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Abstract, The percent cover of vegetation canopies is an important variable for many
land-surface biophysical and biogeochemical models and serves as a useful measure of
land cover change. Remote sensing methods to estimate the subpixel fraction of
vegetation canopies with spectral mixture analysis (SMA) require knowledge -of the
reflectance properties of major land cover units, called endmembers. However, variability
in endmember reflectance across space and time has limited the interpretation and
general applicability of SMA approaches. In this study, a subpixel vegetation cover of
comiferous forests in Oregon, United States, was successfully estimated by employing
shortwave infrared reflectance measurements (SWIR2 region, 2080—2280 nm) collected by
the NASA Airborne Visible Infrared Imaging Spectrometer (AVIRIS). The approach
presented here, referred to as AutoSWIR [Asner and Lobell, 2000, was originally
developed for semiarid and arid environments and exploits the low SWIR?2 variability of
materials found in most ecosystems. SWIR2 field spectra from Oregon were compared
with spectra from an arid systems database, revealing significant differences only for soil
reflectance. However, SWIR2 variability remained low, as indicated by ficld spectia and
principal component analysis, and AutoSWIR was then modified to use coniferous forest
spectra collected in Otegon. Subsequent high spatial resolution estimates of forest canopy
cover agreed well with estimates from low-altitude air photos (rms = 3%), demonstrating
the successful extension of AutoSWIR to 4 coniferous forest ecosystem. The generality of

AutoSWIR facilitates accurate estimates of vegetation cover that can be automatically
retrieved from SWIR2 spectral measirements collected by forthcoming spaceborne
imaging spectrometers such as NASA’s New Millenium Program EO-1 Hyperion. These
estimates can then be used to characterize landscape heterogeneity important for land-

surface; atmospheric, and biogeochemical research.

1. Introduction

Spatial heterogeneity of forest canopy cover plays a major
role in determining the flux of energy and materials between
the land surface and the atmosphere {e.g., Sellers et al., 1997,
Pielke et al., 1998]. 1t also affects the habitability and biological
diversity of ecosystems [Denslow, 1995]. Canopy cover is an
important parameter in a variety of land-surface biophysical
and biogeochemical models sensitive to landscape heterogene-
ity [e.g., Running et al., 1994; Bonan, 1995]. Numerous studies
have demonstrated the strong effect of surface heterogeneity
on factors such as hydrology [Ghan ef al., 1997], roughness
length [Olesor et al., 2000], and albedo [Rowe, 1993] which are
important for land-atmosphere interactions. For example,
Yang et al. [1999] showed that the arcal coverage of vegetation
strongly affects ground heat flux calculations critical to atmo-
spheric models. In addition, canopy cover is widely used in
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analyses of carbon storage deemed important for management
and policy development [Houghton et al., 1993].

Several studies have indicated that coniferous forests i tem-
perate and boreal biomes are especially important in the global
carbon cycle, since they currently contain 16-24% of the
world’s soil carbon [Gates, 1993] and are susceptible to global
warming [e.g., Sellers ef al., 1996]. However, unresoived heter-
ogeneity in vegetation propertics in these ccosystems can be
significant; Kimball et al. [1999], for instance, found that sub-
pixel-scale land cover complexity in boreal forests could lead to
annual net primary production (NPP) errors of more than 14%
using an ecosystem process model. In another study, Bonan ez
al. [1993] showed that landscape heterogeneity in coniferous
forests had a highly nonlinear effect on sensible heat and
evapotranspiration calculations, with errors as high as 46% and
15%, respectively. The ability to accurately estimate vegetation
cover in coniferous forests, and thereby constrain modéls used
to understand land-surface, atmospheric, and biogeochemical
processes, is of great importance in these régions. Remote
sensing is a relatively cheap and fast method for estimating
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Figure 1. Typical spectra of green canopy (dotted), litter
(solid), and bare soil (dashed) in SWIR2 region (20002400
nm). Primary causes of major spectral features are provided.

forest canopy cover across broad geographic regions, but pre-
vious studies show that functionally important cover variation
can occur at very high.spatial resolution, such as within image
pixels of just tens of square meters in size [e.g., Spanner et al.,
1990; Cohen ef al., 1990; Hall ef al., 1995]. This presents a

problem to studies focused on processes sensitive to forest gap .

fraction, stand density, and intercanopy spacing. .
Spectral mixture analysis (SMA) has proven useful for esti-
mating image subpixel land cover fractions from remotely
sensed data [e.g., Roberts et al., 1993; Smith et al., 1994; Bateson
and Curtis, 1996]. Two major assumptions of traditional SMA
approaches are as follows; (1) The total pixel reflectance is a
linear combination of the endmember reflectance; (2) the re-
flectance of each endmember does not vary across an immage.

While the first assumption has_provef) reasonable in many .
ecosystems at the landscape scale [Wessman er al., 1997; Vil-

lenueve et al., 1998], variability of endmember reflectance is a
major obstacle to accurately using SMA approaches [Price;
1994; Roberis et al., 1998; Bateson et al., 2000]. Endmember
variability can result from many factors, including changes in
vegetation species, architecture, and/or condition, soil proper-
ties, and shading effects [e.g., Ross, 1981; Myneni et al., 1989;
Jacquemoud et al., 1992; Pinty ef al., 1998]. Ultimately, this
variability impedes regional-scale analyses of vegetation cover
and associated processes such as disturbance response, both of
which are considered to be crucial in land-surface and atmo-
sphere analyses [Sellers et al., 1997]. .

In a study of arid and semiarid regions, Asner et al. [2000]
and Asner and Lobell [2000] showed that the reflectance vari-
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ability of major land cover types (e.g., green vegetation, senes-
cent vegetation, and soil) was dominated by variation in overall
albedo of the shortwave region from 400 to 2500 nm. They also
showed that the shape (or derivative) of the reflectance spectra
in the shortwave-infrared region (SWIRZ2) from 2080 to 2280
nm was consistent and distirict between land cover types (Fig-
ure 1). By normalizing the SWIRZ reflectance spectra to 2080 .
nm, the variability within green vegetation, litter, and soil end-
member classes was significantly rediiced; while the endmem-
ber classes themselves were distinct from one another. This
enabled the development of an automated spectral unmixing -
method for determining the fractional (image subpixel) cover
of green. vegetation, soils, and senescent vegetation (litter)
from SWIR2 hyperspectral reflectance measurements col-
lected by NASA's Airborne Visible-Infrared Imaging Spec-
trometer (AVIRIS).

While this model AutoSWIR [Aswner and Lobell, 2000] was
developed for arid and semiarid shrublands and grasslands, the
biogeophysical properties of the cover types that give rise to
the method were general and could potentially work in many
other ecosystem. types. For example, the consistent shapes of
green and senescent vegetation spectra in the SWIR2 are due
to strong foliar water and organic compound absorptions, re-
spectively [Gates et al., 1965; Woolley, 1971; Curran, 1989},
which are general properties of vegetation (Figure 1). On the
other hand, the characteristic absorption feature of soils at
~2200 nm is due to the clay lattice hydroxyl and can change
both in magnitude and in position depending on the specific
mineral composition [Irons et al., 1989; Ben-Dor et al.; 1999]. In
an effort to generalize the AutoSWIR approach to new eco-
systems, it is important to understand the potential variability
of endmember spectra from other environments and to de-
velop the best approach by which this variability can be accom-
modated.

The goal of this study was to determine the accuracy of the
AutoSWIR algorithm applied to data collecied by the AVIRIS
over temperate coniferous forests of central Oregon. In par-
ticular, we sought to (1) evaluate the effectiveness of using the
original arid land spectra [from Asner and Lobell, 2000] in
AutoSWIR, (2) assess differences in algorithm performance
when using spectra collected at field sites in Oregon, and (3)
explore the potential of a three-band SWIR2 index, first intro-
duced by Asner and Lobell [2000], for operational subpixel
cover estimation using multispectral imaging technologies.

2. Methods
2.1, Sile Description

We conducted the study on the east side of the Cascade
Mountains in central Oregon, where there is a strong climatic
gradient and forest transition from Douglas fir (Pseudotsuga
menziesii) and grand fir (Abies grandis) to the dry eastern ex-
tent of Ponderosa pine (Pinus ponderosa var. Laws). The cli-
mate of the P. ponderosa zone is semiarid (annual rainfall,
350~760 mm), with minimal summer precipitation. The averall
study region was ~576 km?® Within this region we located
twenty 100 X 100 m plots along an cast-west swath that in-
cludes P. menziesii, A. grandis, larch {Larix occidentalis), cedar
(Calocedrus decurrens), and P. ponderosa forests (Table 1).
About 75% of the plots are totally P. ponderosa or mixes with
P. menziesii, A. grandis, or C. decurrens. A few of the pine sites
were less productive, existing on a perched water table on a
clay layer closer to the surface. We selected plots to encompass
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Table 1. Summary of Vegetation and Soil Variation Across the Study Plots Used to Evaluate the AutoSWIR Algorithm?®

Easting, Northing, Altitude, Dominant Canopy
Plot m m m Species Soil Class Cover, %
1 609333 4927976 909.7 Pipo ALFIC VITRIXERANDS 61
2 609494 4928171 905.4 Pipo ALFIC VITRIXERANDS 48
3 609495 4927935 912.5 Pipo ALFIC VITRIXERANDS 70
4 608907 4922658 934.8 Pipo ALFIC VITRIXERANDS 68
5 607268 4920812 916.8 Pipo ALFIC VITRIXERANDS 62
6 605981 4922809 918.0 Pipo AQUIC VITRIXERANDS 68
7 606203 4922938 914.7 Pipo ALFIC VITRIXERANDS 73
8 606270 4923123 911.5 Laoc ALFIC VITRIXERANDS 73
9 604497 4922255 935.2 Pipo UMBRIC VITRIXERANDS ..
10 612709 4920153 1147.0 Pipo ALFIC VITRIXERANDS 59
11 614861 4922815 1250.0 Pipo XERIC VITRICRYANDS 63
12 602613 4920950 986.9 Abgr TYPIC VITRICRYANDS 70
13 604321 4922333 936.4 Laoc UMBRIC VITRIXERANDS s
14 603110 4919591 996.6 Abgr UMBRIC VITRIXERANDS 76
15 606517 4920410 924.1 Pipo HUMIC VITRIXERANDS 56
16 605918 4920714 922.1 Pipo UMBRIC VITRIXERANDS 85
17 606418 4924017 909.1 Pipo ALFIC VITRIXERANDS 76
18 610761 4920518 1132.0 Cade ALFIC VITRIXERANDS R
19 607370 4920296 916.9 Pipo ALFIC VITRIXERANDS 69
20 614056 4921252 1185.0 Pipo ULTIC HAPLOXERALFS ..

Species codes: Pipo, Pinus ponderosa; Laoc, Larix occidentalis; Cade, Calocedrus decurrens; Psme, Pseudotsuga menziessii; Abgr, Abies grandis.
#Also shown are the green canopy cover estimates from low-altitude aerial photography (available at 16 plots).

a range of stand densities (trees/area). Two of the plots were
primarily A. grandis/P. menziesii, two were L. occidentalis (one
of which had been heavily logged and only had a few trees on
it), and one was dominated by C. decurrens. The pine sites
included young regenerating forests (<10 m tall), mature, and
old-growth forests. The plots were also selected to span the full
range of soil substrates in the study area, from a gravely loam
surface in the 4. grandis/P. menziesii forests closer to the moun-
tains, to sandy pumice soils in P. pornderosa forests (Table 1).

2.2. AVIRIS Data

The NASA Airborne Visible and Infrared Imaging Spec-
trometer (AVIRIS) collects upwelling radiance data in 224
optical channels with a nominal full width at half maximum
(FWHM) of 10 nm covering a spectral range of 380-2500 nm
[Green et al., 1998]. The AVIRIS was flown over the study
region on June 10, 1999, on the NASA ER-2 aircraft at 20 km
altitude, creating ~17 X 17 m pixels in the resulting image
data. Radiance-data were converted to apparent surface re-
flectance using the ATREM atmospheric code [Gao et al.,
1993], which employs the 6S scattering code for atmospheric
gases [Vermote et al., 1996]. Further corrections for SWIR2
reflectance were made using a large (dark) lake and (bright)
cumulus clouds. Assuming both targets to be spectrally flat in
the SWIR2 (Gao and Goetz [1990] and our field spectra from
lake), the ATREM-corrected reflectance values were used to
create a gain and offset for cach SWIR2 band, which were then
applied to complete the reflectance calibration. This final step
was necessary to remove apparent errors in the ATREM cor-
rection for methane, which strongly absorbs radiation begin-
ning at ~2200 nm.

2.3. Spectral Mixture Model

The AVIRIS reflectance data were processed to fractional
abundance images with the AutoSWIR algorithm (Figure 2)
[4sner and Lobell, 2000]. A field spectral database of green
canopies, litter canopies, and soils was high-frequency filtered
to remove noise and resampled to AVIRIS wavelengths. End-

member groups were then formed by extracting the “tied”
spectra in the SWIR2 (2080-2280 nm). The “tying” of spectra,
or subtracting the reflectance at the first band from all bands,
is performed to eliminate major albedo differences between
otherwise similar spectra. The SWIR2 endmembers are then
used to calculate the fractional abundance of each endmember
in a pixel according to the SMA equations:

ppixel = E[Ce . pe] te= [Cveg : pveg + Csoil * Psoil

+ Cliller. plitter] t e

(1)
@)

where p and C are the reflectance and cover fraction of each
endmember, respectively, and & is an error term. Equation (2)
constrains the sum of fractions to equal 1. The unmixing is
performed many times on each pixel (~50), each time with
endmembers randomly selected from their respective end-
member classes. This Monte Carlo method results in a normal
distribution of fractions for each pixel, with a calculated mean
and standard deviation.

The success of AutoSWIR depends on (1) low variability
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Figure 2. Schematic diagram of AutoSWIR algorithm.
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Figure 3. Tield spectra of (a) litter and (b) soil from Oregon
used in AutoSWIR. Each spectrum shown is the average of 100
individual spectra.

within endmember classes (the tied SWIR2 values), which
propagates into a low uncertainty in the derived fractions, and
(2) the lack of significant multiple scattering between endmem-
bers in the chosen wavelength region. Low variability in green
vegetation endmembers is due largely to strong foliar water
absorption features [Gates et al., 1965] (see Figure 1). This
minimizes sensitivity to canopy structurat properties, such as
leaf area index (LAI), since the foliar water absorptions at
SWIR2 wavelengths saturate at very low LAI values (~LAI =
1) [Asner, 1998]. Low variabiiity in the SWIRZ spectral shape
of litter is due fo strong absorption features of lignin and
cellulose, which are common to all species and produce a
strong drop in reflectance beginning at ~~2200 nm [Curran,
1989]. Finally, SWIRZ spectra of soils are distinguished by clay
lattice hydroxyl absorptions near 2200 nm, which are consistent
for soils with similar mineralogical and physical properties
[frons et al., 1989].

The diagnostic spectral shapes of ¢ach land cover type are
exploited by using tied spectra, which remove differences in
overall albedo while preserving the linear relation in (1). For
example, subtracting the reflectance at one wavelength (p,) is
valid, because a spectrum can stifl be expressed as the properly
weighted sum of endmembers:

P~ Po= Cveg * Poeg + Cseil * Pt T Clitter * Piitter — (Cveg * Preg,0
+ Csoil ! Psoil,o + Clittcr' plittcr,O) - Cveg * (Pveg - pvcg,ﬂ)

+ Cooir* {Psont — Psm’l,ﬂ) + Criver * (Priveer — plitter,ﬂ)- (3)

However, a nonlinear spectral transformation, such as dividing
by p,, cannot be done within the SMA framework:
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Iy . Cveg " Pueg + Csoil * Psoil + Clillcr " Plittes Pueg
= e
o Cveg - pvcg,O + Csoil ® Psail,o + Clit[er * Plitter,d s pvcg,ﬂ
psailg Plitter
+ Csoil —+ Clitter P (4)
soilg,0 piiuerg,ﬂ

The Monte Carlo approach is used to quantify the uncer-
tainty in cover fractions caused by any remaining endmember
variability. Note that unlike many traditional upmixing ap-
proaches, AutoSWIR does not include a shade endmember.
Instead, canopy shade is implicitly accounted for within the
variability of the green canopy spectral database. In practice,
we find that the effect of both canopy and topographic shade is
largely removed with the use of tied spectra (see section 3).

It is possible to decrease the number of bands sampled by
strategically selecting only a few channels in the SWIR2 region
which distinguish between the endmembers. For example, As-
ner and Lobell [2000] used the average reflectance at 2080,
2210, and 2270 nm for each endmember class to form a fixed
endmember matrix. Inversion of this matrix led to three simple
equations, or indices, used to quickly estimate the fraction of
each endmember. Here we test this approach for the 1999
Oregon AVIRIS data using bands 182 (2091 nm), 194 (2210
nm), and 201 (2280 nm). For comparison the normalized dif-
ference vegetation index (NDVI) was also calculated:

NDVI = (PSIOnm - péSGnm)f(pSIUnm -+ pﬁSOnm)' (5)

The NDVI is extensively used as a metric related to LAI and
the fraction of absorbed photosynthetically active radiation
(FAPAR) [e.g., Asrar et al., 1984; Tucker and Sellers, 1986;
Sellers, 1987, Law and Waring, 1994; Myneni and Williams,
1994]. However, NDVL is also affected by several other factors,

0.04
(A) Green Veg.

e e

0.02 r

-0.02 »

-0.04

-0.06

Endmember Value

-0.08

-0.10 : : ;
0.04 . . .

0.02 -

0.00 ¢

-0.02 ¢

-0.04

«0.06

Endmember Value

-0.08

-0.10

2150 2200 2250 2300

Wavelength (nm)

2100
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Figure 5. First five principal component images from principal components analysis of SWIR2 bands in
AVIRIS subscene, showing the low dimensionality of SWIR2 data.

such as soil and litter reflectance variability and fractional
vegetation cover, and therefore at best provides a metric of a
pixel’s overall “greenness” [e.g., Huete, 1988; van Leeuwen and
Huete, 1996; Carlson and Ripley, 1997]. SWIR?2 indices devel-
oped here have the simplicity of the NDVI while offering the
potential to isolate a single physical property of vegetation: the
percent cover.

2.4. Air Photo Analysis

Actual vegetation cover was determined at 16 plots using
low-altitude air photos from 1997, which were colocated with
the AVIRIS imagery in a geographic information system (GIS)

using roads and other human-made objects for tie points. The
high spatial resolution of the air photos (~2 m) allowed each
pixel to be treated as a pure cover type, with ~2500 pixels
falling within each plot, and a supervised classification was
used to determine the percent vegetation cover (Table 1). Air
photos were not available for plots 9, 13, 18, and 20, leaving 16
total plots for analysis.

2.5. Field Spectrometry

To evaluate AutoSWIR with regional endmembers, a field
analysis was conducted to measure the optical properties of the
soil and litter in the Oregon study region. The data were
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collected using a full-range (350-2500 nm) spectrometer with
an 18° sensor foreoptic (Analytical Spectral Devices, Inc.,
Boulder, Colorado). The fiber-optic sensor was positioned <1
m above the soil or litter surface in the nadir position. This
instrument collects data in 1.4 nm intervals from 350 to 1100
nm and 2.2 nm intervals in the remaining shortwave-infrared
(1100-2500 nm). Measurements were taken within 1.5 hours
of solar noon on June 10, 1999, which was a clear day coincid-
ing with the AVIRIS overflight. A total of 30 litter and 17 soil
spectra (cach an average of 100 individual spectra) were used
in this analysis. Because of the height of the major tree species
in the study region, canopy-level spectra of green vegetation
were not directly measured. Instead, green vegetation spectra
from arid lands were used in AutoSWIR along with the Ore-
gon litter and soil spectra. Comparing image spectra from
highly vegetated pixels to the arid spectra, which showed sim-
ilar SWIR?2 foliar water absorption features, checked the va-
lidity of this substitution (spectra not shown).

2.6. Principal Component Analysis

In the absence of green canopy spectra the consistency of
SWIR2 endmember spectra across the scale of the image was
investigated using a principal component analysis (PCA). PCA
determines the major orthogonal axes of variation that most
efficiently describe a given data set and thereby reveals the
number of independent axes, or the inherent dimensionality, of
the data. In this case, PCA was performed on the SWIR2
spectra (2080-2280 nm) from a 614 X 512 AVIRIS subscene.
The dimensionality of the data was determined as the number
of bands containing significant spatial information, since vari-
ation due to noise is not spatially coherent [Green et al., 1988].
If vegetation canopies of different optical and/or structural
properties exhibit a variety of SWIR?2 signatures, then we ex-
pect a relatively high dimensionality due to variations in these
properties across the scene. On the other hand, if all endmem-
bers, including green canopies, have consistent SWIR2 spectral
shapes (derivative spectra) and vary mainly in albedo, we ex-
pect only three principal components to explain virtually all of
the variance in SWIR?2 reflectance; that is, one principal com-
ponent to account for overall brightness, and two for the space
of endmember variance (constraining n endmembers to sum to
unity results in n — 1 independent directions of variance).

3. Results and Discussion
3.1, Field Spectrometry and PCA

The field spectra of litter and soils spanned a wide range of
albedos and visible to near-infrared spectral shapes (Figure 3).

/\/m'
ﬁ/\
e

04t

0.2

00}

)7

\ EV4

Ev2

Eigenvector value

\
\
02t 7

7

i

2150 2200
Wavelength (nm)

2100 2250 2300

Figure 6. First four eigenvectors from principal components
analysis of SWIR2 bands in AVIRIS subscene.
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However, subtracting albedo differences in the SWIR?2 greatly
reduced the observed variability. The endmembers resulting
from the Oregon field survey were compared to the arid end-
member sets of Asner and Lobell [2000] (Figure 4). The
SWIR2-tied spectra for litter in Oregon were very similar to
the original arid litter spectra, showing only slightly weaker
absorption due to organic compounds [Curran, 1989]. Soil
spectra, however, were found to have significantly smaller hy-
droxyl absorptions than were observed in the arid land spectra.
This is not surprising because temperate soils contain more
organic matter and/or water than arid soils, both of which
dampen this absorption feature [Ben-Dor et al., 1999]. The soils
at the P. ponderosa and C. decurrens plots, for example, are
sandy loam with ~6% clay. Nonetheless, the soil and litter in
Oregon were both found to have spectrally consistent deriva-
tives in the SWIR2, the essential feature for successful appli-
cation of AutoSWIR.

The results of the PCA helped to demonstrate the consis-
tency of the SWIR2 endmembers at the scale of an AVIRIS
image. Figure 5 shows the first five principal component im-
ages for an AVIRIS subscene from the analysis. The first three
components explained greater than 99.9% of the variance,
verifying the prediction that there are three principal direc-
tions of variance in the SWIR2. The first eigenvector was
primarily responsive to overall brightness in the SWIR2, which
is the feature removed by tying spectra in AutoSWIR (Figure
6). The next two eigenvectors represented the remaining di-
mensionality due to green canopies, senescent vegetation (lit-
ter), and soils. Spatial information in the fourth principal com-
ponent was confined mainly to a golf course located in the
region, where the atmospheric correction algorithm ATREM
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Figure 7. Estimates of green canopy fraction from Au-
toSWIR with (a) arid endmembers and (b) Oregon endmem-
bers, compared to cover estimates from air photos; 1:1 line
(dotted) and best fit line from linear regression (solid) are
shown.
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Figure 8. Comparison of air photo (top) and green canopy fractions from AutoSWIR (bottom) for part of
study region. Dark pixels in both images signify high vegetation cover.

[Gao et al., 1993] was probably affected by the unnaturally
strong foliar water absorptions. Indeed, inspection of eigen-
vector 4 revealed that it was extremely similar to the transmis-
sion spectra of atmospheric water vapor in this wavelength
region (Figure 6). All remaining principal components exhib-
ited virtually no spatial information, as demonstrated by prin-
cipal component 5.

3.2, AutoSWIR

Green canopy fractions calculated by AutoSWIR using the
arid land endmembers were consistently higher than air photo
estimates (Figure 7a). As expected, the dark organic soils in
Oregon were seen as some combination of arid (nonorganic)
soil and vegetation when using arid endmembers (Figure 3),
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Table 2. SWIR? Indices and Correlation Statistics With the Full Hyperspectral AutoSWIR Results at Field Plots

Cover Type Equation Slope Offset R?
Green canopy SWIRVI = 37.72{py310 — D200} T 26.27(Pasgn — Poso} + 0.57 0.9489 —0.0037 0.9096
litter SWIRLI = 3.87(po10 — Paose) = 27-51(Paza0 — Paoso) — 020 1.0571 0.0779 0.9924
soil SWIRSI = ~41.59(psa10 — Paoen) + 128 (pa350 — Paosc) + 0.64 ~0.0793 0.9326

resulting in an overestimation of the green canopy fraction. As
the true vegetation cover decreased, and the extent of visible
bare soil increased, we expected a larger error in vegetation
estimates. This trend was indicated in Figure 7a. However,
even at ~50% vegetation cover, the error in fraction estima-
tion was only 15%. Thus applying AutoSWIR with arid end-
- members resulted in fractions that were spatially realistic but
would require rescaling to match field values in regions with
relatively low cover. _

Substituting the field spectra from Oregon into AutoSWIR
greatly improved the green canopy fraction estimates (rms =
3%, Figure 7b). While the relative fit of the best fit line did not
greatly improve, the main effect of using Oregon endmembers
was to increase its slope to 0.97 and decrease its intercept to
0.03, Therefore in using a relatively small amount of field
spectra, we were able to accurately estimate the cover of veg-
etation without the need for extensive ground-based correc-
tions. Figure 8 illustrates the agreement between the air photo
(red band} and vegetation fraction image for part of the study
region. Darker pixels represent those with higher vegetation
fractions for visual comparison with the air photo, where veg-
ctation was dark and bare soil was bright. The spatial distri-
bution of vegetation in the air photo was similarly well repre-
sented in the fraction image throughout the entire study
region.

In addition to constraining endmember variability, employ-
ing tied SWIR?2 spectra has several properties that ultimately
distinguish AutoSWIR from traditional methods. First, SWIR2
wavelengths are not adversely affected by multiple scattering,
since vegetation is so dark in this region, This contrasts with
traditional unmixing methods that use near-infrared wave-
lengths, where vegetation is bright and multiple scattering
leads to nonlinear mixing [Roberis et al., 1993], as well as high
endmember variability. In addition, the use of long wave-
lengths avoids sensitivity to errors in atmospheric scattering
corrections, which can influence reflectance at shorter wave-
lengths [Vermoie et al,, 1996]. The use of tied spectra also
minimizes sensitivity to shading, since the main effect of shade
is to lower the overall albedo of a cover’s apparent reflectance
and not to significantly change the spectral shape (derivative).
While shade does slightly dampen the features apparent in tied
spectra (e.g., the spectral shape), the variability due to shading
conditions is generally within the variability contained in the

" endmember sets [Asner, 1998]. Therefore we contend that uti-
lizing SWIR2 wavelengths -has several characteristics that in-
crease the accuracy of cover fraction estimations.

Conversely, potential drawbacks of using SWIR2 measure-
ments include the relatively low signal to noise ratio of instru-
ments that obtain measurements in the”SWIR2 [Green et al.,
1998), and the sensitivity to absorption of atmospheric gases,
such as water vapor and methane. However, as sensor instru-
mentation and models of atmospheric absorption continue to
improve [Green et al., 1998], these issues may be of decreasing
concern. The most serious caveat to using AutoSWIR sug-
gested by this study is thé potential variability of SWIR2 soil

1.1366

reflectance. In regions with several spectrally distinct soil types,

the uncertainty in vegetation cover estimates from AutoSWIR

could be significantly increased, as evidenced by the errors

incurred when using arid soils for Oregon. In this case, the use
of spatial databases of soil spectra could potentially be used to
properly constrain the unmixing, A strength of the Monte
Carlo approach is that variability in soil spectra is propagated
to uncertainty in resulting fractions, allowing a quantitative
measure of the effect of soil diversity on each cover fraction.

3.3, SWIR2 Indices

A SWIR2 index for each cover type was derived from the
mean QOregon endmembers (Table 2). The high correlation
between the indices and the full AutoSWIR procedure sug-
gests that a simple three-band index could provide accurate
cover estimates from SWIR2 reflectance. A comparison be-
tween the SWIR2 vegetation index (SWIRVI) and the NDVI
is shown in Figure 9. While NDVI is roughly correlated with
vegetation cover, considerable scatter is present due to vari-
able background reflectance (ie., soil and litter) and differ-
ences in the structure of vegetation canopies between plots.
The SWIRVT shows stronger agreement with air photo esti-
mates because it is insensitive to changes in background bright-
ness and canopy structure. Moreover, the SWIRVI estimates a
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physical quantity (the fractional cover) without the need for
empirical fitting or post priori scaling,

4. Conclusions

We have successfully tested an automated SWIR2 spectral
unmixing approach for determining canopy cover in a temper-
ate coniferous ecosystem using high spectral resolution remote
sensing data. While using field spectra from arid lands led to
slight overestimates of vegetation cover, the original algorithm
was easily modified with regional field spectra (to represent
organic matter presence) to produce highly accurate results.
The generality of AutoSWIR allows fast and accurate esti-
mates of vegetation cover that can be used to parameterize
physical models and study regional land cover change. By iso-
lating the horizontal extent of vegetation, AutoSWIR also pro-
vides a means to deconvolve the often-confused factors of
vegetation cover, species, and canopy structure. For example,
the estimated cover within each pixel can be used to constrain
radiative transfer model inversions for structural properties,
such as LAIL using shorter wavelengths [e.g., Asner et al., 1999;
Gilabert et al., 2000]. Similarly, isolating the cover of vegetation
may provide useful constraints for determining other parame-
ters, such as soil moisture, which are often hindered by the
strong effect of vegetation cover [Clevers, 1989; Rao et al.,
1993].

We see the application of AutoSWIR to estimate cover as an
important step toward resolving spatial heterogeneity of veg-
etated landscapes. The consistency of green vegetation and
litter reflectance properties at SWIR2 wavelengths should al-
low a relatively easy extension of AutocSWIR to new environ-
ments, provided that regional soil spectra are available. With
SWIR2 reflectance measurements obtained by the forthcom-
ing generation of spaceborne imaging spectrometers, such as
the NASA EO-1 Hyperion, the approach presented here has
the potential to provide operational estimates of vegetation
cover on a global scale. However, investigations of additional
ecosystems with diverse soil types are needed to test this claim.

With a more accurate representation of vegetation cover,
heterogeneity of landscape properties such as roughness length
[Oleson et al., 2000], albedo [Rowe, 1993], LAl [Bonan et al.,
1993], and soil moisture [Ghan et al., 1997] can be better
constrained in atmospheric and hydrological models. This
would lead to improved characterizations of processes sensi-
tive to landscape heterogeneity, such as ground heat flux [Bo-
nan et al., 1993; Yang et al., 1999), surface hydrotogy [Ghan et
al., 1997, and carbon exchange [e.g., Kimball et al., 1999], Such
improvements are critical for understanding biophysical and
biogeochemical processes and their interactions with land use
and climate change.
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