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Abstract

This paper reports on the use of linear spectral mixture analysis for the retrieval of canopy leaf area index (LAI) in three flux tower sites in

the Boreal Ecosystem-Atmosphere Study (BOREAS) southern study area: Old Black Spruce, Old Jack Pine, and Young Jack Pine (SOBS,

SOJP, and SYJP). The data used were obtained by the Compact Airborne Spectrographic Imager (CASI) with a spatial resolution of 2 m in

the winter of 1994. The convex geometry method was used to select the endmembers: sunlit crown, sunlit snow, and shadow. Along transects

for these flux tower sites, the fraction of sunlit snow was found to have a higher correlation with the field-measured canopy LAI than the

fraction of sunlit crown or the fraction of shadow. An empirical equation was obtained to describe the relation between canopy LAI and the

fraction of sunlit snow. There is a strong correlation between the estimated LAI and the field-measured LAI along transects (with R2 values of

0.54, 0.71, and 0.60 obtained for the SOBS, SYJP, and SOJP sites, respectively). The estimated LAI for the whole tower site is consistent

with that obtained by the inversion of a canopy model in our previous study where values of 0.94, 0.92, and 0.63 were obtained for R2 for the

SOBS, SYJP and SOJP sites, respectively.

The CASI 2-m summer data over the SOBS site was also employed to investigate the possibility of deriving canopy LAI from the summer

data using linear mixture analysis. At a spatial resolution of 10 m, the correlation between the field-measured LAI and the estimated LAI

along transects is small at R2 less than 0.3, while R2 increases to 0.6 at a spatial resolution of 30 m. The difficulty in canopy LAI retrieval

from the summer data at a spatial resolution of 10 m is likely due to the variation of the understory reflectance across the scene, although

spatial misregistration of the CASI data used may also be a possible contributing factor.

D 2003 Elsevier Inc. All rights reserved.
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1. Introduction overstory and the spatial and temporal variations of the
The canopy leaf area index (LAI) is a very important

parameter in modelling ecosystem processes and the

exchanges of energy, momentum, and mass between the

biosphere and the lower atmosphere (e.g., Dickinson,

1995; Hall, Townshend, & Engman, 1995; Hall, Shimabu-

kuro, & Huemmrich, 1995). Retrieval of the canopy LAI

for different biomes from remote sensing data is, therefore,

an active research area (e.g., Hall, Townshend et al., 1995;

Hall, Shimabukuro et al., 1995). The openness of the
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understory vegetation in the boreal forests pose special

challenges to the retrieval of canopy leaf area index (LAI)

from remotely sensed data. For example, the results

presented in Leochel et al. (1997) show that the correlation

between the canopy LAI and vegetation indices for the

boreal forest stands is, in general, small with R2 less than

0.3. Chen and Cihlar (1996) estimated the canopy LAI

from the normalized difference vegetation index (NDVI)

derived from TM images over the Boreal Ecosystem-

Atmosphere Study (BOREAS) flux tower sites. The cor-

relation between the retrieved LAI and the field-measured

LAI was small, with R2 of 0.5 in the late spring and 0.42

in midsummer examples of their results. These research

reports suggest that the confounding effects of understory

vegetation are important to the interpretation of reflectance
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of sparse canopies typical in the boreal forest. As a result,

the utility of vegetation indices for retrieving the canopy

LAI for boreal forest canopies may be very limited, in

contrast to satisfactory results obtained from the applica-

tion of spectral vegetation indices to agricultural canopies

(e.g., Sellers, 1985, 1987).

An alternate approach to retrieval of the canopy LAI is to

invert a canopy reflectance model (Goel, 1988). Rosema et

al. (1992) introduced the forest-light interaction model

(FLIM) to derive LAI and canopy coverage (Rosema et

al., 1992) from TM data over the Kootwijk Forest in the

Netherlands. Hu, Inannen, and Miller (2000) modified the

FLIM and produced canopy LAI and canopy closure maps

for the BOREAS flux tower sites using the Compact

Airborne Spectrographic Imager (CASI) winter data. A

strong correlation has been found between the retrieved

canopy LAI and the field-measured LAI along the transects

(Chen, Rich, Gower, Norman, & Plummer, 1997) using

such model-based methods, for example, with R2 values

between 0.51 and 0.86 (Hu et al., 2000). In addition, recent

enhancement of our use of the FLIM has been reported by

Fernandes, Hu, Miller, and Rubinstein (2000) for boreal

canopies with significant clumping, such as for black

spruce, through the addition of ray tracing features in a

new algorithm called FLIM-CLUS.

Another approach to the retrieval of open canopy

parameters is linear spectral analysis. Linear spectral mix-

ture analysis of multispectral and hyperspectral remote

sensing data sets has been widely used in geology appli-

cations (e.g., Mustard & Sunshine, 1999). For vegetation

applications, Hall, Townshend et al. (1995) and Hall,

Shimabukuro et al. (1995) employed linear spectral mix-

ture analysis and a geometric optical model to infer the

biomass density from the shadow fraction. Other biophys-

ical parameters, such as canopy LAI, can then be derived

based on their relationship with the biomass density (Hall,

Townshend et al., 1995; Hall, Shimabukuro et al., 1995).

In this study, the application of linear spectral mixture

analysis in the retrieval of the canopy LAI for the boreal

forest canopies is investigated using the CASI winter data

containing a relatively uniform and spectrally featureless

snow background. The potential to retrieve the canopy LAI

using the CASI summer data is also investigated. The

results obtained by linear spectral mixture analysis are

compared with those obtained previously by canopy model

inversion (Hu et al., 2000).
2. CASI data and study sites

The CASI airborne imaging spectrometer sensor was

deployed extensively at BOREAS for acquisition of multi-

spectral and hyperspectral imagery in the visible and near-

infrared spectral bands (Miller et al., 1995). During the

BOREAS field campaigns in the winter of 1994 and in the

summer of 1996, several CASI images with the spatial
resolution of 2 m were obtained over flux tower sites in

the BOREAS southern study area and northern study area.

In this study, the CASI images over Young Jack Pine

(SYJP), Old Jack Pine (SOJP), and Old Black Spruce

(SOBS) in the southern study area were employed. The

BOREAS southern study regions are located in Saskatch-

ewan, Canada (http://boreas.gsfc.nasa.gov). The flux tower

sites lie in areas with relatively homogeneous vegetation

cover.

The CASI image data used have been calibrated to

radiance (Gray et al., 1997), atmospherically corrected

(O’Neill et al., 1997) to above-canopy reflectance, and

geo-referenced (Cosandier, Ivanco, & Mah, 1992). The

CASI winter data have seven spectral bands as follows:

449.61–521.63, 520.41–566.05, 564.83–601.69, 620.11–

651.73, 650.53–682.21, 776.53–821.21, and 840.03–

890.43 nm. The solar zenith angle was 75j, 69j, and 76j
for the SOBS, SYJP, and SOBS sites, respectively. Zenith

nominal nadir view was assumed for all of the three sites.

For these sites, a tree crown has a size similar to the spatial

resolution of the CASI imagery (2 m). A pixel would

therefore typically contain only part of a tree crown. To

make canopy LAI meaningful on a pixel basis, we spatially

degraded the CASI imagery. For canopy models using

geometric optical theory, a pixel is assumed to contain a

tree crown and its shadow (Li & Strahler, 1992). Consider-

ing potential use of a canopy model in this study, the

original 2-m CASI winter images were spatially degraded

to 30 m to increase the probability that a tree crown and its

shadow occur in the same pixel.

2.1. Linear spectral mixture analysis

The linear spectral mixture model describes the surface

reflectance spectrum as a linear combination of a finite

number of spectra corresponding to the pure components,

called endmembers. With an ideal choice of the endmem-

bers, the coefficients representing the component fractional

areas in the linear model are nonnegative and sum to 1.

When photons interact with multiple components within the

field of view, such as the multiple scattering between the

vegetation canopy and soil, the mixture has the potential of

becoming nonlinear (Johnson, Smith, Taylor-George, &

Adams, 1983). So far, there has been abundant research

that reports that the linear mixture model has wide utility in

remote sensing applications (e.g., Mustard & Sunshine,

1999; Hall, Townshend et al., 1995; Hall, Shimabukuro et

al., 1995).

The most difficult and crucial step in linear mixture

analysis is the selection of spectral endmembers. Four

approaches are commonly used. (1) Obtain the endmember

spectra from a spectrum library. The successful use of this

approach is strongly dependent on the calibration of the

image data used. It is further complicated when differences

between inherent and apparent reflectance of surface fea-

tures are considered as a result of the canopy 3-D
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structure. (2) Derive the endmember spectra from the pure

pixels of the image itself. This approach can only be used

in cases where there are some pure pixels in the image

data examined. (3) Automatically obtain endmember spec-

tra using factor analysis. For this approach, abstract ma-

trices corresponding to endmember spectra and the fraction

of the endmembers are first calculated based on the pure

mathematics. Then, a transformation matrix is built, or an

iterative approach is used to transform the abstract matrices

to ones with physical meanings (i.e., the real endmember

spectra and their fractions) (Malinowski & Howery, 1980).

Many approaches have been developed to obtain the

transform matrix. These methods are based on some

intuitive criteria of the factor space, such as simple

structure and hypothetical structure (Rummel, 1970). An

interactive approach, target transform, has been success-

fully applied in chemistry applications such as in resolving

highly overlapping chromatographic peaks (e.g., Gamper-

line, 1986). In this approach, test data are needed. (4)

Automatically construct endmember spectra using convex

geometry. Boardman (1992) successfully applied this ap-

proach to AVIRIS (Airborne Visible/Infrared Imaging

Spectrometer, Vane et al., 1993) data for both vegetation

and geological applications. In this study, the convex

geometry method was used to estimate the endmember

spectra.

Convex geometry deals with the geometry of convex

sets (Valentine, 1964). A convex set in n-dimensional

space is defined as a set of points that are linear combi-

nations of a finite number of points, where the weights are

all positive and sum to unity. This is the same definition as

the linear mixture model. To clearly describe this ap-

proach, it is useful to discuss the following two notions

in convex geometry: convex hull and simplex (Brody,

2001). Assume S is a set of points in an n-dimensional

space. By definition, the convex hull of S is the smallest

convex set that contains the set S. The simplex is a convex

set with n+ 1 vertices. It gives a unique decomposition for

all points in the set S. Craig (1990) proposed the ‘‘small-

est’’ simplex containing the data as the ‘‘best’’ simplex.

That is, the ‘‘best simplex’’ has the smallest ‘‘volume.’’

The vertices of the ‘‘best’’ simplex are considered as the

endmembers of the set S. For the analysis of image data

for the SOBS, SYJP, and SOJP sites, we are only inter-

ested in pixels corresponding to the jack pine or black

spruce canopies. Some pixels, such as those with white

and bright red tone in the colour composite image shown

in the left panels of Fig. 1, do not contain the canopy of

interest for these sites. For simplicity, the pixels with the

canopy of interest for the flux tower sites (BS in the SOBS

site, JP in the SYJP site and in the SOJP site) are denoted

as target pixels, whereas others pixels are referred to as

nontarget pixels. To avoid the effects of the nontarget

pixels on the selection of endmembers, the whole image

was first segmented into target pixels and nontarget pixels

for each site using an image cluster algorithm called
NGCLUS2 in PCI (PCI, 1999). The near-infrared band

(band 6, 776.53–821.21 nm), the red band (band 5,

650.53– 682.21 nm), and the green band (band 3,

564.83–601.69 nm) were used in the segmentation pro-

cess. The results are presented in middle panels of Fig. 1,

where the target pixels have a white tone, and nontarget

pixels (snow or snow with other nontarget canopies) are

displayed as grey. Referring to the left panels of Fig. 1,

one can note that most of the nontarget pixels are around

the access trail to the tower and in open areas. Some pixels

with a bright red tone were also classified into nontarget

class. It is likely that wintering deciduous shrubs with a

bright snow background contribute to these bright pixels.

The target and nontarget pixels can also be clearly distin-

guished in the two-dimensional space defined by the first

two principal components of these CASI images, as shown

in the left panels of Fig. 2. For the SOBS and SOJP sites,

the target pixels cluster closely together, and the pixels out

of the cluster are nontarget pixels. For the SYJP site, the

pixels of the whole image evidently form two clusters. The

one on the left contains target canopy. The other includes

nontarget pixels. It is worth mentioning that due to limits

on the accuracy of the image segmentation, some forested

pixels with a very low percentage of targeted canopy (such

as OBS for the SOBS site, YJP for the SYJP site, and OJP

for the SOJP site) may be classified into nontarget pixels.

In future studies, an advanced image segmentation ap-

proach should be employed to improve the segmentation

accuracy.

After image segmentation, principal component analysis

(PCA) for the seven spectral bands of the CASI winter

images was performed for the target pixels in each tower

site. The first two principal components explain 99.8%,

99.9%, and 99.7% of the variance of the target pixels in

the seven spectral bands for the SOBS, SYJP, and SOJP

sites, respectively. Therefore, only the first two principal

components were employed. As a result, all of the target

pixels for each flux tower site can be described as points in

the two-dimensional space defined by the first two princi-

pal components and are shown in the middle panels of Fig.

2. According to the theory of convex geometry (Brody,

2001), the ‘‘smallest’’ simplex with three vertices can be

found to decompose all of the points in the two-dimen-

sional space. The three vertices of the ‘smallest’’ simplex

are the endmembers. Physically, the landscape with single-

species forest with snow background, as is the case in this

study, may be modeled in spectral mixture analysis with

three endmembers such as sunlit crown, sunlit snow, and

shadow.

The software Qhull (http://www.geom.umn.edu/locate/

qhull) was used to find the convex hull of the data cloud

shown in the middle panels of Fig. 2. The endmembers

were then determined by constructing the ‘‘smallest’’

simplex (a triangle with minimum area for this study) that

contains the convex hull. For the CASI data used here, the

first principal component corresponds to brightness infor-
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Fig. 1. The CASI colour composite images and the resulting images for the SOBS, SYJP and SOJP sites. The spatial resolution is 30 m. The colour composite

images (left panels) are printed with the near-infrared band (band 6, 776.53–821.21 nm) as red, red band (band 5, 650.53–682.21 nm) as green, and the green

band (band 3, 564.83–601.69 nm) as blue. The target pixels obtained after image segmentation are shown as a bright tone in the middle panel. The right panels

present the canopy LAI. The tower position and transect B (Chen et al., 1997) is marked in the right panels for these three tower sites.
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mation, in that it is the weighted sum of reflectance in the

seven spectral bands. The second principal component is

the difference in reflectance between the visible bands and

the near-infrared bands, and therefore, this principal com-

ponent is associated with the greenness of the scene. As a
result, the sunlit crown should have a low value in the

first principal component and a large negative value in the

second principal plane. The sunlit snow should have a

very large value in the first principal component and a low

absolute value in the second principal component. Shad-



Fig. 2. The endmembers and their spectra for the SOBS, SYJP and SOJP sites. Left panels: all pixels in the 2-D space defined by the first two principal

components. Middle panels: the target pixels, the convex hull, and the simplex that contains these pixels. Right panels: the endmember spectra.
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ows have low energy and thus should have a very low

value in the first principal component and a low absolute

value in the second principal component. As seen in Fig.

1, there are open areas or access trails in these sites.

Accordingly, a couple of sunlit snow pixels were selected

in the open areas or access trails after verification by

checking spectra of the pixels and are displayed in Fig. 2.

The central point of these sunlit snow pixels was selected

as one endmember or one vertex of the simplex, denoted

as ‘‘A’’. l1 and l2 are two tangent lines from A to the

convex hull, and two sides of the simplex are on l1 and l2.

To find the third side, a line was drawn, denoted as l3,

passing through two points of the convex hull. These two

points were selected so that l1, l2, and l3 can enclose the

data cloud, and the simplex formed by these three lines

has a minimum area among all possible triangles enclosing

the data cloud. The intersected points between l1, l2, and l3
are the three vertices of the simplex and also the three
endmembers. We then performed the inverse PCA to the

selected endmembers to get the endmember spectra. As a

result of this somewhat subjective procedure, the endmem-

bers and their spectra that emerged for the SOBS, SYJP,

and SOJP canopies are presented in Fig. 2. As expected,

the sunlit crown has the typical vegetation spectra, the

sunlit snow has a high reflectance, and shadow has a low

reflectance. For the SOJP site, Soffer, Miller, Wanner, and

Strahler (1995) reported the reflectance spectra of sunlit

crown, sunlit snow, shadowed crown, and shadowed snow

measured from above the SOJP canopy on February 7,

1994 under conditions similar to those encountered during

the CASI winter data acquisition. The spectra of sunlit

crown and sunlit snow obtained in this study are similar to

those obtained by Soffer et al. (1995) within the standard

errors reported. It may not be clear why the reflectance of

sunlit snow is observed to be quite low for the SOJP site.

This may be attributed to the facts that the reflectance in
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both the CASI data and in Soffer et al. (1995) was

calculated with respect to the top of canopy irradiance,

and also that the transmittance of solar radiation through

the SOJP canopy is small. A methodology to automati-

cally construct the ‘‘smallest’’ simplex from features

within an image is a priority of our future research. It is

hoped that this will reduce the uncertainties in determining

the vertices and will improve the efficiency of information

retrieval.

After the endmember spectra are determined, the follow-

ing constrained linear equations need to be solved to obtain

the fractions of these three endmembers:

RðkÞ ¼ fcRcðkÞ þ fgRgðkÞ þ fsRsðkÞ; ð1Þ

where,

0VfcV1; 0VfgV1; 0VfsV1;

and

fc þ fg þ fs ¼ 1;

where R(k) is the reflectance of a pixel and is the function

of the wavelength k; Rc(k), Rg(k), and Rs(k) are the spectral
reflectances of the three endmembers: sunlit crown, sunlit

snow, and shadow, respectively; and the coefficients, fc, fg,

and fs are the areal fractions of sunlit crown, sunlit snow

and shadow, respectively. For each target pixel in the CASI

images for the SOBS, SYJP, SOJP sites, the above equa-

tions were solved to estimate the areal fractions of the

endmembers.

2.2. Derivation of the canopy LAI from the fractions of the

endmembers

The retrieval of canopy LAI, not the fractions of the

endmembers, is the objective of our linear spectral analysis.

Accordingly, our investigation began with an examination

of the correlation between the fraction of the endmembers

and the field-measured canopy LAI.

Chen et al. (1997) presented the field-measured canopy

LAI for the BOREAS flux tower sites. The canopy LAI

values at the flux tower sites were measured every 10 m

along parallel transects A, B, and C during the BOREAS

intensive field campaign in 1993. The location of transect

B is marked in Fig. 1 and transects A and C are parallel to

transect B with a separation distance of 10 m to each side

(see Chen et al., 1997, for details). The field-measured LAI

values (for simplicity, only the effective LAI is used in this

analysis and is referred to as LAI) were averaged for use

in this study. First, the field-measured LAI values along

each transect were subjected to a sliding average of three

measurements (separated by 20 m), and then the resulting
values were averaged between the three parallel transects.

The field-measured LAI versus the fractions of sunlit

snow, sunlit crown, and shadow along transect are shown

in Fig. 3 for the SOBS, SYJP, and SOJP sites. Overall, the

fraction of sunlit snow has a stronger correlation with the

field-measured canopy LAI than the fraction of shadow or

the fraction of sunlit crown.

Hall, Townshend et al. (1995), Hall, Shimabukuro et al.

(1995) Hall, Peddle, and LeDrew (1996), and Peddle, Hall,

and LeDrew (1999) concluded that the shadow fraction is

a better predictor of biophysical variables than the frac-

tions of sunlit crown and sunlit understory. These con-

clusions were based on biomass, LAI, and aboveground

net primary productivity (NPP) data for the black spruce

stands in the Superior National Forest, Minnesota, USA,

during the summers of 1983 and 1984 for solar zenith

angles between 30j and 60j. In their studies, the reflec-

tance of sunlit crown was estimated using a cylindrical

crown canopy model; from their results, they concluded

that the fraction of sunlit background was the best predic-

tor for the canopy LAI (Hall, Townshend et al., 1995; Hall,

Shimabukuro et al., 1995; Peddle et al., 1999). Using a

conical tree canopy model, the fraction of sunlit back-

ground was shown to be better for predicting biomass,

LAI, and NPP than the fraction of shadow for a large solar

zenith angle such as 60j (Hall et al., 1996; Peddle et al.,

1999). When a spheroid model was used, the shadow

fraction was the best for predicting biomass, LAI, and

NPP for solar zenith angles between 30j and 60j, espe-
cially for 45j. These results taken together suggest that

either the shadow fraction or the fraction of sunlit back-

ground can be used to predict the canopy biophysical

parameters. In this study, the reflectance of each of the

three endmembers, sunlit crown, sunlit snow (background),

and shadow, was derived directly from the data rather than

from model estimates. Our results for solar zenith angles

greater than 70j, shown in Fig. 3, demonstrate that the

fraction of sunlit snow is better for predicting canopy LAI,

when compared to the prediction from the fraction of

sunlit crown and shadow.

The background snow can be seen in both the illumi-

nation direction and the observation direction through the

gaps between crowns and the gaps within the crowns.

According to Rosema et al. (1992), the fraction of the

sunlit snow is composed of four components. The first

component is the area under crowns in both illumination

and observation directions (denoted as Fcd). It is depen-

dent on the transmittance through tree crowns in the

illumination direction (Ts) and in the observation direction

(Tv). The second component is the area open in the

illumination direction and under crowns in the observation

direction (Fcs) and depends on the transmittance through

tree crowns in the observation direction (Tv). The third

component is the area under crowns in the illumination

direction and open to the observation direction (Fod) and

is dependent upon the transmittance through tree crowns



Fig. 3. The correlation of the fractions of the sunlit snow, shadow, and sunlit crown with the field-measured canopy LAI along the transect (Chen et al., 1997)

for the SOBS, SYJP, and SOJP sites.
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in the illumination direction (Ts). The last component is

the open spaces in both illumination and observation

directions (Fos). Therefore, the fraction of sunlit back-

ground G is

G ¼ FcdTsTv þ FcsTv þ FodTs þ Fos: ð2Þ

The first three terms in Eq. (2) are related to the within-

crown gap probability in the illumination direction and/or

observation direction. The last term is controlled by the

between-crown gap probability in both the illumination

and the observation directions and is also the fraction of

sunlit snow under the assumption of a completely opaque
crown. The fraction of sunlit snow is a function of canopy

LAI through its dependence upon crown coverage and

crown LAI.

Since canopy LAI is included in radiative transfer models

of the canopy as an exponential term, a logarithmic function

was used to fit the field-measured LAI versus the fraction of

sunlit snow. The R2 correlation between the field-measured

LAI and the fraction of sunlit snow is 0.54, 0.71, and 0.60

for the SOBS, SYJP, and SOJP sites, respectively. The

coefficients (slope and offset) obtained above vary for each

canopy. To understand the physical meaning of the slope

and offset, a more detailed examination of the calculation of

the fraction of sunlit snow is provided below.
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For the imaging geometry away from the hotspot, as the

case in this study, Fcd, Fcs, Fod, and Fos can be calculated by

the following equations (Rosema et al., 1992).

Fcd ¼ CvCs; ð3Þ

Fcs ¼ Cvð1� CsÞ; ð4Þ

Fod ¼ ð1� CvÞCs; ð5Þ

Fos ¼ ð1� CvÞð1� CsÞ; ð6Þ

where Cv and Cs are the crown coverage in the direction of

observation and illumination, respectively. The equations to

calculate Ts and Tv are as follows (Hu et al., 2000):

Tv ¼ exp �GðhvÞLe
Cnadir

CvcosðhvÞ

� �
; ð7Þ

Ts ¼ exp �GðhsÞLe
Cnadir

CscosðhsÞ

� �
: ð8Þ

In Eqs. (6) and (7), Cnadir is the crown coverage at nadir; hv
and hs are the view zenith angle and solar zenith angle,

respectively; and Le is the average effective leaf area index

of crowns defined as the ratio of the effective canopy leaf

area index and the crown coverage at nadir. In this paper and

in Hu et al. (2000), the effective leaf area index (LAI) of the

canopy is simply denoted Le(canopy). G(hv) and G(hs) are
the fraction of total foliage area that is perpendicular to the

view zenith angle hv and the solar zenith angle hs, respec-
tively. As mentioned above, the solar zenith angle was 75j,
69j, and 76j for the SOBS, SYJP, and SOBS sites,

respectively, and the view zenith angle was assumed to be

zero for all three sites. Due to the large solar zenith angle

and large ellipticity of the tree crown (the ratio of the

vertical radius to the horizontal radius), especially for the
Fig. 4. The correlation between the field-measured LAI and the LAI derived from

SOJP sites.
black spruce canopy, Cs is much greater than Cnadir (or Cv),

and thus, Ts is much smaller than Tv. We therefore approx-

imated Eq. (2) as follows:

G ¼ FcsTv þ Fos ¼ Cvð1� CsÞexpð�GðhvÞLeÞ

þ ð1� CvÞð1� CsÞ; ð9Þ

and

Le ¼ � 1

GðhvÞ
½lnðG� ð1� CvÞð1� CsÞÞ

� lnðCvð1� CsÞÞ�; ð10Þ

LeðcanopyÞ ¼ � Cv

GðhvÞ
lnðG� ð1� CvÞð1� CsÞÞ½

� lnðCvð1� CsÞÞ� ¼ � Cv

GðhvÞ

�
�
lnG� ln

G

G� ð1� CvÞð1� CsÞ

� lnðCvð1� CsÞÞ
�
: ð11Þ

Although the canopy LAI is not exactly a simple logarith-

mic function of G as expressed in Eq. (11), some insight is

provided about the slope and offset obtained above. The

slope is always negative. The offset can be positive or

negative, depending mainly upon the contribution of the

between-crown gap probability on the fraction of sunlit

snow. For the SOBS sites, the ellipticity of the Old Black

Spruce crown is much larger than that of the jack pine

crown in the SYJP and SOJP sites, and thus, between-crown

gap probability in the SOBS site tends to be smaller than

that in the SOJP and SYJP sites. The offset is therefore

expected to be a greater value for both the SYJP and the

SOJP sites than the SOBS site.

Based on the empirical equations obtained by curve

fitting the field-measured LAI to the sunlit snow fraction

(shown in the plots of Fig. 3), the canopy LAI was

estimated for the SOBS, SYJP, and SOJP sites. The

resulting LAI images are shown in the right panels of
linear spectral mixture analysis along the transect for the SOBS, SYJP, and
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Fig. 1. As the images show, the canopy LAI images follow

the spatial patterns exhibited by the colour composite

images. For example, the dense canopy area (dark red in

the colour composite image) has high canopy LAI (bright

in the LAI image). The estimated canopy LAI along the

transect was then compared with the field-measured LAI

(Chen et al., 1997), and the results are shown in Fig. 4.

The R2 correlation between the estimated LAI and the

field-measured LAI is 0.54, 0.71, and 0.60 for the SOBS,

SYJP, and SOJP sites, respectively. The relative root mean

square error (rmse, relative to the field-measured LAI)

between them is 0.27, 0.057, and 0.042 for the SOBS,

SYJP, and SOJP sites, respectively. It is clear that although

the correlation between the estimated LAI and the field-

measured LAI is strong for all three sites, the relative rmse

between them is quite large for the SOBS site. The Old

Black Spruce crown clusters tightly, and the ellipticity of

the tree crown is very large. These features of the SOBS

canopy may raise problems in the application of the linear

spectral analysis due to the linear assumption, an issue that

has been addressed in the FLIM-CLUS algorithm pre-

sented by Fernandes et al (2000).

As mentioned earlier, we produced the LAI images for

the same flux tower sites in an earlier study using a

canopy reflectance model, FLIM (Hu et al., 2000). Com-

parisons between the results obtained in this study and

those presented in Hu et al. (2000) are presented in Fig. 5,

which shows that an R2 correlation of the canopy LAI of

the target pixels is 0.94, 0.92, and 0.63 for the SOBS,

SYJP, and SOJP sites, respectively. The comparison indi-

cates good consistency of the canopy LAI obtained using

the two approaches. Presumably, this is because the FLIM

model expresses the reflectance of the scene viewed by

the sensor as the weighted sum of the ground reflectance

and the reflectance of a homogeneous and infinitely deep

forest canopy. That is, the FLIM model is a linear mixture

model as well. Since the FLIM model is a physical model,

the results may also imply that the derived empirical

equation based on the data along transects can be applied

across the entire area around the tower for the investigated

tower sites.
Fig. 5. The correlation between the canopy LAI obtained by the linear mixture a
3. Derivation of the canopy LAI from CASI summer

images using the linear mixture analysis

In our previous study (Hu et al., 2000), we performed a

sensitivity analysis based on the FLIM (Hu et al., 2000),

which indicated that the at-canopy reflectance is more

sensitive to the understory reflectance than to the canopy

LAI at the CASI viewing geometry (nadir observation). This

result challenges the viability of LAI retrievals using the

canopy reflectance model with the summer image data

where the understory reflectance exhibits evident spatial

variations in the boreal forest sites investigated. The CASI

summer image over the SOBS site was used to investigate

the effect of the understory reflectance on the retrieval of the

canopy LAI using the FLIM. The R2 correlation between the

field-measured LAI and the retrieved LAI, with the assump-

tion that each understory vegetation had a uniform reflec-

tance for each understory vegetation (feather moss or

sphagnum), was as low as 0.27. The R2 correlation in-

creased to 0.78 when the understory reflectance was allowed

to vary within the range of the mean value plus or minus its

standard deviation obtained by field measurement (Miller et

al., 1997).

In this study, we investigated the possibility to use linear

mixture analysis described above to derive the canopy LAI

from a CASI summer image for the SOBS site. The CASI

summer image over the SOBS site was obtained on July 30,

1996 with a spatial resolution of 2 m. It had 16 spectral

bands ranging from 412.5 to 935.3 nm. The solar zenith

angle was 45j, and the view zenith angle was F 7j from

nadir and was treated as nadir. The CASI 2-m summer

images over the SOBS site were spatially degraded into

images with a spatial resolution of 10 m to be used to derive

the canopy LAI. Because there are much higher sun

elevation angles in the summer (typically >60j) than in

the winter ( < 20j), 10-m pixels in the summer data contain

both sunlit crowns and their shadows cast on the ground.

Following the procedure described above, the spatially

degraded CASI summer image was first segmented into

OBS pixels and non-OBS pixels using band 11 (774.6 nm),

band 7 (677.4 nm), and band 5 (645.2 nm). Then, principal
nalysis and that obtained by the inversion of the FLIM (Hu et al., 2000).



Fig. 6. The endmembers and their spectra derived from the CASI summer

image over the SOBS site.
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component analysis (PCA) was performed to the OBS

pixels based on bands 2–15 (from 442.9 to 869.3 nm).

The first two principal components were found to contain

98.8 % of the information. Accordingly, the first two

principal components were used to estimate the endmem-

bers and their spectra. The upper panel in Fig. 6 shows the

OBS pixels in the 2-D space composed by the first two

principal components. Like the CASI winter data, in the

CASI summer data, the first principal component is associ-
Fig. 7. Panel A: The CASI summer colour composite image with band 11 (774.6 n

blue. Panel B: The canopy LAI estimated by the empirical equation obtained by

analysis. Panel C: The correlation between the estimated LAI and the field-meas
ated with brightness of the scene, and the second one

presents its greenness. Using the convex geometry method

employed for the winter data, we obtained the three end-

members, and their spectra are shown in the bottom panel of

Fig. 6. The sunlit understory pixels could not be found in the

summer data. To find the endmembers, three lines were

drawn through two points of the convex hull on sides A, B,

and C, respectively. These points were selected to minimize

the area of the triangle formed by these three lines among all

possible triangles enclosing the data cloud. The intersected

points between these three lines are the endmembers. As

expected, the reflectance of the sunlit understory has a

higher reflectance in the visible band and lower reflectance

in the near-infrared band than the sunlit OBS crown,

consistent with measurements of Miller et al. (1997).

Solving Eq. (1) based on the estimated endmember spectra,

we obtained the fractions of sunlit understory, shadow, and

sunlit OBS crown.

The relation between the sunlit understory and field-

measured LAI along the transects (Chen et al, 1997) were

also investigated. The R2 correlation between the sunlit

understory and field-measured LAI is 0.27 for transect A,

0.23 for transect B, and 0.019 for transect C. The results

indicate that it is problematic to retrieve canopy LAI from

the CASI summer data using the linear mixture analysis at a

spatial resolution of 10 m. Two possible factors explain this

observation. First, the understory reflectance varies across

the whole scene, violating the assumption of constant

endmember spectra in linear mixture analysis. Second, there

are inaccuracies in the spatial co-registration of the CASI

imagery and the field transects, and the assumption that a

10-m resolution is consistent with LAI field data collected

with the LAI-2000 is not assured.

Considering that the variation of both the understory and

overstory reflectance tends to decrease when the spatial

resolution decreases, there is a potential to retrieve the
m) displayed as red, band 7 (677.4 nm) as green, and band 5 (645.2 nm) as

the field-measured LAI and the fraction of sunlit snow from linear mixture

ured LAI along the transect. The spatial resolution of the images is 30 m.
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canopy LAI from the summer image at a coarser spatial

resolution, such as 30 m. To explore this idea, we repeated

the above analysis for the summer data at a spatial resolu-

tion of 30 m. This was accomplished by spatially degrading

the 2-m summer data to 30 m. The field-measured LAI was

also averaged for our analysis at the spatial resolution of 30

m, which reduces the variation of the canopy LAI, caused

by measurement errors. The R2 correlation between the

fraction of sunlit understory and the field-measured LAI

increased to 0.60.

Based on the empirical equation obtained by the curve

fitting (shown in the plots in Fig. 6), we estimated the

canopy LAI for this site. The resulting LAI image is shown

in Panel B of Fig. 7. As the image shows, the canopy LAI

image follows the spatial patterns exhibited by the colour

composite image shown in Panel A of Fig. 7. The estimated

canopy LAI along the transect was compared with the field-

measured LAI (Chen et al, 1997), and the result is shown in

Panel C of Fig. 7. The R2 correlation between the estimated

LAI and the field-measured LAI is 0.57. This result is

similar to that obtained from CASI winter data.
4. Discussion and conclusions

In this study, linear mixture analysis was applied to CASI

winter imagery to derive the fraction of sunlit crown, sunlit

snow, and shadow for the SOBS, SYJP, and SOJP flux

tower sites. It was used to obtain the canopy LAI for these

flux tower sites as well. The methodology that was proposed

in this study could be used to analyse airborne and space-

borne multispectral imagery. Segmentation of the whole

image into target and nontarget pixels at each flux tower

site can facilitate the selection of the endmembers, because

it limits the number of the endmembers. Segmentation also

makes the spectra of the endmembers distinct from each

other. The segmentation approach can be extended to the

processing of remotely sensed imagery covering several

overstory canopies. For such a case, these different over-

story canopies are first identified, and then linear mixture

analysis is performed for each overstory canopy.

The convex geometry method was used to select end-

members in this study. This approach is effective and easy to

understand, and neither pure pixels nor a spectrum library is

needed. However, at present, this approach is suitable only

for cases with a small number of endmembers (Craig, 1990).

This limitation can be overcome by segmenting the image

into different areas.

The fraction of sunlit snow obtained by the linear

mixture analysis was demonstrated to have a higher corre-

lation with the field-measured canopy LAI along the trans-

ects for the SOBS, SYJP, and SOJP sites (Chen et al., 1997)

than the fraction of sunlit crown or the fraction of shadow.

This conclusion is different from that derived by Hall,

Townshend et al. (1995), Hall, Shimabukuro et al. (1995),

Hall et al. (1996), and Peddle et al. (1999). In those studies,
the reflectance of the sunlit crown was estimated by geo-

metric optical canopy reflectance models, and the fraction of

shadow was selected as the best predictor of biophysical

parameters (such as biomass, LAI, and NPP). However, we

can also find some cases in their data where the fraction of

sunlit background is a better choice particularly for large

solar zenith angle. In our study, the reflectance of each of

the three endmembers was derived from the data them-

selves. Considering the large solar zenith angles used in our

work, our results are consistent with those obtained by Hall,

Townshend et al. (1995), Hall, Shimabukuro et al. (1995),

and Hall et al. (1996). However, our results also demon-

strate that for the SOBS site, the fraction of shadow cannot

be used to estimate the canopy LAI in the winter scene.

An empirical equation was obtained to calculate the

canopy LAI from the fraction of sunlit snow by fitting a

logarithmic function to the data (field-measured LAI vs.

fraction of sunlit snow) along the transect. The R2 correla-

tion between the field-measured LAI and the estimated LAI

is 0.54, 0.71, and 0.60 along the transects for the SOBS,

SYJP, and SOJP sites, respectively. The relative rmse

(relative to the field-measured LAI) between them is 0.27,

0.057, and 0.042 for the SOBS, SYJP, and SOJP site,

respectively. The large rmse for the SOBS site may be

because the at-canopy reflectance is not a linear sum of the

reflectance of sunlit crown, sunlit snow, and shadow. Since

the CASI image covers a relatively homogeneous area for

each flux tower site investigated, we used the empirical

equation obtained from the transect, describing the relation

between the canopy LAI and the fraction of sunlit snow, to

obtain the canopy LAI for other pixels. The canopy LAI for

the whole area around each tower is shown to have a good

consistency with that obtained by the inversion of the FLIM

(Hu et al., 2000) with a R2 of 0.94, 0.92, and 0.63 for the

SOBS, SYJP, and SOJP sites, respectively. Although the

results are encouraging, the spectral mixture analysis to LAI

retrieval is site dependent.

An alternative approach to obtaining the canopy LAI

from the fractions of sunlit snow, sunlit crown, and shadow

is to use a canopy model. Pure radiative transfer models,

such as SAIL model (Verhoef, 1984), have been developed

to describe the reflectance properties of agriculture cano-

pies. Pure geometric optical models, such as the Li and

Strahler (1992) model, assume that the tree crown is a solid

object. Most hybrid radiative transfer and geometric optical

models, such as the GORT model (Li, Strahler, & Wood-

cock, 1995), are not linear. As mentioned earlier, the FLIM

model treats the reflectance of the scene viewed by the

sensor as the weighted sum of the ground reflectance and

the reflectance of a homogeneous and infinitely deep forest

canopy. In this study, we investigated the use of the FLIM in

deriving the canopy LAI from the fractions of the three

endmembers. The correlation between the derived LAI and

the field-measured LAI along the transect is strong with a R2

correlation of 0.54, 0.70, and 0.60 for the SOBS, SYJP, and

SOJP sites, respectively. Since the FLIM considers neither
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the contribution of shadow nor the mutual shadowing of the

tree crowns to the at-canopy reflectance, the FLIM may not

be an optimum choice for this investigation. A better model

should be developed in future studies.

The CASI summer data over the SOBS site was also

employed to investigate the possibility of deriving the

canopy LAI from summer data using linear mixture analy-

sis. At a spatial resolution of 10 m, the correlation between

the field-measured LAI and the estimated LAI is small with

the R2 correlation less than 0.3. The R2 correlation increases

to 0.6 at a spatial resolution of 30 m. These results suggest

that it may not be possible to derive the canopy LAI from

the summer data at a spatial resolution of 10 m. This is

mainly due to the variation of the understory reflectance

across the scene or due to spatial misregistration of CASI

data due to limitation in the sensor navigational data as

deployed in the research project.

Overall, the canopy LAI derived from CASI winter

imagery and summer imagery with a spatial resolution of

30 m using linear spectral mixture analysis has a better

agreement with the field-measured LAI than that obtained

using vegetation indices using TM imagery for the same

area (Chen & Cihlar, 1996). The derived canopy LAI for the

SOBS, SYJP, and SOJP sites can be exploited by experts in

forest ecosystem functioning.
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