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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 is functionally linked to canopy chemistry including growth and 
strongly related to carbon uptake and cycling. Combined field and N cycling 171, [81. this paper, we compare the capacity 
airborne imaging spectrometry studies demonstrate the capacity 
for accurate empirical estimation of forest canopy N concentration first spaceborne hyperspectral imaging spectrometer, Hyperion 

and other biochemical constituents at scales from forest stands instrument On the Aeronautics and 'pace 
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 s+rometer, 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, perspectral sensor, N A S ~ ~  Airborne Visible/Infrared Imaging 
the Airborne VisibleIInfrared Imaging Spectrometer (AVIRIS). 
Overall accuracy of Hyperion estimates of forest canopy N Spectrometer (AVIRIS). 
concentration, as compared with field measurements, were within 
0.25% dry mass, and AVIRIS-based estimates were within 0.19% 11. METHODS 
dry mass, each well within the accuracy required to distinguish 
among forested ecosystems in nitrogen status. A. Study Area 

Index Terms-Airborne VisibleIInfrared Imaging Spectrometer 
(AVIRIS), Hyperion, nitrogen, temperate forest. 

T HE CONCENTRATION of nitrogen in foliage is strongly 
related to rates of net photosynthesis, and hence carbon up- 

take, across a wide range of plant species and functional groups 
[I], [2] and thus represents a simple and biologically mean- 
ingful link between terrestrial cycles of carbon and nitrogen (N). 
Field and remote sensing studies in temperate forest ecosystems, 
employing both laboratory spectroscopy and airborne imaging 
spectrometry, have demonstrated the capacity for empirical es- 
timation of canopy N and other biochemical constituents (e.g., 
lignin, cellulose, etc.) at scales from individual leaves to whole 
forest canopies [3], [4]. In the case of nitrogen, empirical re- 
lationships are based on both direct and indirect correlations 

The study was conducted at the Bartlett Experimental Forest 
[(BEF) W 7 1 .30°, N 44.05'1 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- 
cessional needle-leaved evergreen and broad-leaved deciduous 
forest types including such northern temperate conifer species 
as red spruce (Picea rubens Sarg.), balsam fir (Abies balsamea 
(L.) Miller), eastern hemlock (Tsuga candensis (L.) Carr.), and 
white pine (Pinus strobus L.), as well as such temperate northern 
hardwood species as sugar maple (Acer saccharum Marsh), 
American beech (Fagus grandifolia Ehrh.), yellow birch (Be- 
tula alleghaniensis (L.) Britt.), red maple (Acer rubrum L.), 
white ash (Fraxinus americana L.), and paper birch (Betula 
papyrifera Marsh.). The study area is mountainous with eleva- 
tions ranging from 200-850 m. Soils are derived from granitic 
drift and tend to be coarse textured. The climate is charac- 

with absorption features associated with N-bearing compounds terized by a relatively short growing season (frost-free period 
in leaves, e.g., proteins and chlorophyll [5], [6]. More recently, of about 120 days) and long cold winters. Air temperatures 

at the BEF average - 12" and 19 "C in January and July, 
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respectively [3 61. Precipitation is evenly distributed throughout 
the year and averages 120-140 cm, with about one-third in 
the form of snow. 

B. Field Data Collection and Chemical Analysis 

In 193 1, 500 0.1-ha permanent growth measurement plots, 
spaced 200 m x 100 m apart, were established across the BEE 
Forty-four of these established permanent plots were chosen 
for canopy composition and foliar chemistry sampling for re- 
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 
of a larger study directed at the application of hyperspectral re- 
mote sensing to analysis of canopy chemistry and ecosystem 
function at stand to landscape scales [7], [a]. 

In order to determine growing season foliar chemistry, and 
in conjunction with image acquisition by NASA's AVIRIS and 
Hyperion instruments, midsummer green leaf samples were col- 
lected on each selected study plot in August 1997 and again 
on 19 of these plots in August 2000. On each plot, all domi- 
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 
the canopy with a shotgun. Each sample consisted of a com- 
posite of leaves collected from several heights in the canopy. 
For needle-leaved species, no separation was made among nee- 
dles of different ages. All samples were oven-dried at 70 OC for 
48 h and then ground with a Wiley mill to pass through a 1-rnrn 
mesh screen. 

A visible-near infrared spectrophotometer (NIRSystems 
6500 monochromator) was used to determine foliar N con- 
centration of oven-dried, ground green leaf foliage samples 
according to established methods [9]. As N concentration on a 
mass basis has been shown not to vary significantly in relation 
to vertical canopy gradients [lo], [ l  11, plot-level whole-canopy 
N concentration (grams Nitrogen per 100 g) was calculated as 
the mean of foliar N concentration for individual species in 
each forest stand, weighted by fraction of canopy foliar mass 
per species. Each species contribution to the total mass of the 
canopy was determined by combining its proportional leaf area, 
determined using a camera-based point quadrat sampling tech- 
nique, with leaf mass per area measurements. Complete details 
of the field and lab methodologies are described elsewhere [8], 
[121. 

C. Remote Sensing Data and Image Processing 

Cloud-free imaging spectrometer data were acquired for the 
BEF on August 12,1997 by the AVIRIS instrument and on Au- 
gust 29,200 1 by the Hyperion instrument. 

AVIRIS flies onboard an ER-2 aircraft at an altitude of 
20 000 m and measures upwelling radiance from the solar re- 
flected spectrum in 224 contiguous channels from 0.42.4 pm 
with a spectral resolution of 0.0 1 pm. Spatial images of radiance 
spectra are collected by a cross-track scanning mechanism and 
the forward motion of the aircraft. Images are 11 km in width 
and up to 800 km in length with a nominal spatial resolution 
of 17 m [13]. AVIRIS data were received as at-sensor scaled 
radiance (pW sr-' nm-') and transformed to apparent 
surface reflectance using the Atmosphere Removal (ATREM) 
atmospheric correction program [14], [15]. ATREM was 
designed specifically for retrieving scaled surface reflectance 
from spectral image data collected by the AVIRIS sensor. 
ATREM uses a radiative transfer model based on the MOD- 
TRAN and 5 s  codes to calculate atmospheric transmittance of 
seven gases, particularly water. Atmospheric attenuation and 
scattering effects of these gases are then removed from the 
image on a pixel-by-pixel basis. After atmospheric correction, 
the BEF AVIRIS image was geometrically registered to within 
0.5-pixel accuracy using a geocoded SPOT panchromatic 
coverage of the study area. AVIRIS reflectance spectra for pixel 
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Fig. 1. AVIRIS and Hyperion reflectance spectra for a broad-leaved 
deciduous ( 1 ON) and a needle-leaved evergreen ( 10T) forest stand, Bartlett 
Experimental Forest, NH. Solid lines represent AVIRIS spectra, broken lines 
represent Hyperion spectra. 

areas encompassing each sample plot, typically a 2 x 2 pixel 
area, were extracted for analysis. 

Hyperion Level 1B data, described in detail elsewhere 
in this issue [16], were provided as calibrated radiance (W 
mP2 sr-' pm-l). Level 1B Hyperion radiance data were 
first corrected for "streaking" or variation in balance among 
vertical columns in the along-track direction of the image data, 
a product of the sensor's "pushbroom" design, that is most 
evident in shortwave infrared (SWIR) channels (1 .O-2.4 pm). 
This artifact was treated as scene dependent and corrected 
using a simple statistical balancing approach using the mean 
and variance of each column and each channel of image data 
[17]. Radiance data were then transformed to apparent surface 
reflectance using the ACORN atmospheric correction program 
[la]. Similar to ATREM, ACORN is based on the MODTRAN 
4 radiative transfer model and calculates the effect of atmo- 
spheric gases as well as molecular and aerosol scattering and 
removes these effects on a pixel-by-pixel basis from the image. 
After atmospheric correction, the BEF Hyperion image was 
geometrically registered using the georegistered AVIRIS image 
of the study site. Hyperion reflectance spectra encompassing 
both the ground plot area and the ground extent included in 
AVIRIS analysis were extracted for spectral analysis. 

A comparison among AVIRIS and Hyperion reflectance 
spectra for a broad-leaved deciduous and a needle-leaved 
evergreen stand is presented in Fig. 1. Although ATREM and 
ACORN do not produce identical surface reflectance trans- 
formations, differences among platforms, instrument SNR, 
and the temporal offset between AVIRIS and Hyperion data 
collection are likely larger more significant sources of variation 
in this analysis. 

D. Statistical Analysis 

Prior to examination of correlations among spectral data and 
whole-canopy N concentration, plot-level reflectance spectra 
(R) were transformed to absorbance ( A )  where 



1334 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 6, JUNE 2003 

and a derivative transformation (approximated by finite differ- 
ence) applied. According to Beer-Lambert, the concentration of 
an absorber is directly proportional to A where A is the product 
of molecular absorption, the concentration of absorbers, and the 
path length of irradiating energy [19]. The derivative spectrum 
is a measure of the slope of the spectral curve at every point 
and results in a spectrum in which peaks and valleys correspond 
with inflection points in the absorbance spectra (thus aiding in 
resolving overlapping spectral peaks) and from which baseline 
offsets and low-frequency variation have been removed or min- 
imized [20]. In the case of optically dense vegetation, such as 
found in closed-canopy forests, the spectral derivative with re- 
spect to wavelength can be shown to be directly indicative of the 
abundance and activity of absorbers in leaves [2 11. 

Wavelength regions associated with overtones of strong water 
absorption centered near 1.45 and 1.90 pm were excluded 
from analysis of both AVIRIS and Hyperion data. AVIRIS 
wavelengths below 0.45 pm and Hyperion wavelengths below 
0.45 pm and above 2.0 pm were also excluded from analysis 
due to low SNR. 

Partial least squares (PLS) regression, a type of eigenvector 
analysis, was used to relate AVIRIS and Hyperion spectral re- 
sponse to whole-canopy N concentration data for each sample 
stand and was carried out using the Unscrambler 7.6 software 
system [22]. PLS regression methods reduce full-spectrum data 
to a smaller set of independent latent variables, or factors, with 
constituent concentration data used directly during the spectral 
decomposition process. As a result, full-spectrum wavelength 
loadings for significant PLS factors (p < 0.05), from which 
regression coefficients for each wavelength are derived, are di- 
rectly related to constituent concentration and thus describe the 
spectral variation most relevant to the modeling of variation 
in the chemical data [23]. To avoid overfitting, the prediction 
residual error sum of squares (PRESS) statistic was calculated 
for each factor based on an iterative cross-validation prediction 
of each sample. The number of factors at which additive predic- 
tion errors are minimized indicates the appropriate number of 
factors to include in each PLS model. 

Derivative transformations were performed iteratively during 
PLS regression analysis over variable wavelength widths with 
the aim of maximizing the squared multiple correlation coef- 
ficient between spectral data and whole-canopy nitrogen con- 
centration while minimizing the standard error. A number of 
math treatments were evaluated and are expressed as the order 
of the derivative, the gap between data points used to calculate 
the derivative and the number of data points used to smooth the 
data. 

Accuracy of developed equations was evaluated using the 
residual mean square error of prediction (RMSEP) statistic, 
based on an iterative calibration-validation algorithm. Each 
canopy N concentration sample and its associated spectra are 
iteratively excluded, and a prediction of the sample value is 
made based on an equation developed using the remaining 
samples. The process is repeated until every sample has been 
left out once, and then all prediction residuals are combined 
to compute the validation equation statistics and RMSEP. The 
RMSEP is the average prediction error expressed in units of N 
concentration and is effectively equivalent to the standard error 
of prediction (SEP) for an independent dataset [23]. 

TABLE I 
RESULTS OF FIELD DATA COLLECTION FROM SAMPLE 

PLOTS IN 44 FOREST STANDS, BEF 

Plot Predominant Species CanopyN LA1 
Composition (g N 11 00 g) (mZ m-'1 

1997 2000 
362 Beech 1.85 1.82 3.49 
3XQ Beech 1.87 1.70 3.04 

Beech 
Beech 
Beech 
Beech 
Beech 
Beec h-Hemlock 
Beec h-Red Maple 
Beec h-Red Oak 
Beec h-Red 0 ak 
Paper Birch-Beech 
Paper Birch-Beech 
Red Maple 
Red Maple 
Red Maple-Beec h 
Red Maple-Beec h 
Red Maple-Paper Birch 
Red Maple-Paper Birch 
Red Maple-mte Pine 
Sugar Maple-Beech 
Sugar Maple-Beech 
Sugar Maple-Beech 
Sugar Maple-Beech 
Sugar Maple-Beech 
Sugar Maple-Beech 
Sugar Maple-Beech 
Sugar Maple-White Ash 
Yellow Birch-Beech 
Yellow Birch-Beech 
Yellow Birch-Beech 
Hemlock 
Hemlock 
Hemlock 
Hemlock 
Hemlock-Beech 
Hemlock-Red Spruce 
Red Spruce 
Red Spruce 
Red Spruce 
Red Spruce 
Red Spruce-Paper Birch 
White Pine-Mixed Deciduous 
White Pine-Mixed Deciduous 

Table I summarizes plot-level field measurements. Canopy N 
concentration varied more than twofold across all sites differing 
in both mean and range among deciduous broad-leaved and 
needle-leaved evergreen forest types. Among deciduous stands, 
canopy N concentration ranged from 1.6 1 % to 2.48% in 1997 
(n = 31 stands, mean = 2.05%) and from 1.55% to 2.38% in 
2000 (n = 10, mean = 1.92%). Among evergreen-dominated 
stands canopy N ranged from 1.00% to 1.69% in 1997 (n = 13, 
mean = 1.28%) and from 1.06% to 1.49% in 2000 (n = 9, 
mean = 1.26%). Leaf area index (LAI), a scalar of canopy mass 
and density, showed greater variation among needle-leaved 
evergreen-dominated stands (LAI: 1.73 to 3.62, mean 2.53) 
than among broad-leaved deciduous-dominated stands, largely 
a function of variation in leaf retention time among diverse 
conifer species. Within deciduous-dominated stands, canopy N 
concentration showed greater relative variation than did LA1 
which varied little (LAI: 3.04 to 3.52, mean 3.37), most stands 
being at or near maximum LAI values for forests of this region. 
Fuller discussion may be found in [8]. 

Although foliar N concentration can vary as much as 20% 
across several years in temperate forests of this region [24], be- 
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TABLE I1 
SUMMARY STATISTICS FOR PLS REGRESSION OF FOREST CANOPY NITROGEN 
CONCENTRATION WITH AVIRIS AND HYPERION SPECTRAL RESPONSE, BEF 

Math Factors Calibration 
Treatment 

R2 SBC CV Bias 
AVIRIS 1 , 4 , 3  3 0.83 0.17 0.09 0.00 
Hyperion 1 , 4 , 3  3 0.82 0.17 0.10 0.00 

Validation 
R2 RMSEP CV Bias 

AVIRIS 1 , 4 , 3  3 0.79 0.19 0.10 0.00 
Hyperion 1 , 4 , 3  3  0.60 0.25 0.15 0.00 

Measured N Concentration (%) 

Fig. 2. Predicted versus measured canopy nitrogen concentration based on 
PLS regression models using (a) Hyperion and (b) AVIRIS absorbance data. 
In both panels, closed symbols represent the calibration model; open symbols 
represent the validation model; and dashed lines represent the 1 : 1 relationship. 

tween-year correlation in N concentration among sample plots 
at BEF was strong and of a narrower range (R2 = 0.86, SEE = 
0.17, CV = 0.10; data in Table I). Thus, we are reasonably con- 
fident that foliar chemistry sampled in August 2000 is valid for 
use in calibration of Hyperion imagery collected the subsequent 

-0.30 
0.40 0.80 1.20 1.60 2.00 2.40 

Wavelength (pm) 

Fig. 3. Regression coefficients and factor loadings for a three-factor PLS 
regression model estimating nitrogen concentration of temperate forest 
canopies using fmt-derivative AVIRIS absorbance data. 

- 

- 

Factor 1 - 
Factor 2 
Factor 3 

Wavelength (pm) 

Fig. 4. Regression coefficients and factor loadings for a three-factor PLS 
regression model estimating nitrogen concentration of temperate forest 
canopies using first-derivative Hyperion absorbance data. 

summer. 0.51, 0.64, 0.67, and 0.72 pm for Hyperion spectra. In the 
Table 11 summarizes PLS regression statistics for estimation SWIR, a broad region between 19-1 .28 pm and wavelengths 

of whole-canopy foliar N concentration from AVIRIS and Hy- between .5 .69 pm (maxima at .5 .63, and .69 pm) 
perion Fig. shows the predicted versus measured are identified for Hyperion data. For AVIRIS, significant SWIR 
canopy N concentration for the calibration and validation re- wavelengths include regions between 1.14-1.24 pm (maxima 
gression for each image data source. WhO1e-cano~~ at 1-17 pm), 1.50-1 -58 pm (maxima at 1-53), 1.71-1.79 pm 

concentration was best predicted both AVIRIS and (maxima at 1-74 pm), a broad feature from 2.0&2.18 pm, and 
Hyperion imagery using a three-factor equation based on a 2.262.37 pm (maxima at 2.30 pm). 
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 
IV. DISCUSSION 

factors and regression coefficients derived from these factors Previous studies in temperate conifer and mixed deciduous 
that best predicted canopy N concentrations from AVINS and forests have demonstrated that accurate empirical estimates 
Hyperion first-derivative absorbance spectra, respectively. In of canopy chemistry, particularly nitrogen concentration, may 
the visible and near-infrared, wavelengths of highest loadings be derived fiom aircraft-based high-altitude remote spectro- 
are centered between 0.48-0.80 pm, with important features scopic measurements [3]-[5], [25]-[27]. In this paper, we 
near 0.48, 0.66, and 0.76 pm for AVIRIS spectra and at reconfirm this potential within north temperate forest canopies 
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for the ER-2-based AVIRIS instrument and, for the first time, 
demonstrate a similar potential for the space-based imaging 
spectrometer, Hyperion. Although Hyperion has a lower SNR 
and a narrower usable spectral range than the AVIRIS instru- 
ment, the accuracy of Hyperion-based prediction, as indicated 
by the validation regression RMSEP statistic (Table 11), falls 
well within that needed to detect important spatial patterns of 
canopy nitrogen over native forest landscapes. Detection of 
canopy N within 0.5% by dry mass has been described as the 
minimum necessary to distinguish among ecosystems in their 
photosynthetic, and hence, productive potential [2 81. Overall 
accuracy of Hyperion estimates were within 0.25% dry mass, 
and AVIRIS-based estimates were within 0.19% dry mass. Hy- 
perion estimates, though of lower accuracy than AVIRIS-based 
estimates, are surprisingly robust given Hyperion's much lower 
SNR and the temporal offset between field data collection and 
image acquisition for the study site. 

Leaf optical properties, and thus foliar chemistry, are ex- 
pressed most strongly at the canopy level when canopies are 
optically dense. Combined field-data and canopy reflectance 
modeling studies suggest that canopy cover, leaf area, and 
leaf angle control the strength of biochemical expression in 
both the visible and near-infrared spectrum [29], [30]. Closed 
canopies of high leaf area and of generally horizontal leaf incli- 
nation, characteristics of the temperate and mixed coniferous 
forests examined in this study, best allow the generally weak 
leaf-level biochemical information, particularly in the NIR, to 
be enhanced at the canopy scale via multiple scattering [29]. 

Wavelength regions of high predictive value for detecting 
canopy nitrogen concentrations were largely consonant be- 
tween AVIRIS and Hyperion spectral datasets (despite the 
temporal offset in image acquisition by the sensors and the 
difference in surface reflectance transformation), as well as 
with a number of previous empirically based studies. The 
most abundant nitrogen-bearing compounds in green leaves 
are proteins, mostly in the form of chlorophyll and of the 
carboxylating enzyme Rubisco [3 11. Chlorophyll absorptions 
are due to electron transitions and are located in the visible 
region of the spectrum with primary features found near 0.43 
and 0.66 pm (chlorophyll a )  and 0.46 and 0.64 pm (chlorophyll 
b) PI.  

In this study, absorption features at or near 0.66 pm were 
identified as important in both spectral datasets, as well as an 
AVIRIS feature at 0.48 pm and Hyperion features near 0.51 
and 0.64 pm. Red-edge features at 0.76 pm in AVIRIS data and 
near 0.75 pm 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 nitrogen 
concentration [26], [32]. 

Protein absorption features are found in the infrared portion 

In both datasets, the N-H stretch, first overtone near 1.5 1 pm 
(a primary absorption feature associated with protein and with 
nitrogen) was among those of highest factor loading. Similarly, 
a broad feature between 1.60 and 1.64 pm (C-H stretch first 
overtone associated with protein) was identified as important 
for the Hyperion data, with a smaller feature centered at 
1.69 pm, as was the broad AVIRIS feature between 1.71 and 
1.79 pm (C-H stretch, first overtone associated with protein). 
In aggregate, these spectral features are among the strongest 
absorption features for nitrogen in the SWIR region [5], [6] and 
have often been identified as important predictors of nitrogen 
in canopy-level imaging spectrometry studies [4], [32], [34], 
[35]. Additional features significant for the AVIRIS dataset 
include the 2.06-2.18-pm region and a peak at 2.30 pm related 
to N-H stretch and rotation features associated with protein 
and nitrogen absorption [5], [32]. 

Lower magnitude features identified between 0.90 and 
1.02 pm and between 1.14 and 1.28 pm in both datasets are 
associated with minor water absorption features and with 
C-H stretch, second overtones common to all biochemical 
constituents [6]. 

The ability to scale field measurements from individual 
research plots to broader surrounding landscapes has long been 
a challenge to environmental scientists and resource managers. 
Over the past decade, the increasing awareness of processes 
that operate globally and the large data streams now generated 
from broad-scale remote sensing instruments (e.g., MODIS) 
has made this goal even more pertinent. Presently, our ability to 
interpret and evaluate the information gathered by regional- and 
continental-scale remote sensing instruments is substantially 
limited by the inherent incompatibility between plot-based 
field data and the kilometer-scale reflectance data generated by 
such instruments. Because hyperspectral sensors collect exten- 
sive amounts of spectral information and typically at spatial 
resolutions much more compatible with field measurements, 
their utility in detecting physiological canopy properties, such 
as canopy-level biochemistry, may represent a powerful way in 
which measurements and observations may be meaningfully 
linked across scales and among instruments. 

The authors would like to thank N. Coops (CSIRO FFP) and 
D. Jupp (CSIRO EOC) for their help in understanding and pre- 
processing of Hyperion Level 1B data. 
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