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Canopy radiative transfer models simulate the bidirec- model inversions by decreasing the number of observa-
tions required to retrieve canopy structural and biophysi-tional reflectance distribution function (BRDF) of vegeta-

tion covers with differing leaf and soil spectral and can- cal information from multiangle remotely sensed data.
Elsevier Science Inc., 1998opy structural characteristics. Numerical inversion of these

models has provided estimates of vegetation structural
and biophysical characteristics from multiangle, remotely INTRODUCTION
sensed optical data. The number of angularly unique ob-
servations compared to BRDF model parameters largely The spectral and angular dependence of photons reflected

off a surface is governed by the bidirectional reflectancedetermines the accuracy of retrievals. To increase this ra-
tio, additional observations of a target must be acquired distribution function (BRDF). In the specific case of vege-

tation canopies, this reflectance distribution is anisotropicand the BRDF models and inversions must be simplified.
The former will occur when the EOS instruments become and primarily a function of leaf optical properties, can-

opy architecture, soil surface attributes, illumination con-available. Previous studies suggest that simplification of
BRDF model inversions may best be accomplished by ditions, and viewing geometry (Ross, 1981; Goel, 1988;

Shultis and Myneni, 1988; Myneni et al., 1988; Jacque-constraining the leaf optical parameters. This study fo-
cused on full-range (400–2500 nm) leaf and litter spectral moud et al., 1992). The spectral attributes of a plant can-
properties convolved to AVHRR, MODIS, and MISR op- opy are linked to scattering processes at the leaf level.
tical channels. Using a diverse array of woody plant and Leaf-level scattering varies with leaf structure, water
grass species, we found robust and readily usable interre- content, and the concentration of carbon constituents
lationships among spectra through correlation, regres- (e.g., lignin, cellulose, starch), chlorophyll, and nitrogen
sion, and principal components analyses. Significant dif- (Gates et al., 1965; Thomas et al., 1971; Wooley, 1971;
ferences between green leaf and litter optical properties Walter-Shea and Norman, 1991; Fourty et al., 1996; Jac-
and their sensor-specific interrelationships indicate that quemoud et al., 1996). Although the angular variation of
green leaf optical constraints may be useful with BRDF scattered photons at the canopy level is tied to leaf and
retrievals to detect the onset of canopy senescence. These soil spectral properties, it is highly dependent on canopy
findings will provide increased efficiency in canopy BRDF structural characteristics such as leaf area index and leaf

angle distribution (Goel, 1988; Myneni and Asrar, 1993).
Plant canopy radiative transfer (RT) models have ad-
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a canopy to a remote sensing instrument. In the most the ensemble of observations and Pfree is the number of
unconstrained canopy RT model parameters. Note thatgeneric RT modeling sense, the radiation received by a

sensor (R) at any given optical wavelength (k) can be this ratio alone does not determine the success or failure
of an inversion, as there is a strong dependence on othersummarized:
factors such as model parameter sensitivity and the in-

Rk,i5f(SKY,FOV,hs(i),us(i),hv(i),uv(i),P), (1) version technique itself. Nonetheless, an inversion is not
possible without a balanced ratio in Eq. (2).where

It is useful to constrain as many variables (P) thatP5{LAI,LAD,qk(leaf),sk(leaf),qk(soil)}. are not of interest as possible, either to decrease the
minimum number of observations required for an inver-SKY represents the atmospheric conditions at the time

of image acquisition, and FOV is the instantaneous field- sion [left side of Eq. (2)] or to increase the ratio of unique
observations to unconstrained variables as a safeguardof-view of the remote sensing instrument. Sun location

during a particular observation (i) is described by a ze- against erroneous retrievals resulting from parameter co-
dependence (Privette et al., 1994). Conversely, constraintnith and azimuth angle (hs(i), us(i)), and the sensor viewing

orientation is given by hv(i) and uv(i). P represents a set of model parameters can decrease the applicability of the
BRDF inversion method to new environments which isof tissue (e.g., leaf, stem) optical and canopy structural

characteristics. Modeled canopy structural attributes typ- one of the primary advantages of this physically based
method over empirical techniques (e.g., vegetation indi-ically include leaf area index (LAI) and leaf angle distri-

bution (LAD). Scattering processes are simulated using ces). BRDF parameter constraint can be achieved in two
ways: 1) by specifying a possible range of values for ameasured or modeled leaf reflectance and transmittance

[qk(leaf) and sk(leaf)] and soil reflectance [qk(soil)] prop- variable through theory and field measurements, and 2)
by finding relationships between variables that force themerties (e.g., Marshak, 1989; Jacquemoud et al., 1992).

Using remotely sensed data to sample the angular to systematically covary during the model inversion.
Retrieval of canopy structural (e.g., LAI) and bio-variation in the canopy BRDF, radiative transfer models

can be inverted to estimate vegetation structural and bio- physical (e.g., fAPAR) characteristics via BRDF model
inversions represents a major step in remote sensing ofphysical characteristics such as LAI and the fraction of

absorbed photosynthetically active radiation (fAPAR) terrestrial vegetation, with subsequent benefits for bio-
sphere-atmosphere and biogeochemical modeling efforts(e.g., Goel and Thompson, 1984; Privette et al., 1994;

Braswell et al., 1996; Privette et al., 1996). Inversion of (Asner et al., 1998; Wessman and Asner, in press). To
realize these goals, we seek ways in which canopy RTa canopy RT model is usually achieved numerically by

minimizing the difference between measured BRDF model parameters might be constrained or linked to im-
prove the retrieval of the most needed canopy informa-samples (e.g., satellite observations) and modeled canopy

reflectance values (Goel, 1988). An optimization routine tion (e.g., fAPAR, LAI; Running et al., 1994; Field et al.,
1995; Asner et al., 1998). We argue that, until futureminimizes a figure-of-merit function that represents this

difference between measured and modeled reflectances sensors become available for acquiring many samples (i)
of the canopy BRDF, practical limitations will require us(Fig. 1). The modeled leaf, soil, and canopy properties

leading to the successful minimization of the merit func- to choose between parameters of interest. Since canopy-
level parameters (e.g., LAI and fAPAR) are often of pri-tion are the retrieved parameters.

No remote sensing instrument will provide a com- mary interest to remote sensing scientists, biosphere–
atmosphere modelers, and ecologists, leaf optical proper-plete sampling of a surface BRDF, and previous studies

have highlighted the general lack of available satellite ob- ties tend not to be a direct goal of retrievals. This, of
course, does not hold true in efforts to retrieve canopyservations for efficient model inversions (Goel, 1988;

Privette et al., 1994; Braswell et al., 1996). Part of the chemical characteristics from remotely sensed hyperspec-
tral data (e.g., Wessman et al., 1988; Jacquemoud et al.,problem rests in obtaining an adequate number of satel-

lite observations with sufficiently unique Sun-view angles 1996). However, current and planned off-nadir looking
instruments employable for BRDF inversion methods do(hs(i),us(i),hv(i),uv(i)) to allow for the most accurate retrievals.

Given a limited sampling of the canopy BRDF and po- not have the high spectral resolution necessary for can-
opy chemistry estimates. Since LAI and LAD are ex-tential correlations between spectral bands, only a few

degrees of freedom tend to be available in satellite data. tremely heterogeneous within and among species in both
The minimum number of angularly unique observations space and time, leaf optical properties are the best candi-
(i) necessary for a retrieval also depends on the number dates for constraint in BRDF model inversions.
of unconstrained parameters in the BRDF model. These The NOAA Advanced Very High Resolution Radi-
limitations can be summarized in the ratio: ometer (AVHRR) is currently one of the few spaceborne

instruments capable of acquiring off-nadir radiance mea-fr.ig21:Pfree, (2)
surements with adequate repeatability for BRDF model
inversions (Barnsley et al., 1994). With two uncorrelatedwhere r is the number of uncorrelated spectral bands in
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Figure 1. The BRDF model inversion process: A figure-of-merit function (example given) lies
at the core of the inversion technique. It is used to minimize the difference between satellite
or aircraft measurements of the canopy BRDF and model output generated using the same op-
tical wavelengths and Sun-view geometries. All unconstrained model parameters are adjusted in
an iterative manner until the difference between measured and modeled reflectance values is
minimized. The parameters leading to the successful minimization of the merit function are
then considered “retrieved.”

optical channels (one visible, one near-IR) for vegetation, rior to that of the AVHRR, with 20 optical channels for
MODIS and four for MISR. Provided with seven landfour leaf optical property parameters (two reflectance,

two transmittance) are required to take full advantage of surface MODIS bands (Channels 1–7) or four MISR
bands, the potential exists for 14 and 8 free leaf-level op-a canopy BRDF model using AVHRR data. Braswell et al.

(1996) recently linked three leaf optical parameters con- tical parameters (1 refl. and 1 trans. value per optical
channel), respectively. These, in addition to canopy pa-volved to the AVHRR Channels 1 and 2 (NIR reflectance,

VIS and NIR transmittance) to VIS reflectance using a rameters such as LAI and LAD, would result in a very
large model parameter set [P in Eq. (2)], making an in-principal components analysis, and thus decreased the

critical number of observations (i) required for a success- version using all optical channels very difficult.
Leaf spectral properties and their interrelationshipsful model inversion. However, the leaf optical property

interrelationships observed by Braswell et al. (1996) were over the full optical range (400–2500 nm) have not been
well quantified for a wide range of species under fieldderived from a study of only a few plants grown in green-

house (water and fertilizer) conditions, and thus the gen- conditions. Even less is known of the variability across
environmental gradients. These shortcomings signifi-eral applicability of these relationships remains unknown.

The Moderate Resolution Imaging Spectrometer cantly limit canopy BRDF model inversion efforts. Based
on the demonstrated need for reducing the number of(MODIS) and the Multi-angle Imaging Spectroradiome-

ter (MISR), to be launched on the EOS AM-1 platform satellite observations required for accurate and efficient
canopy BRDF inversions, we initiated this study to in-in 1998, will also provide an off-nadir imaging capability.

These instruments will have a spectral resolution supe- crease our understanding of the variability and interrela-
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Table 1. Tree, Shrub, and Grass Foliage Samples Collected along a Climatic Gradient Extending from Northern to
Southern Texas

Site Resource Location Annual Growing Woody Dominant
Name Area1 (latitude) PPT (mm) MAT (8C) Season (d) Cover (%) Vegetation

Vernon2 Rolling Plains 338579N 620 17 220 10–30 Prosopis glandulosa
savanna grassland

Sonora3 Edwards Plateau 308109N 575 20 240 10–30 Quercus-Juniperus
savanna parkland

La Copita4 Rio Grande Plains 278409N 680 22 290 30–70 Prosopis-Acacia
savanna parkland

PPT5precipitation; MAT5mean annual temperature. For detailed summaries of climate, soils, and vegetation see: 1 McMahon et al. (1984),
2 Heitschmidt et al. (1986), 3 Amos and Gehlbach (1988), and 4 Archer (1995).

tionships among leaf optical properties across a wide bags to maintain leaf moisture. All measurements on
range of plant species, genera, lifeforms, growthforms, woody and grass leaves were conducted within 15 min
and functional groups along a pronounced climate gradi- of sample collection in the field.
ent. We also analyzed the optical properties of standing Hemispherical reflectance and transmittance values
litter tissue because of its significant contribution to (400–2500 nm) were obtained using a field spectroradi-
ground cover in grasslands, savannas, shrublands, and ometer (FieldSpec FR, Analytical Spectral Devices, Inc.,
woodlands. Our specific objectives were: 1) Quantify the Boulder, Colorado), a BaSO4 integrating sphere (Licor-
variability in leaf and litter full-range (400–2500 nm) op- 1800, Licor, Lincoln, Nebraska), and a modified light
tical properties across a diverse array of tree, shrub, and source for full spectral range measurements. The spec-
herbaceous species; (2) explore the relationships among troradiometer acquires radiance measurements in 1.4 nm
leaf and litter optical properties in AVHRR optical chan- intervals within the visible/NIR spectral range and 2 nm
nels for potential constraint in canopy BRDF inversions; intervals in the shortwave IR (SWIR) region. Each leaf
and (3) document interrelationships among leaf optical reflectance and transmittance measurement was com-
properties in MODIS and MISR optical channels. prised of a 200 spectrum average. A modified version of

the Daughtry et al. (1989) method for spectral analyses
of conifer needles was used for the grasses and leafletsMETHODS
of woody species (e.g., Acacia and Prosopis) that did not

Field Data Collection completely cover the sample port on the integrating
sphere. We also used the approach of Middleton et al.Leaf spectral measurements were obtained from three
(1996) and Mesarch et al. (in review) to decrease the gapsavanna ecosystems that occur along a 900 km north–
fraction between leaf samples in the sample port to lesssouth climatic gradient in Texas, USA from October 20

to 30 1996 (Table 1). Each of these savanna sites con- than 20%, and thus minimize errors in transmittance
tained a spatially heterogeneous mix of grasses and measurements. Only the adaxial surfaces of all leaf and
woody plants. Many of the genera sampled also occur in litter samples were measured.
savannas, shrublands, grasslands, and woodlands of South
America, Africa, and Australia. The woody species sam- Variability in Leaf and Litter Hyperspectral Data
pled were from diverse taxonomic families and repre- Analysis of the variability in leaf optical properties across
sented plant functional groups which varied in stature the 400–2500 nm spectral range was first conducted to(arborescents to subshrubs), leaf longevity (evergreen to

determine potential differences between plant species,deciduous), leaf texture/thickness (malacophyllous to co-
genera, lifeform, growthform, and functional groups. Ariacous to sclerophyllous), pubescence, and leaf nitrogen
total of 335 samples from 38 different tree, shrub, andcontent (.3% for some leguminous shrubs; ,1% for ev-
grass species were compared. The mean and standardergreen sclerophylls). The dominant grasses across the
deviation of the adaxial reflectance and transmittance val-three sites were of the C4 photosynthetic pathway, but
ues within a vegetation type was compared with thesome locally abundant C3 grasses were also sampled for
woody plant and grass group averages using standardcomparison. Plant nomenclature follows Hatch et al.
t-tests at each wavelength.(1990).

For woody species, 5–10 branches (each containing
AVHRR Channel 1 and 2 Relationshipsmany leaves) were clipped from sunlit positions of ma-
Leaf and standing litter spectral measurements wereture plants, placed in airtight polyethylene bags, and
convolved to the AVHRR Channel 1 (visible) and 2stored in a cooler. For grasses, whole clumps (including

some roots and soil) were removed and stored in airtight (near-IR) spectral response curves as follows:
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Table 2. MODIS and MISR Optical Channels, Band
Centers, and Bandwidths Used to Convolve Leaf and Litter
Reflectance and Transmittance Measurements

Center
Wavelength Bandwidth

Instrument Channel (nm) (nm)

MODIS 1 645 50
2 859 35
3 469 20
4 555 20
5 1240 20
6 1640 24
7 2130 50

MISR 1 443 35
2 555 20
3 670 15
4 865 40

and the bounds of the function were determined using

bu5c1(1.5·w)
bl5c2(1.5·w) (6)Figure 2. AVHRR Channel 1 (visible) and Channel 2 (NIR)

spectral response functions. Channel 1 is shown with a dash-
where bu and bl represent the truncated upper and lowerdot line, and Channel 2 is shown with a solid line.
bounds of the Gaussian function and w is the published
band width.

Since MODIS Channels 8–20 are highly correlated
to Bands 1–7 for vegetation targets, all analyses wereqq5

#
k
q(k)·Sq(k)

#
k
Sq(k)

, (3)
limited to the first seven channels (Table 2). These chan-
nels are already considered the primary land applicationwhere q is the sensor channel and S is the response
spectral bands (Ardanuy et al., 1991; Running et al.,weight at wavelength k (Fig. 2).
1994). Following the band convolution for each MODISPearson Product Moment correlation and least channel, mean reflectance and transmittance values andsquares regression analyses were used to reveal potential
correlation matrices of the leaf and litter spectra wererelationships between Channel 1 and 2 adaxial reflec-
calculated. A principal components analysis was then usedtance and transmittance values. A principal components to assess the feasibility of allowing leaf optical propertiesanalysis (PCA) was then used to determine if leaf and
to covary with one or a few free leaf parameters. MISRlitter reflectance and transmittance values in Channels 1
Channels 1–4 were also modeled with the Gaussian func-and 2 (four parameters total) could be represented with tion [Eqs. (4)–(6); Table 2], and the correlation and PCAfewer than all four parameters in a canopy BRDF model.
tests were conducted.

MODIS and MISR Optical Channels
RESULTS AND DISCUSSIONActual MODIS and MISR spectral response curves were

not available at the time of this study. However, a Leaf and Litter Hyperspectral Variability
Gaussian function was used to extend the leaf and litter We were unable to find any consistent trends or differ-
optical properties analysis to MODIS and MISR optical ences in leaf optical characteristics by species, genera,
channels. Published band centers and widths (Ardanuy growthforms (e.g., trees vs. shrubs), or functional groups
et al., 1991) were used to compute a Gaussian function (e.g., nitrogen-fixing vs. nonfixing) (t-tests at each wave-
for each channel: length). There were many differences between woody plant

species at various wavelengths, but these differences weref(k)5exp12(c2k)2·FWHM2 , (4)
inconsistent even among samples within a single species.
The variability within genera, growthform, and functionalwhere c is the center wavelength for a particular chan-
groups always exceeded that of any single species, but nonel. The full width of the Gaussian function at half-maxi-
single species was significantly different from thesemum was calculated as
groupings (t-tests by wavelength). Species representing the
woody growthforms were subsequently pooled for furtherFWHM5

1.665
w

(5)
analyses. Likewise, there were no consistent differences
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between species, genera, or by C3/C4 physiology within ties are dynamically stable along a pronounced climate
gradient (Table 1).the overall grass group. Again, the variance within any

given species tended to be less than that observed by ge- Correlation analyses of the entire leaf optical proper-
ties data set (woody species1grasses) in AVHRR Chan-nus or photosynthetic pathway (C3 vs. C4), but no general

trends or differences could be found. nels 1 and 2 revealed three significant relationships (Ta-
ble 4): 1) NIR reflectance was inversely related to VISMean leaf reflectance of the grass group was signifi-

cantly higher than that of the woody plant group through- transmittance; 2) NIR reflectance was inversely related
to NIR transmittance; and 3) VIS transmittance was pos-out the visible (400–700 nm) spectral region and consis-

tently lower in the NIR (700–1400 nm) region (t-tests, itively related to NIR transmittance. There were no sig-
nificant correlations between VIS reflectance and anyp,0.05, Fig. 3a). Reflectance values throughout the SWIR

(1400–2500 nm) region were similar between the woody other measurement.
Principal components analysis of the mean-correctedplant and grass groups. Greater variability in the NIR

and SWIR regions is indicative of differences in leaf wa- data indicated that 90% of the variance in the entire
(woody species1grass) data set could be explained by theter content, mesophyll structure, and organic chemistry

(Verdebout et al., 1994; Gao and Goetz, 1995; Fourty et first PC (Table 5). The eigenvector loading on PC 1 indi-
cated that the contribution of the VIS reflectance mea-al., 1996; Jacquemoud et al., 1996). No significant differ-

ences in transmittance values between woody plant and surement (20.004) was insignificant. This was consistent
with the narrow range of VIS reflectance values withingrass groups were found (Fig. 3b).

Grass litter optical properties were more variable in and among species (Table 3). PC 2 accounted for 8% of
the total variance, and, again, VIS reflectance was insig-comparison to green leaf material (Fig. 4). Standard devia-

tions in both reflectance and transmittance values reached nificant.
Variability of leaf reflectance in AVHRR Channel 1a maximum of 10% (absolute) in the 2000–2400 nm range.

Among grass litter samples, the strong absorption fea- (VIS) was quite small (Table 3), uncorrelated with the
other three measurements (Table 4), and contributed lit-tures associated with living chlorophyll in the visible re-

gion (z450 and 680 nm) are absent, and several SWIR tle to the total variance in the data (Table 5). As a result,
it can be treated as a constant (z9% for woody speciesfeatures related to lignin and cellulose content are evident

(Fourty et al., 1996). The lower water content in litter rel- and z12% for grasses) in canopy RT models. In RT
model inversions, VIS reflectance can be constrained toative to fresh leaf material allows these organic chemical

features (e.g., lignin at z2380 nm) to emerge in the spec- a very narrow range (e.g., 7–11% includes four standard
deviations for woody species), reducing the number oftra (Verdebout et al., 1994; Jacquemoud et al., 1996).
totally free leaf optical parameters to three. Further-
more, because VIS and NIR transmittance parametersAVHRR Channel 1 and 2 Relationships
were highly correlated with each other (r50.93; TableWoody plant and grass spectra convolved to AVHRR
4) and both were highly correlated with NIR reflectanceChannels 1 (VIS) and 2 (NIR) are shown in Table 3. The
(r520.78 and 20.81), the group of four leaf parametersgreatest variability in reflectance and transmittance oc-
can be reduced to one free parameter: NIR reflectance.curred in the NIR channel. Grasses had higher VIS re-
Least squares regression analyses between these corre-flectance and lower NIR reflectance and transmittance
lated bands yielded the following relationships:values than the woody plant group, although only the

VIS reflectance difference was statistically significant sNIR50.3011.80(sVIS), r250.86,
(t-tests, p,0.05). The consistent VIS spectral properties sNIR50.8821.08(qNIR), r250.62,
across the wide variety of species examined in this study sVIS50.3220.58(qNIR), r250.66. (7)
may be the result of offsetting biophysical properties as-

Another approach utilizes the PCA results more di-sociated with leaf thickness, chlorophyll concentration,
rectly. Since 90% of the variance in the AVHRR leaf op-and other factors that interact dynamically to maintain
tical data was explained by the first PC, any one parame-leaf optical properties within narrow ranges. For exam-
ter can be written in terms of the remaining three usingple, leaves in full sunlight conditions tend to be thicker
the eigenvectors of PC 1 and the mean-corrected reflec-but have less chlorophyll per unit leaf mass, whereas
tance and transmittance values (Braswell et al., 1996).leaves from shaded portions of the canopy tend to be
For example, VIS reflectance (qVIS), VIS transmittancethinner with higher chlorophyll per unit leaf mass (Poorter
(sVIS), and NIR transmittance (sNIR) can be approximatedet al., 1995). Several studies have demonstrated that
in terms of NIR reflectance (qNIR) asstrong gradients of light intensity (e.g., vertical location

in canopy), leaf mass and thickness, and chlorophyll con-
qVIS≈

e1

e2
qNIR11qVIS2

e1

e2
qNIR2,centration fail to contribute to significant variation in leaf

optical properties at visible wavelengths (Lee and Gra-
ham, 1986; Fetcher et al., 1994; Poorter et al., 1995). sVIS≈

e3

e2
qNIR11sVIS2

e3

e2
qNIR2,Our results further suggest that VIS leaf optical proper-
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Table 3. Variability of Tree, Shrub, and Grass Leaf Optical Properties in AVHRR Channel 1 (VIS) and Channel 2 (NIR)a

Reflectance Transmittance

Life Form Species VIS NIR VIS NIR

Trees/shrubs Acacia berlandieri (L)* 0.07 (0.00) 0.39 (0.02) 0.03 (0.01) 0.32 (0.04)
Acacia farnesiana (L)* 0.09 (0.00) 0.41 (0.02) 0.07 (0.02) 0.35 (0.02)
Acacia greggii (L) 0.08 (0.01) 0.43 (0.04) 0.02 (0.02) 0.31 (0.02)
Acacia rigidula (L)* 0.08 (0.01) 0.39 (0.04) 0.04 (0.02) 0.36 (0.02)
Acer negundo 0.10 (0.01) 0.40 (0.02) 0.08 (0.02) 0.44 (0.02)
Celtis reticulata 0.09 (0.01) 0.46 (0.03) 0.05 (0.02) 0.39 (0.04)
Cercis canadensis (L) 0.08 (0.01) 0.42 (0.02) 0.08 (0.00) 0.43 (0.01)
Colubrina texensis 0.09 (0.01) 0.42 (0.01) 0.06 (0.00) 0.43 (0.01)
Diospyros texana 0.08 (0.01) 0.47 (0.01) 0.04 (0.01) 0.37 (0.02)
Forestiera angustifolia 0.09 (0.01) 0.48 (0.01) 0.06 (0.01) 0.40 (0.01)
Leucaena retusa (L) 0.09 (0.01) 0.42 (0.01) 0.08 (0.01) 0.46 (0.01)
Lonicera albiflora 0.08 (0.00) 0.44 (0.01) 0.08 (0.01) 0.45 (0.01)
Mahonia trifoliolata (EG-S) 0.09 (0.01) 0.44 (0.02) 0.03 (0.01) 0.31 (0.03)
Morus microphylla 0.08 (0.01) 0.41 (0.01) 0.07 (0.01) 0.44 (0.00)
Populus angustifolia 0.09 (0.00) 0.46 (0.01) 0.03 (0.00) 0.34 (0.01)
Prosopis glandulosa (L) 0.08 (0.00) 0.36 (0.02) 0.06 (0.03) 0.39 (0.03)
Quercus buckleyi 0.08 (0.01) 0.42 (0.01) 0.08 (0.00) 0.45 (0.01)
Quercus gambelii 0.08 (0.01) 0.42 (0.01) 0.07 (0.02) 0.40 (0.02)
Quercus pungens (EG-S) 0.08 (0.00) 0.47 (0.01) 0.05 (0.00) 0.38 (0.01)
Quercus virginiana (EG-S) 0.09 (0.00) 0.47 (0.01) 0.03 (0.00) 0.33 (0.01)
Rhus aromatica 0.09 (0.01) 0.43 (0.01) 0.07 (0.01) 0.41 (0.02)
Rhus microphylla* 0.10 (0.01) 0.41 (0.02) 0.07 (0.02) 0.35 (0.02)
Sophora secundiflora (EG-S) 0.09 (0.00) 0.52 (0.02) 0.02 (0.00) 0.32 (0.02)
Ungnadia speciosa 0.09 (0.01) 0.41 (0.01) 0.12 (0.01) 0.48 (0.01)
Zanthoxylum fagara (EG-NS) 0.08 (0.01) 0.42 (0.02) 0.06 (0.01) 0.39 (0.08)

All Trees/Shrubs (n5230) 0.09 (0.01) 0.43 (0.04) 0.06 (0.03) 0.39 (0.06)

Grasses Agropyron cristatum (C3) 0.12 (0.01) 0.42 (0.01) 0.08 (0.02) 0.36 (0.01)
Aristida purpurea 0.10 (0.00) 0.35 (0.01) 0.05 (0.00) 0.36 (0.01)
Bothriochloa ischaemum 0.14 (0.01) 0.37 (0.00) 0.06 (0.00) 0.36 (0.00)
Bouteloua curtipendula 0.12 (0.01) 0.36 (0.02) 0.05 (0.01) 0.38 (0.01)
Bouteloua rigidiseta* 0.12 (0.01) 0.37 (0.02) 0.07 (0.01) 0.39 (0.01)
Cenchrus ciliaris* 0.10 (0.00) 0.38 (0.00) 0.05 (0.00) 0.40 (0.01)
Chloris pluriflora 0.12 (0.01) 0.36 (0.02) 0.05 (0.01) 0.39 (0.01)
Erioneuron pilsoum* 0.13 (0.01) 0.37 (0.01) 0.06 (0.00) 0.37 (0.00)
Hilaria belangeri* 0.11 (0.00) 0.33 (0.02) 0.04 (0.00) 0.31 (0.01)
Schizachyrium scoparium 0.10 (0.00) 0.35 (0.01) 0.05 (0.00) 0.36 (0.00)
Sorghastrum nutans* 0.14 (0.01) 0.38 (0.02) 0.06 (0.02) 0.41 (0.01)
Stipa leucotricha (C3) 0.12 (0.02) 0.41 (0.01) 0.08 (0.02) 0.37 (0.01)
Tripsacum dactyloides 0.10 (0.01) 0.40 (0.01) 0.05 (0.00) 0.44 (0.01)

All Grasses (n5105) 0.12 (0.01) 0.38 (0.03) 0.06 (0.02) 0.37 (0.03)

a Means are given with standard deviations in parentheses. n510 per species unless an asterisk (*) indicates n55. Plant nomenclature follows Hatch
et al. (1990). L5leguminous species; EG-S5evergreen species with sclerophyllous (thick, waxy cuticle) leaves; EG-NS5evergreen species without
sclerophyllous leaves. Tree/shrub species without notation are deciduous. C35grass with C3 physiology. Grasses without notation have C4 physiology.

within a species was slightly less than that observed for
sNIR≈e4

e2
qNIR11sNIR2

e4

e2
qNIR2, (8) all litter data combined, and no channel was more con-

sistent than another channel. Variable decay rates and
where the ei are the weights of the eigenvector associ- microclimate differences result in significantly different
ated with the first PC (row 1 of Table 5), and q and s spectral properties at virtually all optical wavelengths
are the mean reflectance and transmittance values of the (Fig. 4).
AVHRR-convolved leaf optical data set (Table 3). In ef- The correlation matrix of the AVHRR-convolved litter
fect, this method of collapsing the number of free pa- spectra was much different than that obtained for green
rameters (Pfree) could reduce the number of required leaf optical properties (Table 4). Significant correlations
unique Sun-satellite view observations (i) by three as occurred between VIS and NIR reflectance (r50.78) and
well [Eq. (2)]. between VIS and NIR transmittance (r50.89). A signifi-

Grass litter spectral properties were highly variable cant but less robust relationship occurred between NIR
reflectance and NIR transmittance (r520.55). The firstin both AVHRR optical channels (Table 6). Variability
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Table 4. Correlationa Matrices for Green Leaf (Woody Plant1Grass) and
Grass Litter Reflectance and Transmittance Values Convolved to AVHRR
Channels 1 (VIS) and 2 (NIR)

VIS Refl. NIR Refl. VIS Tran. NIR Tran.

Leaf
VIS Refl. — 0.06 0.15 20.0
NIR Refl. — 20.81* 20.78*
VIS Tran. — 0.93*
NIR Tran. —

Litter
VIS Refl. — 0.78* 0.33 20.08
NIR Refl. — 20.20 20.55*
VIS Tran. — 0.89*
NIR Tran. —

* P,0.0001.
a Pearson Product Moment Method.

two principal components explained 54% and 44% of the convolved to MISR channels are shown in Table 7. We
will discuss only those correlations above or below thevariance, respectively (Table 5). Because all four leaf op-

tical parameters contributed significantly to either PC 1 60.50, p,0.05 threshold (bold values in Table 7b) since
or PC 2, the PCA method outlined in Eq. (8) would not relationships of lesser strength are unlikely to be directly
be accurate for senescent grass canopies. useful for narrowing the number of free leaf parameters

The fact that green and senescent foliage must be in a BRDF model inversion. Based on this threshold,
treated differently in BRDF inversions may create re- MISR Bands 1 and 2 (blue and green spectral regions)
trieval problems when canopies begin to shift from a were each correlated with Band 3 (red), suggesting that
photosynthetically active to senescent (e.g., with stress or additional visible wavelength bands will not increase the
phenology) status. This may, in fact, indicate the possibil- observation:free parameter ratio [Eq. (2)] when moving
ity of detecting the onset of canopy senescence using from the AVHRR to MISR. As with the AVHRR bands,
BRDF inversion methods. Errors will be most evident the NIR channel (4) was correlated with all transmit-
early in the shift from live to dead standing biomass be- tance measurements, and the transmittance measure-
fore canopy-level structural characteristics (e.g., LAI) ments were highly correlated amongst themselves.
change significantly. In canopies comprised of a hetero- The PCA indicated 99% of the total variance was ex-
geneous mix of live and dead leaf tissue (e.g., late season plained by the first principal component (Table 7c).
grasslands), only the consistently high correlation be- Bands 1 (blue) and 3 (red) played a very small role (small
tween VIS and NIR transmittance remains valid. eigenvector weights) in producing the first PC. Thus, it

appears that MISR Bands 2 (green) and 4 (NIR) would
MISR and MODIS Leaf Optical Properties be the most suitable (in terms of leaf optical parameters)

for use in BRDF inversions. From a spectral resolutionMean reflectance and transmittance, correlation analyses,
and principal components analysis of green leaf spectra perspective, MISR may not provide a significant im-

Table 5. Principal Components Analysis of Green Leaf (Woody Plant1Grass)
and Grass Litter Reflectance and Transmittance Properties Convolved
to AVHRR Channels 1 (VIS) and 2 (NIR)

Eigenvectors

Eigenvalue VIS Refl. NIR Refl. VIS Tran. NIR Tran.

Fresh leaf
PC 1 0.90 20.004 20.492 0.389 0.779
PC 2 0.08 20.020 20.860 20.080 20.504
PC 3 0.01 20.700 20.082 20.655 0.271
PC 4 0.01 20.713 0.108 0.643 20.257

Standing litter
PC 1 0.54 20.170 0.152 20.721 20.655
PC 2 0.44 20.848 20.468 20.105 0.225
PC 3 0.01 20.427 0.871 0.074 0.232
PC 4 0.01 20.263 20.005 0.681 20.683
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Table 6. Variability of Grass Litter Optical Properties in AVHRR Channels 1
(VIS) and 2 (NIR)a

Reflectance Transmittance

Speciesb VIS NIR VIS NIR

Agropyron cristatum (C3) 0.45 (0.04) 0.53 (0.04) 0.12 (0.04) 0.19 (0.04)
Aristida purpurea 0.41 (0.03) 0.50 (0.05) 0.18 (0.05) 0.23 (0.02)
Bothriochloa ischaemum 0.47 (0.03) 0.56 (0.02) 0.13 (0.03) 0.18 (0.03)
Bouteloua curtipendula 0.37 (0.06) 0.51 (0.04) 0.10 (0.04) 0.18 (0.04)
Bouteloua rigidiseta* 0.41 (0.04) 0.52 (0.03) 0.14 (0.02) 0.20 (0.03)
Cenchrus ciliaris* 0.49 (0.07) 0.59 (0.06) 0.08 (0.02) 0.14 (0.02)
Chloris pluriflora 0.39 (0.03) 0.50 (0.02) 0.15 (0.04) 0.27 (0.03)
Erioneuron pilsoum* 0.43 (0.02) 0.49 (0.04) 0.18 (0.03) 0.29 (0.03)
Hilaria belangeri* 0.34 (0.04) 0.56 (0.02) 0.12 (0.02) 0.20 (0.04)
Schizachyrium scoparium 0.44 (0.01) 0.51 (0.02) 0.24 (0.04) 0.30 (0.03)
Sorghastrum nutans* 0.46 (0.02) 0.54 (0.04) 0.20 (0.05) 0.23 (0.03)
Stipa leucotricha (C3) 0.35 (0.03) 0.57 (0.05) 0.11 (0.04) 0.18 (0.03)
Tripsacum dactyloides 0.30 (0.02) 0.50 (0.01) 0.06 (0.01) 0.17 (0.02)

All standing litter (n5105) 0.42 (0.08) 0.53 (0.05) 0.13 (0.07) 0.21 (0.07)

a Means are given with standard deviations in parentheses. n510 per species unless an asterisk
(*) indicates n55.

b C35grass with C3 physiology. Species without notation have C4 physiology.

provement over the AVHRR for canopy BRDF inver- tion of Eq. (8) enables the PCA approach to use any
number of sensor-convolved spectral bands:sions, but its angular resolution (nine view angles per

pass) will sharply enhance the use off-nadir measurements
qa5

eb

ea

qb11qa2
eb

ea

qb2 , (9)for BRDF methods.
The PCA relationships applied in Eq. (8) can be

where qa and qb are reflectances of any two leaf opticalanalogously applied for MISR using the eigenvector
parameters, qa and qb are the mean reflectance values ofweights in Table 7c to effectively reduce the number of

free leaf optical parameters. A more general representa- the entire data set in a given MISR band (Table 7a), and

Table 7. A) Mean (61 s.d.) Green Leaf (Woody Plant1Grass) Reflectance (R) and Transmittance (T) Values in MISR
Channels 1–4a; B) Correlation Values between Green Leaf Reflectance and Transmittance Properties; C) PCA of
All Leaf Data in MISR Channels

Channels

1R 2R 3R 4R 1T 2T 3T 4T

A. Mean (61 s.d.) Refl. and Trans.

0.06 0.12 0.06 0.45 0.01 0.09 0.03 0.41
(0.01) (0.02) (0.01) (0.05) (0.01) (0.04) (0.01) (0.06)

B. Correlation Matrixb

1R — 0.37** 0.64 20.11 20.23* 20.01 20.16 0.04
2R — 20.67** 20.21* 0.11 0.34** 0.20 0.16
3R — 0.04 20.24* 20.11 20.19 20.21*
4R — 20.68** 20.74** 20.67** 20.72**
1T — 20.75** 0.88** 0.65**
2T — 0.92** 0.92**
3T — 0.82**
4T —

C. Principal Components Analysis

Eigenvalue Eigenvectors

PC1: 0.99 20.083 20.169 20.099 20.706 20.013 20.142 20.052 20.658
PC2: 0.01 0.014 20.020 0.026 0.624 20.071 20.516 20.218 20.540

a Channel numbers correspond to the band centers and widths listed in Table 2.
b Pearson Product Moment Method.
* P,0.05, **P,0.0001.
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Table 8. A) Mean (61 s.d.) Grass Litter Reflectance (R) and Transmittance (T) Values in MISR Channels 1–4; B) Correlation
Values between Litter Reflectance and Transmittance Properties; C) PCA of Litter Data in MISR Channels

Channels

1R 2R 3R 4R 1T 2T 3T 4T

A. Mean (61 s.d.) Refl. and Trans.

0.18 0.33 0.45 0.55 0.03 0.08 0.15 0.22
(0.04) (0.08) (0.07) (0.05) (0.02) (0.05) (0.07) (0.07)

B. Correlation Matrixb

1R — 0.86** 0.75** 0.14 0.50 0.66* 0.66* 0.32
2R — 0.94** 0.53* 0.34 0.50* 0.36 20.08
3R — 0.73** 0.15 0.27 0.17 20.26
4R — 20.24 20.25 20.42 20.72**
1T — 0.93** 0.84** 0.68**
2T — 0.92** 0.71*
3T — 0.90**
4T —

C. Principal Components Analysis

Eigenvalue Eigenvectors

PC1: 0.98 20.209 20.391 20.532 20.640 20.036 20.096 20.179 20.259
PC2: 0.02 0.102 0.023 20.154 20.355 0.290 0.468 0.547 0.486

a Channel numbers correspond to the band centers and widths listed in Table 2.
b Pearson Product Moment Method.
* P,0.05, **P,0.0001.

ea and eb are the eigenvector weights of the first principal yond those provided by MISR for use in canopy BRDF
component corresponding to the leaf parameters (Table inversions. These channels (5–7) are centered at 1240
7c). Similar equations can be written for transmittance nm, 1640 nm, and 2130 nm (Table 2). The correlation
parameters as shown in Eq. (8). From these analyses, it and principal components analyses for leaf and litter
appears that four free leaf optical parameters (assuming spectra convolved to MODIS Channels 1–7 are summa-
MISR Channels 2 and 4 are used) can be reduced to rized in Tables 9 and 10. Many of the previously de-
one free NIR Channel (4) reflectance variable. All others scribed relationships from the AVHRR and MISR chan-
can be constrained or linked in a similar manner to the nels apply to MODIS. Among green leaf spectra, the
AVHRR channels using the PCA weightings in Table 7c. three additional SWIR channels were correlated, al-

Correlation analyses of the litter spectra demon- though only Band 5/6 and Band 6/7 surpassed our
strated shifts in MISR band relationships from those threshold correlation value of 60.50, p,0.05. Channel 5
found using the green leaf spectral data (Table 8). Most was highly correlated with all transmittance measure-
of the correlations among transmittance parameters per- ments, but poorly correlated with Channel 7 reflectance.
sisted as did the Band 1/3 and 2/3 relationships. Several Although Band 6 and 7 reflectances were highly corre-
of the Band 4 (NIR) reflectance correlations with Bands lated, their correlations with reflectance and transmit-
1–3 transmittance were eliminated, while others between tance measurements in most other channels were poor.Bands 1–2 reflectance and Bands 2–3 transmittance

Principal components analysis demonstrated thatemerged. The first principal component accounted for
Bands 5–7 played a significant role in producing the first98% of the total variance. All reflectance (Channels 1–4)
PC for both green leaf (PC1599%; Table 9c) and litterand two of the transmittance (Channels 3–4) bands con-
(PC1597%; Table 10c) spectra. This finding, when com-tributed significantly to PC 1. As with AVHRR-convolved
bined with the correlation results, indicates these SWIRleaf spectra, changes in leaf optical properties associated
channels are generally sensitive to shifts from green towith canopy senescence could adversely influence LAI
senescent leaf material. Therefore, a combination of theseretrievals if constraints and linkages determined for
channels may be useful in adding observational informa-green leaf parameters are used in BRDF inversions.
tion for canopy BRDF model inversions that is uniqueAgain, this suggests the use of the green leaf optical cor-
from the AVHRR and MISR optical channels. The num-relations found in Table 7 (e.g., Channel 4 refl. vs. Chan-
ber of free MODIS leaf optical parameters that mightnel 1–3 trans.) in a BRDF inversion to detect the onset
be linked or constrained in an inversion depends uponof leaf senescence.
the number of channels used, and thus will not be sug-With the MODIS instrument, two to three addi-

tional and sufficiently unique channels are available be- gested here. Using Eq. (9), any number of parameters
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can be considered for linkage depending on the applica- ble to many woodlands, savannas, shrublands, and grass-
lands. The equations presented for the AVHRR leaf opticaltion and canopy type (e.g., live vs. senescent canopies).
properties are ready for use in current BRDF model in-
version efforts in ecosystems containing the species stud-CONCLUSIONS ied here. The PCA weighting results for MODIS and
MISR channels are also ready for use in Eq. (9) to re-Recent advances in BRDF model inversion techniques

have demonstrated the potential utility in using an inher- duce the number of leaf optical parameters when these
instruments become available for BRDF inverse model-ent sensor attribute—angular resolution—to quantify the

structural and biophysical attributes of vegetation (Gerstl, ing studies. We feel these relationships will allow the ra-
tio of unique observations to free model parameters to1990; Liang and Strahler, 1993; Privette et al., 1994; Bras-

well et al., 1996; Privette et al., 1996). At the same time, increase in a physically robust manner. Our current ef-
forts are centered on applying these findings to BRDFthese studies have established the need for improved an-

gular, spectral, and spatial resolution of off-nadir viewing inversions over these biomes. Beyond the vegetation
types represented in this study, it is unclear how broadlyinstruments for vegetation remote sensing (e.g., Asner et

al., 1997). In addition, the need for simplification of can- applicable these relationships will be, and thus, we are
currently acquiring leaf optical characteristics in otheropy BRDF models and BRDF model inversion tech-

niques has been highlighted. biomes.
Using a large leaf optical properties data set repre-

senting a diverse array of grass species and woody plant We sincerely thank Sam Fuhlendorf, Alan Townsend, and Ste-
ven Zitzer for assistance in collecting leaf and litter samples.growthforms, we showed that species within each vegeta-
Ann Bateson provided excellent comments and suggestions.tion type have similar leaf reflectance characteristics in
G. P. A. especially appreciates the help and warm receptionthe visible spectral region. However, visible-range re-
provided by ranchers, cowboys, and friends along the Texas sa-flectance differed significantly between the woody plant vanna–woodland transect. This work was supported by NASA

and grass groups. Both green leaves and litter were more Innovative Research Grant NAGW-4689, NASA EOS Interdis-
ciplinary Science Award NAGW-2662, and a NASA Earth Sys-variable in the NIR and SWIR regions of the spectrum.
tems Science Fellowship Award to G. P. A. The National CenterOnce convolved to AVHRR spectral response functions,
for Atmospheric Research is sponsored by the National Scienceleaf optical properties were successfully constrained and
Foundation.linked using correlation, regression, and principal com-

ponents analyses. The significant differences in AVHRR-
convolved green leaf and litter optical properties and in- REFERENCES
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