leaf optical properties and biochemical
contents of deciduous and grass species need to be measured for
validating the estimation and mapping chlorophyll accurately.

Forest chlorophyll content was mapped using a spatially coarsened
LAI map. This scaling process is necessary as the canopy reflectance is
estimated using the 4-Scalemodel, which assumes trees in a forest have
certain patchiness and follow a Neyman distribution. If a pixel is too
small, 1 pixel might not even cover a complete tree crown. To meet the
conditions for this statistical tree distributionpattern, the canopy-to-leaf
inversion algorithm is applied to coarsened pixels (20 m) in this study.
Further algorithm development is yet needed to retrieve chlorophyll
content at the original CASI resolution. This algorithm would have to
avoid using any tree distribution assumptions. This is one of the
remaining challenges that we have not yet tackled in this research.

6. Conclusion

In this study, we explore methods for retrieving leaf chlorophyll
content from hyperspectral remote sensing measurements for complex
forest canopies. A process-based approach is developed for retrieving leaf
reflectance from hyperspectral remote sensing imagery, and thereby leaf
chlorophyll content for both open and closed forests, which is in contrast
to existing empirically based methods and some highly simplified
methods for closed canopies. Our process-based approach produced
systematically better estimates of chlorophylla+b content than a widely
used spectral index approach. The look-up-table approach developed in
this study successfully separates the leaf optical properties and canopy
structural effect, and links leaf-level optical properties to the canopy-level
hyperspectral measurements. With the look-up tables, the effects of
canopy structure and forest background are removed, and the geome-
trical–optical model 4-Scale was inverted to estimate leaf reflectance
spectra fromabove-canopy remote sensing imagery. In combinationwith
the leaf-level model PROSPECT, leaf chlorophyll content was estimated
from the retrieved leaf reflectance, with an accuracy of R2=0.47,
RMSE=4.34 μg/cm2, and a jackknifed RMSE=5.69 μg/cm2 for the black
spruce sites. Forest chlorophyll content was mapped based on the
estimated leaf chlorophyll content and a retrieved leaf area index image.
The mapped chlorophyll content at 20m resolution can be useful for the
assessment of forest growth and ecosystem health status.
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