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Analysis of Hyperspectral Data for Estimation of
Temperate Forest Canopy Nitrogen Concentration:
Comparison Between an Airborne (AVIRIS)
and a Spaceborne (Hyperion) Sensor

Marie-Louise Smith, Mary E. Martin, Lucie Plourde, and Scott V. Ollinger

Abstract—Field studies among diverse biomes demonstrate that this approach has been extended to ecosystem properties that are
mass-based nitrogen concentration at leaf and canopy scales isfunctionally linked to canopy chemistry including growth and
SFrg”Q'y related to Carbf“ “pttake taféd Cy(éling. Cotm?i“tehd field a”_? N cycling [7], [8]. In this paper, we compare the capacity of the
airborne imaging spectrometry studies demonstrate the capacity L ,
for accurate gmgiricpal estimatign of forest canopy N concentrF;ltiony first S.pacebome hyperspe(_:tral imaging spectrometer, Hyper!on
and other biochemical constituents at scales from forest stands (On€ instrument on the National Aeronautics and Space Admin-
to small landscapes. In this paper, we report on the utility of the istration (NASA) New Millennium Program Earth Observing-1
first space-based imaging spectrometer, Hyperion, for estimation platform), for remote empirical estimation of temperate forest
of temperate forest canopy N concentration as compared to that canopy N with that achieved using a high-altitude airborne hy-

achieved with the airborne high-altitude imaging spectrometer, r ral sensor. NASA’s Airborne Visible/Infrared Imaain
the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS). gzsgfgazt:re(:\(/)ll’?lsf s Airborne Visible/Infrared Imaging

Overall accuracy of Hyperion estimates of forest canopy N
concentration, as compared with field measurements, were within
0.25% dry mass, and AVIRIS-based estimates were within 0.19% Il. METHODS
dry mass, each well within the accuracy required to distinguish
among forested ecosystems in nitrogen status. A. Study Area
Index Terms—Airborne Visible/Infrared Imaging Spectrometer The study was conducted at the Bartlett Experimental Forest
(AVIRIS), Hyperion, nitrogen, temperate forest. [(BEF) W 71.30, N 44.05] located in central New Hamp-
shire and within the White Mountain National Forest. Es-
tablished in 1932 by the U.S. Department of Agriculture’s
Forest Service, the BEF is a 1052-ha tract of secondary suc-
HE CONCENTRATION of nitrogen in foliage is strongly cessional needle-leaved evergreen and broad-leaved deciduous
related to rates of net photosynthesis, and hence carbonfipest types including such northern temperate conifer species
take, across a wide range of plant species and functional gromgsed spruce (Picea rubens Sarg.), balsari\bigs balsamea
[1], [2] and thus represents a simple and biologically meayx.) Miller), eastern hemlockTsuga candensid..) Carr.), and
ingful link between terrestrial cycles of carbon and nitrogen (Nivhite pine Pinus strobus..), as well as such temperate northern
Field and remote sensing studies in temperate forest ecosystefagdwood species as sugar maphedr saccharunMarsh),
employing both laboratory spectroscopy and airborne imagipgnerican beechRagus grandifoliaEhrh.), yellow birch Be-
spectrometry, have demonstrated the capacity for empirical @fia alleghaniensigL.) Britt.), red maple Acer rubrumL.),
timation of canopy N and other biochemical constituents (e.gvhite ash Fraxinus americana..), and paper birchRetula
lignin, cellulose, etc.) at scales from individual leaves to wholgapyriferaMarsh.). The study area is mountainous with eleva-
forest canopies [3], [4]. In the case of nitrogen, empirical refons ranging from 200-850 m. Soils are derived from granitic
lationships are based on both direct and indirect correlatiofigft and tend to be coarse textured. The climate is charac
with absorption features associated with N-bearing compoundsized by a relatively short growing season (frost-free period
in leaves, e.g., proteins and chlorophyll [5], [6]. More recentlyf about 120 days) and long cold winters. Air temperatures
at the BEF average-12° and 19°C in January and July,
Manuscript received July 2, 2002; revised January 29, 2003. This work wi@SPectively [36]. Precipitation is evenly distributed throughout
supported in part by the National Aeronautics and Space Administration aifte year and averages 120-140 cm, with about one-third in
via a fellowship to M. L. Smith by the Organization for Economic Cooperathe form of snow.
tion and Development Co-operative Research Programme: Biological Resource
Management for Sustainable Agricultural Systems.
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vice, Northeastern Research Station, Durham, NH 03824 USA (e-mail:
marielouisesmith@fs.fed.us). In 1931, 500 0.1-ha permanent growth measurement plots,

M. E. Martin, L. Plourde, and S. V. Ollinger are with the Complexspaced 200 nx 100 m apart, were established across the BEF.
Systems Research Center, University of New Hampshire, Durham, Nihrty_four of these established permanent plots were chosen

|I. INTRODUCTION

03824 USA (e-mail: mary.martin@unh.edu; lucie.plourde@unh.edy; " . . .
scott.ollinger@ur(m.edu). Y @ P @ for canopy composition and foliar chemistry sampling for re-
Digital Object Identifier 10.1109/TGRS.2003.813128 mote sensing image calibration. Plots were chosen to represent
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a broad range in species composition and stand age, and are part N e e e O A A B
. . . AVIRIS Deciduous (10N)

of a larger study directed at the application of hyperspectral re- AVIRIS Conifer (10T)
mote sensing to analysis of canopy chemistry and ecosystem "~ Hiyperion Conter (101
function at stand to landscape scales [7], [8].

In order to determine growing season foliar chemistry, and 4000
in conjunction with image acquisition by NASA's AVIRIS and
Hyperion instruments, midsummer green leaf samples were col- SR
lected on each selected study plot in August 1997 and again
on 19 of these plots in August 2000. On each plot, all domi- 2000 L
nant and codominant species were identified, and between two
and seven trees per species were selected for green leaf collec- :
tion. Leaves were collected by shooting small branches from [ e
the canopy with a shotgun. Each sample consisted of a com- j\}
posite of leaves collected from several heights in the canopy. S
For needle-leaved species, no separation was made among nee- 045 08 125 165 205 245
dles of different ages. All samples were oven-dried atCdor Wavelength (um)

48 h and then ground with a Wiley mill to pass through a 1-mm
mesh screen Fig. 1. AVIRIS and Hyperion reflectance spectra for a broad-leaved

.. . deciduous (10N) and a needle-leaved evergreen (10T) forest stand, Bartlett
A Vvisible-near infrared spectrophotomet_er (Nl_RSySterrﬁperimental Forest, NH. Solid lines represent AVIRIS spectra, broken lines
6500 monochromator) was used to determine foliar N corepresent Hyperion spectra.

centration of oven-dried, ground green leaf foliage samples

according to established methods [9]. As N concentration OnAas encompassing each sample plot, typicallyxa2 pixel
mass basis has been shown not to vary significantly in relatigpea were extracted for analysis '

to vertical canopy gradients [10], [11], plot-level whole-canopy Hyperion Level 1B data, described in detail elsewhere

N concentration (grams Nitrogen per 100 g) was Calcmated.iﬁsthis issue [16], were provided as calibrated radiance (W

the mean of foliar N concentration for individual species in._» sr! um-1). Level 1B Hyperion radiance data were
each forest stand, weighted by fraction of canopy foliar m %t corrected for “streaking” or variation in balance among

per species. Each species contribution to the total mass of ftical columns in the along-track direction of the image data,

canopy was determined by combining its proportional leaf areg,, 4ot of the sensor's “oushbroom” design, that is most

d_etermin_ed using a camera-based point quadrat sampling te dent in shortwave infrared (SWIR) channels (1.0-2¥).
qutﬂe,f\'mf(? Iezéflmsss [:ﬁrgrtlaa r.neasur(ejmen.t;. (Cj:o:nple;e de R artifact was treated as scene dependent and corrected
of the Tield and lab methodologies are described eisewhere ing a simple statistical balancing approach using the mean

[12]. and variance of each column and each channel of image data
. _ [17]. Radiance data were then transformed to apparent surface
C. Remote Sensing Data and Image Processing reflectance using the ACORN atmospheric correction program

Cloud-free imaging spectrometer data were acquired for tHl- Similar to ATREM, ACORN is based on the MODTRAN

BEF on August 12, 1997 by the AVIRIS instrument and on AP radiative transfer model and calculates the effect of atmo-
gust 29, 2001 by tr’1e Hyperion instrument. spheric gases as well as molecular and aerosol scattering and

AVIRIS flies onboard an ER-2 aircraft at an altitude of€Moves these effects on a pixel-by-pixel basis from the image.

20000 m and measures upwelling radiance from the solar ‘,Aef;er atmOSphe”? correcthn, the BEF Hyperlon image was
flected spectrum in 224 contiguous channels from 0.442n4 geometrically r_eglstered using the georegistered AVIRIS image
with a spectral resolution of 0.Qdm. Spatial images of radianceof the study site. Hyperion reflectance spectra encompassing
spectra are collected by a cross-track scanning mechanism gﬂ%fge gf?“’?d plot area an((jj ]Ehe groundl eXt?nt. included in
the forward motion of the aircraft. Images are 11 km in widt A analysis were extr:x;tleRISor sp(;ecl:ra ana yS|sﬁ

and up to 800 km in length with a nominal spatial resolution cornfparlsolr; argolng d d .é’m ype(zjrlon re glcta}nce q
of 17 m [13]. AVIRIS data were received as at-sensor scalgfectra for a road-leaved deciduous and a needie-eave
radiance (W cm~2 sr—! nm~!) and transformed to apparemevergreen stand is presented in Fig. 1. Although ATREM and

surface reflectance using the Atmosphere Removal (ATRE fOR.N do n.ot produce identical surface r_eflectance trans-
atmospheric correction program [14], [15]. ATREM wa rmations, differences among platforms, instrument SNR,

designed specifically for retrieving scaled surface reflectan@@d the temporal offset between AVIRIS and Hyperion data

from spectral image data collected by the AVIRIS Senso<%ollection are likely larger more significant sources of variation

ATREM uses a radiative transfer model based on the MOIff‘-th'S analysis.
TRAN and 5S codes to calculate atmospheric transmittance of
seven gases, particularly water. Atmospheric attenuation dhd
scattering effects of these gases are then removed from th@rior to examination of correlations among spectral data and
image on a pixel-by-pixel basis. After atmospheric correctiomhole-canopy N concentration, plot-level reflectance spectra
the BEF AVIRIS image was geometrically registered to withi(R) were transformed to absorbancg) (where

0.5-pixel accuracy using a geocoded SPOT panchromatic

coverage of the study area. AVIRIS reflectance spectra for pixel A =log;,(1/R) (1)

Relative Reflectance (x 1000)

R

Statistical Analysis
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and a derivative transformation (approximated by finite differ- TABLE |
ence) applied. According to Beer—Lambert, the concentration of RESULTS OFFELD DATA COLLECTION PROM SAMPLE
. . . . PLOTS IN 44 FORESTSTANDS, BEF
an absorber is directly proportional towhereA is the product
of molecular absorption, the concentration of absorbers, and the™ Flot  Predominant Species Canopy N LA
path length of irradiating energy [19]. The derivative spectrum Composition 1(9391; ”020%)0 (a2
is a measure of the slope of the spectral curve at every point 36z Besch 185 182 340
and results in a spectrum in which peaks and valleys correspond o2 B e
with inflection points in the absorbance spectra (thus aiding in o Beech 215
resolving overlapping spectral peaks) and from which baseline (- Zeeeh =
offsets and low-frequency variation have been removed or min- 141 Beech 248
imized [20]. In the case of optically dense vegetation, such as 221 Eiiﬁﬂiﬁié“ﬁiih -
found in closed-canopy forests, the spectral derivative with re- 12 Beech-Red Oak 205
spect to wavelength can be shown to be directly indicative of the 137, E:;zfﬁ‘h%a:‘ech EEE
abundance and activity of absorbers in leaves [21]. 30T  PaperBirch-Beech 230 185 339
Wavelength regions associated with overtones of strong water g%f gg ﬁ:}’jﬁ ;gg
absorption centered near 1.45 and 1,20 were excluded 30Y  RedMaple-Beech 176 155 335
from analysis of both AVIRIS and Hyperion data. AVIRIS 30, , ﬁﬁﬁiﬁﬁﬁiﬁii‘amh "
wavelengths below 0.4bm and Hyperion wavelengths below 26V Red Maple-Paper Birch 1.70
0.45um and above 2.um were also excluded from analysis oo gﬁgﬁ’:’ﬁ:}iﬁ;ﬁm e am 2
due to low SNR. 1472 SugarMaple-Beech 198 201
Partial least squares (PLS) regression, a type of eigenvector ja §§§:§ﬁ§gﬁ;g§:§‘; R
analysis, was used to relate AVIRIS and Hyperion spectral re- 12H  Sugar Maple-Beech 215 334
sponse to whole-canopy N concentration data for each sample 5 §3g;ﬁ§g}§§§:§‘; 218
stand and was carried out using the Unscrambler 7.6 software 24  Sugar Maple-White &sh 202 347
system [22]. PLS regression methods reduce full-spectrum data 5~ sop nooBeecn e
to a smaller set of independent latent variables, or factors, with 36G  Vellow Birch-Beech 239 238
constituent concentration data used directly during the spectral 2z, e e
decomposition process. As a result, full-spectrum wavelength 2P Hemlock 130 149 309
loadings for significant PLS factorg < 0.05), from which ?38 gzﬁﬁlﬁ_mch }g; 114
regression coefficients for each wavelength are derived, are di- 34K Hemlock-Red Spruce 122 127 278
rectly related to constituent concentration and thus describe the jf; £33 N e 1w
spectral variation most relevant to the modeling of variation m Red Spruce 111 110 190
in the chemical data [23]. To avoid overfitting, the prediction ME Rd gﬁx:—PaperBirch PR R
residual error sum of squares (PRESS) statistic was calculated 324F  White Pine-Mixed Deciduous 135 135 346
for each factor based on an iterative cross-validation prediction 222 White Pine Mixed Deciduous 164 362
of each sample. The number of factors at which additive predic-
tion errors are minimized indicates the appropriate number of . RESULTS

factors to include in each PLS model.

Derivative transformations were performed iteratively durinrct; Table I summarizes plot-level field measurements. Canopy N

PLS regression analysis over variable wavelength widths wf anentration varied more than twofold across all sites differing
the aim of maximizing the squared multiple correlation coef? P0th mean and range among deciduous broad-leaved and

ficient between spectral data and whole-canopy nitrogen cdifedie-leaved evergreen forest types. Among deciduous stands,
centration while minimizing the standard error. A number ¢fanoPy N concentration ranged from 1.61% to 2.48% in 1997
math treatments were evaluated and are expressed as the dfier 31 Stands, mean: 2.05%) and from 1.55% to 2.38% in
of the derivative, the gap between data points used to calculdR90 ¢ = 10, mean= 1.92%). Among evergreen-dominated
the derivative and the number of data points used to smooth f#ands canopy N ranged from 1.00% to 1.69% in 199%(13,
data. mean= 1.28%) and from 1.06% to 1.49% in 2000 & 9,
Accuracy of developed equations was evaluated using tRgan= 1.26%). Leaf area index (LAI), a scalar of canopy mass
residual mean square error of prediction (RMSEP) statistRd density, showed greater variation among needle-leaved
based on an iterative calibration—validation algorithm. Ea@yergreen-dominated stands (LAI: 1.73 to 3.62, mean 2.53)
canopy N concentration sample and its associated spectratBa® among broad-leaved deciduous-dominated stands, largely
iteratively excluded, and a prediction of the sample value & function of variation in leaf retention time among diverse
made based on an equation developed using the remaindegifer species. Within deciduous-dominated stands, canopy N
samples. The process is repeated until every sample has bercentration showed greater relative variation than did LAI
left out once, and then all prediction residuals are combin&dhich varied little (LAI: 3.04 to 3.52, mean 3.37), most stands
to compute the validation equation statistics and RMSEP. Theing at or near maximum LAl values for forests of this region.
RMSEP is the average prediction error expressed in units offller discussion may be found in [8].
concentration and is effectively equivalent to the standard errorAlthough foliar N concentration can vary as much as 20%
of prediction (SEP) for an independent dataset [23]. across several years in temperate forests of this region [24], be-
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TABLE I c £ 30.00 .
S =
SUMMARY STATISTICS FORPLS REGRESSION OFFORESTCANOPY NITROGEN & 8 0.00
CONCENTRATIONWITH AVIRIS AND HYPERION SPECTRAL RESPONSE BEF g% ’ M
G -30.00 *
Math Factors Calibration 030
Treatment : T
r? SEC CV  Bias ,_
AVIRIS 1,4,3 3 0.83 0.17 0.09  0.00 :
Hyperion 1,4,3 3 0.82 0.17 010 0.00 015 A
Validation é,’ :
R?  RMSEP  CV  Bias E
AVIRIS 1,4,3 3 0.79 0.19 010 0.00 S 000
Hyperion 1,4,3 3 0.60 0.25 0.15 0.00 5
8
w
3.00 PR -0.15
HYPERION Factor 1 |
prd r - Factor2
2.00 **’,f i -0.30 b—— Loy v by Tl_i_l 18?’((?r?
—_ *’,-" 040 080 120 160 200 240
2 —¢ #*/ _T_? Wavelength (um)
c * ,?
S 100 g _ . - .
© Fig. 3. Regression coefficients and factor loadings for a three-factor PLS
‘uc')' P regression model estimating nitrogen concentration of temperate forest
Qe canopies using first-derivative AVIRIS absorbance data.
o 000l . .
© 3.00
z > 52 500 . . K .
3 AVIRIS 28 L W ]
9 d O & 0.00F 1
K T TR —
B 2.0 w €3 500 . . . .
£ Pk |
*5 0.50 ————
1.00 } ,,3’" *
+ , 025 =
P ()]
- - "C- b
0.00 k=~ . . 2
0.00 1.00 2.00 3.00 S 00 |
Measured N Concentration (%) & |
&
Fig. 2. Predicted versus measured canopy nhitrogen concentration based on -0.25 Factor 1 7
PLS regression models using (a) Hyperion and (b) AVIRIS absorbance data. Factor 2
In both panels, closed symbols represent the calibration model; open symbols Factor 3 |
represent the validation model; and dashed lines represent the 1: 1 relationship. N T I T A I
040 080 120 160 200 240

tween-year correlation in N concentration among sample plots
at BEF was strong and of a narrower rang & 0.86, SEE= ' N _
0.17, CV = 0.10; data in Table |)_ Thus, we are reasonably corf—'g- 4. _ Regression cc_Jefflc_lents 'and factor Ioadlng_s for a three-factor PLS
. . . . . . .. regression model estimating nitrogen concentration of temperate forest
fident that foliar chemistry sampled in August 2000 is valid foganopies using first-derivative Hyperion absorbance data.

use in calibration of Hyperion imagery collected the subsequent

summer. ) ) . . ..0.51, 0.64, 0.67, and 0.72m for Hyperion spectra. In the
Table Il summarizes PLS regression statistics for estimatiey\r 2 broad region between 1.19—1,28 and wavelengths
of whole-canopy foliar N concentration from AVIRIS and Hypanveen 1.51-1 6am (maxima at 151 1.63. and 1 6an)
perion imagery. Fig. _2 shows the PrEd'_CtEd VErsus Measulgl jqentified for Hyperion data. For AVIRIS, significant SWIR
canopy N concentration for the calibration and validation r%\'/avelengths include regions between 1.14—1.24 (maxima

gression moc_iels for ete)lch imagg dgtt? sourbce.hWhole-can%iyl_ﬂum)’ 1.50-1.58:m (maxima at 1.53), 1.71-1.79m
N concentration was best predicted from both AVIRIS an axima at 1.74:m), a broad feature from 2.06—2.18n, and

Hyperion imagery using a three-factor equation based oNae 5 37um (maxima at 2.3g:m)
first-derivative transformation of the absorbance data with a ' ' '

1, 4, 3 math treatment applied.

Figs. 3 and 4 show wavelength loadings for significant PLS
factors and regression coefficients derived from these factordPrevious studies in temperate conifer and mixed deciduous
that best predicted canopy N concentrations from AVIRIS arddrests have demonstrated that accurate empirical estimates
Hyperion first-derivative absorbance spectra, respectively. ¢ canopy chemistry, particularly nitrogen concentration, may
the visible and near-infrared, wavelengths of highest loadinhe derived from aircraft-based high-altitude remote spectro-
are centered between 0.48-0.8, with important features scopic measurements [3]-[5], [25]-[27]. In this paper, we
near 0.48, 0.66, and 0.76m for AVIRIS spectra and at reconfirm this potential within north temperate forest canopies

Wavelength (um)

IV. DISCUSSION
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for the ER-2-based AVIRIS instrument and, for the first time, In both datasets, the N—H stretch, first overtone near b1
demonstrate a similar potential for the space-based imagif@gprimary absorption feature associated with protein and with
spectrometer, Hyperion. Although Hyperion has a lower SNRtrogen) was among those of highest factor loading. Similarly,
and a narrower usable spectral range than the AVIRIS instaubroad feature between 1.60 and 1,64 (C—H stretch first
ment, the accuracy of Hyperion-based prediction, as indicatedertone associated with protein) was identified as important
by the validation regression RMSEP statistic (Table II), fallor the Hyperion data, with a smaller feature centered at
well within that needed to detect important spatial patterns df69 um, as was the broad AVIRIS feature between 1.71 and
canopy nitrogen over native forest landscapes. Detection o¥9 m (C—H stretch, first overtone associated with protein).
canopy N within 0.5% by dry mass has been described as theaggregate, these spectral features are among the strongest
minimum necessary to distinguish among ecosystems in thabsorption features for nitrogen in the SWIR region [5], [6] and
photosynthetic, and hence, productive potential [28]. Over&lave often been identified as important predictors of nitrogen
accuracy of Hyperion estimates were within 0.25% dry mads, canopy-level imaging spectrometry studies [4], [32], [34],
and AVIRIS-based estimates were within 0.19% dry mass. Hj85]. Additional features significant for the AVIRIS dataset
perion estimates, though of lower accuracy than AVIRIS-basattlude the 2.06—2.18:m region and a peak at 2.30n related
estimates, are surprisingly robust given Hyperion’s much lowsr N-H stretch and rotation features associated with protein
SNR and the temporal offset between field data collection aadd nitrogen absorption [5], [32].

image acquisition for the study site. Lower magnitude features identified between 0.90 and

Leaf optical properties, and thus foliar chemistry, are e4-02 xm and between 1.14 and 1.28n in both datasets are
pressed most strongly at the canopy level when canopies associated with minor water absorption features and with
optically dense. Combined field-data and canopy reflectanCe-H stretch, second overtones common to all biochemical
modeling studies suggest that canopy cover, leaf area, amshstituents [6].
leaf angle control the strength of biochemical expression inThe ability to scale field measurements from individual
both the visible and near-infrared spectrum [29], [30]. Closedsearch plots to broader surrounding landscapes has long been
canopies of high leaf area and of generally horizontal leaf inch-challenge to environmental scientists and resource managers.
nation, characteristics of the temperate and mixed coniferoser the past decade, the increasing awareness of processes
forests examined in this study, best allow the generally weékat operate globally and the large data streams now generated
leaf-level biochemical information, particularly in the NIR, tofrom broad-scale remote sensing instruments (e.g., MODIS)
be enhanced at the canopy scale via multiple scattering [29]has made this goal even more pertinent. Presently, our ability to

Wavelength regions of high predictive value for detectingnterpret and evaluate the information gathered by regional- and
canopy nitrogen concentrations were largely consonant lmntinental-scale remote sensing instruments is substantially
tween AVIRIS and Hyperion spectral datasets (despite thmited by the inherent incompatibility between plot-based
temporal offset in image acquisition by the sensors and tfield data and the kilometer-scale reflectance data generated by
difference in surface reflectance transformation), as well aach instruments. Because hyperspectral sensors collect exten-
with a number of previous empirically based studies. Ttsve amounts of spectral information and typically at spatial
most abundant nitrogen-bearing compounds in green leavesolutions much more compatible with field measurements,
are proteins, mostly in the form of chlorophyll and of theheir utility in detecting physiological canopy properties, such
carboxylating enzyme Rubisco [31]. Chlorophyll absorptiorss canopy-level biochemistry, may represent a powerful way in
are due to electron transitions and are located in the visidich measurements and observations may be meaningfully
region of the spectrum with primary features found near 0.4iBked across scales and among instruments.
and 0.66:m (chlorophylla) and 0.46 and 0.64m (chlorophyll
b) [5].

In this study, absorption features at or near 0.86 were
identified as important in both spectral datasets, as well as armrhe authors would like to thank N. Coops (CSIRO FFP) and
AVIRIS feature at 0.48:m and Hyperion features near 0.51D. Jupp (CSIRO EOC) for their help in understanding and pre-
and 0.64um. Red-edge features at 0.2 in AVIRIS data and processing of Hyperion Level 1B data.
near 0.75:m in Hyperion data were also identified. Red-edge
features are known to vary with chlorophyll concentration and
biomass amount, and have been identified in a number of pre-

vious imaging spectrometry studies as correlated with nitrogen1] C.Fieldand H. A. Mooney, “The photosynthesis-nitrogen relationship in
concentration [26] [32] wild plants,” inOn the Economy of Plant Form and FunctjdhGivnish,
. . ) ) ) . Ed. Cambridge, U.K.: Cambridge Univ. Press, 1986, pp. 22-55.
Protein absorption features are found in the infrared portionp2] p. B. Reich, D. S. Ellsworth, M. B. Walters, J. M. Vose, C. Gresham, J.
of the spectrum and are due to harmonics and overtones of fun- C. Volin, and W. D. Bowman, “Generality of leaf trait relationships: A

. . test across six biomesEcology vol. 80, pp. 1955-1969, 1999.
damental stretching frequencies of C—H, N-H, and O-H bond%S] C. A. Wessman, J. D. Aber, D. L. Peterson, and J. M. Melillo, “Remote

atwavelengths in middle- and thermal-infrared regions. Primary ~ sensing of canopy chemistry and nitrogen cycling in temperate forest
absorption features associated with proteins are found near 1.02[ i &Coéyiﬁtef?&”a;uge E/)O'Ag35v‘}l349- }154—1?6] 1983I- i t _

. E. Martin an . D. er, Igh spectral resolution remote sensing
1.51,1.68,1.73, 1.98, 2.06, 2.13, 2.18, 2.24, and 2!3(15], of forest canopy lignin, nitrogen, and ecosystem proceskes)’ Appl,
[6], [33]. vol. 4, pp. 431-443, 1997.
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