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In this study, mixed coniferous forest crown closure (CC) and leaf area index

(LAI) were measured at the Blodgett Forest Research Station, University of

California at Berkeley, USA. Data from EO-1 Hyperspectral Imager (Hyperion)

and Advanced Land Imager (ALI) acquired on 9 October 2001, and from

Landsat 7 Enhanced Thematic Mapper Plus (ETM+) on 25 October 2001 were

used for estimation of CC and LAI. A total of 38 forest CC and LAI

measurements were used in this correlation analysis. The analysis procedure

consists of (1) atmospheric correction to retrieve surface reflectance from

Hyperion, ALI and ETM+ data, (2) a total of 38 patches, corresponding to

ground CC and LAI measurement plots, extracted from data from the three

sensors, and (3) calculating univariate/multivariate correlation coefficient (R2)

and root mean square error (RMSE) using CC and LAI measurements and

retrieved surface reflectance data of the three sensors. The experimental results

indicate: (1) higher individual band correlations with CC and LAI appear in

visible and short wave infrared (SWIR) regions due to spectral absorption

features (pigments in visible and water and other biochemicals in SWIR); (2)

based on ALI individual band wavelengths, the R2/RMSE produced with

Hyperion bands are all better than those with ALI, except ALI band 1, due to

atmospheric scattering of Hyperion bands in the visible region; (3) based on

ETM+ individual band wavelengths, Hyperion is better than ALI, which is better

than ETM+, especially for the NIR band group of Hyperion; (4) based on

spectral region, Hyperion, again, is better than ALI which is better than ETM+,

and optimal results appear in the visible region for ALI and in SWIR for

Hyperion; and (5) if considering just six bands or six features (six principal

components) in estimating CC and LAI, optimal results are obtained with six

bands selected from the 167 Hyperion bands. In general, for estimation of forest

CC and LAI in this study, the Hyperion sensor has outperformed the ALI and

ETM+ sensors, whereas ALI is better than ETM+. The best spectral region for

Hyperion is SWIR, but for ALI and ETM+, the visible region should be

considered instead.

1. Introduction

The primary mission of Earth Observing-1 (EO-1) is to develop and validate

instruments and technologies for space-based Earth observation with unique spatial,

spectral and temporal characteristics not previously available. Three revolutionary
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land imaging instruments: Advanced Land Imager (ALI), Atmospheric Corrector

(AC) and Hyperspectral Imager (Hyperion), flown on the EO-1 satellite (Ungar

et al. 2003) will collect multispectral and hyperspectral scenes over the course of

its mission in coordination with the Enhanced Thematic Mapper Plus (ETM+)

on Landsat 7. A significant part of the EO-1 programme is performing data

comparisons among Hyperion, ALI and ETM+. The comparisons are ensured, since

the EO-1 orbit matches the Landsat 7 orbit with only a 1-min delay. Typical

comparisons might be concerned with absolute radiometric/reflectance (from the

top of the atmosphere or from Earth’s surface) (e.g. Barry et al. 2002, Bryant et al.

2002), or with applicability of various sensors’ data (e.g. Goodenough et al. 2002).

Barry et al. (2002) performed absolute radiometric comparisons among Hyperion,

ALI and ETM+. The results demonstrated the capability of Hyperion to synthesize

ALI and ETM+. After comparing the retrieved surface reflectances from ALI with

those from Landsat ETM+ and Landsats 4 and 5 Thematic Mapper (TM) and

considering the fact that ALI is a sensor launched for validation of new sensor

technologies, Bryant et al. (2002) concluded that the ALI sensor performed

extremely well. In monitoring forests with Hyperion, ALI and ETM+ images,

Goodenough et al. (2002) compared capabilities of the data from the three sensors

used for forest classification at various classification levels. Their experimental

results indicated that Hyperion outperformed ALI and ETM+ in forest classification

and that ALI classification results were much better than ETM+. In this analysis, we

propose to compare the capabilities of the three sensors (Hyperion, ALI and ETM+)

for estimating forest crown closure (CC) and leaf area index (LAI). This work

contributes to validating EO-1 data for extracting biophysical parameters, such as

CC, LAI and tree species.

We selected the two biophysical parameters (CC and LAI) as indicators for

evaluating capabilities of the three sensors because both are important structural

parameters for quantifying the energy and mass exchange characteristics of

terrestrial ecosystems such as photosynthesis, respiration, transpiration, carbon

and nutrient cycle, and rainfall interception (Gong et al. 1995, Chen and Cihlar

1996, Fassnacht et al. 1997, Gobron et al. 1997, White et al. 1997, Chen et al. 1999,

Hu et al. 2000). LAI quantifies the amount of live green leaf material present in the

canopy per unit ground area. It is defined as the total one-sided area of all leaves in

the canopy within a defined region (m2 m22). CC can be defined as percentage of

land area covered by the vertical projection of tree crowns. Reflectance spectra of a

forest stand are the combined reflectance spectra of trees, ground vegetation and

underlying soil. Forest reflectance directly depends on the proportions of these

components (e.g. crown, grasses and bare soil) in a pixel or in the elementary surface

viewed by a sensor (Guyot et al. 1989). Although CC is not studied as extensively as

LAI in ecosystem science, since it is easily measured in the field and is viewed

vertically by a sensor, estimation and mapping of CC with various remote sensing

data are often conducted in forest inventory and ecosystem studies. For example,

CC, estimated and mapped from aerial photographs, is an important element in

timber management plan inventory (US Department of Agriculture 1968) and in

forest resources inventory (Fang 1980). In addition, Gerylo et al. (2002) and Hall

et al. (1998) successfully estimated forest CC using Landsat 5 TM image and

airborne multispectral video camera images, respectively. Although CC has a

different ecological significance than LAI, the two are closely correlated. Therefore,

the CC is also used as a bio-parameter extracted from remote sensing. In this study,
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mixed coniferous forest CC and LAI were collected at the Blodgett Forest Research

Station, University of California at Berkeley, USA. Data from Hyperion, ALI and

ETM+ were used to estimate the forest CC and LAI. The objectives of this study are

to (1) compare capabilities of Hyperion, ALI and ETM+ for estimating forest CC

and LAI and (2) find an optimal spectral region and band groups to be effective for

estimating forest CC and LAI. This article is organized as follows: section 2 briefly

describes the characteristics of the three sensors, section 3 describes the study site

and data acquisition and measurement, and section 4 briefly describes comparison

methods for evaluating the capabilities of the three sensors, including the sensors’

data pre-processing. In section 5, we present, analyse and discuss the comparison

results of the three sensors. Finally, in the last section, we summarize with several

conclusions derived from this experiment.

2. The characteristics of three sensors

In this section, we will briefly describe the characteristics of the three sensors:

Hyperion, ALI and ETM+. For a detailed description of EO-1 sensors (Hyperion,

ALI and LAC) and the EO-1 mission, see Ungar et al. (2003).

2.1 Hyperion

The Hyperion instrument was designed as a technology demonstration and provides

high-quality calibrated data for hyperspectral application evaluation (Pearlman

et al. 2003a). Hyperion is a high-resolution hyperspectral imager capable of

resolving 220 spectral bands (from 0.4 to 2.5 mm) with a 30 m spatial resolution and

a nominal spectral resolution of 10 nm. The instrument, which operates on the

pushbroom principle, can represent one 7.5 km6100 km land area per image and

can provide detailed spectral mapping across all 220 bands with high radiometric

accuracy. The Hyperion has a single telescope and two spectrometers, one visible/

near-infrared (VNIR) spectrometer and one short-wave infrared (SWIR) spectro-

meter. The hyperspectral imaging data acquired with Hyperion has wide ranging

applications in mining, geology, forestry, agriculture and environmental manage-

ment. Detailed classification of land assets with Hyperion enables more accurate

application of remotely sensed data, for example, better prediction of crop yield and

more accurate assessment of environmental quality (http://eol.gsfc.nasa.gov/

Technology/Hyperion.html). Due to low ratio of signal to noise at both spectral

ends (,430 nm and .2400 nm), heavy water absorption centred around 1400 and

1900 nm and the spectral overlap of the two spectrometers (VNIR and SWIR), we

dropped a total of 75 bands from original 242. Thus a total of 167 bands (effective

bands) were used in this analysis. Their wavelength positions and re-ordered band

numbers are listed in table 1.

2.2 ALI

The ALI employs novel wide field-of-view silicon carbide optics and is a highly

integrated multispectral and panchromatic spectrometer. The ALI is a 10-band

multispectral system with multiple linear arrays embedded in a single sensor chip

assembly (SCA) (Pearlman et al. 2003b). Operating in a pushbroom fashion, the

ALI provides Landsat type panchromatic and multispectral bands but no thermal

band. These bands have been designed to mimic six Landsat bands with three

additional bands covering 433–453 nm, 845–895 nm and 1200–1300 nm (table 1).
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The ALI also contains wide-angle optics designed to provide a continuous

15u61.625u field of view (FOV) for a fully populated focal plane, with 30 m

resolution for the multispectral pixels and 10 m resolution for the panchromatic

pixels. The instrument can represent one 37 km6100 km land area per image. In this

study, we used nine multispectral bands for comparison with the other two sensors.

2.3 ETM+

Launched on the Landsat 7 satellite on 15 April 1999, operating by a whiskbroom

scanning multichannel radiometer, the ETM+ has six multispectral VNIR and

SWIR bands, one panchromatic band and one thermal band with spatial resolutions

of 30 m for six VNIR/SWIR bands, 60 m for one thermal band and 15 m for one

panchromatic band. The ETM+ replicates the capabilities of the highly successful

TM instruments on Landsats 4 and 5. The ETM+ also includes new features that

make it a more versatile and efficient instrument for global change studies, land

cover monitoring and assessment and large area mapping than its predecessors. The

instrument can represent one 185 km6185 km land area per image. In this study, we

used six of these multispectral bands (table 1) for comparison with other two sensors.

3. Study site and datasets

3.1 Study site

The study site is at the Blodgett Forest Research Station (120u399000 W,

38u549290 N) of the University of California, Berkeley, located in the American

River watershed on the western slope of the central Sierra Nevada mountain range,

El Dorado County, California (figure 1). The Blodgett study area is bounded by a

white line in the figure. The vegetation consists of the normal associates of Sierra

mixed conifer forest. The major tree species include: five conifers, Sugar pine (Pinus

lambertiana), Ponderosa pine (Pinus ponderosa), White fir (Abies concolor), Douglas

fir (Pseudotsuga menziesii) and Incense cedar (Calocedrus decurrens), and one

hardwood, California black oak (Quercus kelloggii). A species native to the Sierra

Nevada but not found in the Blodgett Forest, Giant sequoia (Sequoiadendron

giganteum), has been planted at the Blodgett research station since the 1900s. In this

Table 1. Band numbers and wavelengths of the three sensors: Hyperion, ALI and ETM+
(only those used in this analysis are listed).

Hyperion ALI ETM+

Band Wavelength (nm) Band Wavelength (nm) Band Wavelength (nm)

1–90 430–1341 1 433–453 1 450–520
91–124 1462–1795 2 450–515 2 530–610
125–167 1976–2400 3 525–605 3 630–690

4 630–690 4 780–900
5 775–805 5 1550–1750
6 845–895 7 2090–2350
7 1200–1300
8 1550–1750
9 2080–2350

Note: band numbers of Hyperion have been re-ordered. Its nominal band width is 10 nm.
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study, we measured forest CC and LAI both from mixed coniferous forests with the

six conifer species in most compartments at the study site.

3.2 Field CC and LAI measurement

The forest CC and LAI measurements were carried out on 10–11 August 2001, two

months before the acquisition of the three sensors’ data. A total of 38 CC and LAI

measurements were made in plots typically located within the mixed coniferous

forests at the study area. The locations of plots were marked on the pseudo colour

composite image of Hyperion (wavelengths 813/681/548 nm vs R/G/B, figure 1) as

red filled circles. Each plot is around 2500–3500 m2 to ensure that 2–4 pixels (30 m

resolution) are included from each of the three sensors. We determined a CC

measurement from a plot by synthetically considering the results derived from the

following procedure. In each field plot, two cross lines were laid out with a 50 m

tape. These lines were aligned along approximately S–N and W–E directions across

the plot centre. We then measured and summed the intercepted lengths vertically

projected by crowns in the overstorey. Finally a CC value (%) was calculated

through the formula: CC(%)5sum of intercepted crown lengths/total line length. To

Figure 1. The location of the study site. The positions of plots where forest CC and LAI
were collected are marked on the pseudo colour composite image of Hyperion (wavelengths
813/681/548 nm vs R/G/B) by red filled circles.
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ensure the ability of the CC value to fully represent the plot without bias, we also

visually estimated the CC value while measuring it in the plot and interpreted and

estimated another CC value from stereo aerial photos. If there exists a significant

difference between measured and estimated CC values, we would re-measure the CC

measurement from the plot. The natural-colour aerial photos were taken in June

2000 at a scale of approximately 1 : 8000. We used the visually estimated and

interpreted CC values to confirm the CC value actually measured in the field.

While measuring the CC value at each plot, we also took an LAI measurement

using an LAI-2000 Plant Canopy Analyzer (PCA). The LAI measurement taken by

the PCA is the ‘effective’ LAI (Chen and Cihlar 1996, White et al. 1997). Each LAI

measurement represents an average of 10 PCA readings that were taken mainly from

the overstorey, but including understorey readings of all trees higher than 1.0 m. The

locations of PCA readings in each plot were selected based on the canopy closure,

age of stands and nutrient level so as to make the measurements representative of

the variability within the plot. For plots with an LAI.2.0, almost no understorey

was found. Plots whose LAI was lower than 2.0 had a varying proportion of

understorey that may have contributed towards LAI measurement. These under-

storeys consist mostly of broad-leaf species. Because an image pixel spectrum always

responds to both the understorey and overstorey, especially in sparse forests, we did

not attempt to separate contributions of the understorey and overstorey to the LAI

measurement in this study. Since the effective LAI is less variable and easier to

measure than LAI, is an intrinsic attribute of plant canopies (Chen and Cihlar 1996),

and has also a proportional relationship with LAI (Gower and Norman 1991), we

directly use the effective LAI throughout this research and refer to it as LAI.

3.3 Spectroradiometric measurements

Between 11:30 and 14:30 on 18 August 2002, we took reflectance measurements in

the field from targets of road surface (asphalt and gravel materials), bare soil and

young tree canopy (Douglas fir, Giant sequoia, Incense cedar, Ponderosa pine,

Sugar pine and White fir) using a FieldSpecHPro FR (Analytical Spectral Devices,

Inc., Boulder, CO, USA). The spectral range covered by the instrument is 350–

2500 nm with three separate spectrometers. The first spectrometer has a spectral

resolution of 3 nm and the second and third each has a spectral resolution of

approximately 10 nm. All spectra were measured at the nadir direction of the

radiometer with a 25u FOV. Depending on the target size, the distance between the

spectroradiometer and its target was 20 cm to 1 m to allow within-target-area

radiance measurement. White reference current was measured every 5–10 min. Each

sample was measured 10 times. To ensure that the measurements represented the

target, each time we moved the fibre head slightly but ensured that the

measurements were from the within-target area. These spectral reflectance

measurements were used for atmospheric correction to the ALI and ETM+ data

below.

3.4 Data acquisition from the three sensors

ALI and Hyperion data for the study site were acquired on 9 October 2001, around

10:30 a.m. local time. Since ETM+ data were not available on the same day as EO-1

data, we used the ETM+ data acquired on 25 October 2001, around 10:30 a.m. local

time in this comparative analysis of sensors’ data.
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4. Analysis methods

4.1 Retrieving surface reflectance

Atmospheric correction of hyperspectral data is mandatory for conversion of

radiance to reflectance (Goetz et al. 2002). Therefore, in this study, atmospheric

correction was first conducted to retrieve surface reflectance from data of both the

hyperspectral sensor Hyperion and multispectral sensors ALI and ETM+ (in scaled

radiance format) using High Accuracy Atmospheric Correction for Hyperspectral

Data (HATCH, cf. Qu et al. 2003, Goetz et al. 2002) and a Simple Atmospheric

Correction method (SAC, cf. Gong et al. 2003, Pu et al. 2003). With the HATCH,

atmospheric correction for hyperspectral data of Hyperion was accomplished at the

Center for the Study of Earth from Space, Department of Geological Sciences,

University of Colorado, USA. HATCH, using its own radiative transfer model

rather than the general purpose atmospheric transmission code MODTRAN,

improves performance over ATREM (Gao et al. 1993) due to implementation of

state-of-the-art techniques in the area of atmospheric radiative transfer. The

HATCH aims at retrieving surface reflectance spectra of high quality with a

reasonable speed. For the ALI and ETM+ data, surface reflectance was retrieved

using the SAC method we previously developed. In retrieving surface reflectance

with SAC, we first needed three at-sensor total radiances simulated with

MODTRAN4 (Berk et al. 2000). Thereafter, spectral measurements were taken

from targets in the study area and were used to modify the preliminary retrieved

surface reflectance. For a detailed SAC procedure, see Gong et al. (2003) and Pu

et al. (2003). All surface reflectance data retrieved from the three sensors are used

in following comparative analysis.

4.2 Comparison methods

To compare capabilities of the three sensors’ data for estimating forest CC and LAI,

we designed five comparison methods using univariate and multivariate correlation

analysis.

4.2.1 Based on individual bands. Through correlation analysis of all individual

bands of the three sensors (167 for Hyperion, nine for ALI and six for ETM+) with

38 forest CC and LAI measurements, we can find which sensor is the most capable

of estimating CC and LAI and which bands are the most useful for this

estimation. With this method, we can fully compare the three sensors band by

band.

4.2.2 Based on ALI band wavelength. The comparison based on the ALI band

wavelength relates only to Hyperion and ALI data. We first grouped Hyperion

bands located within each single ALI band wavelength, then conducted a

correlation analysis of single bands (ALI) and multiple bands (Hyperion) with

measured forest CC and LAI. It is evident that one ALI band is properly compared

against multiple Hyperion bands. This method emphasizes a comparison between

Hyperion and ALI within the single ALI band wavelength rather than considering

the number of bands each possesses within the band wavelength.

4.2.3 Based on ETM+ band wavelength. The comparison based on the ETM+ band

wavelength can cover all the three sensors because within one ETM+ band

wavelength there may be one or multiple ALI or multiple Hyperion bands. Using
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the same procedure as in section 4.2.2, we first grouped ALI or Hyperion bands

located within each single ETM+ band wavelength, then conducted a correlation

analysis of single bands (ETM+) and one or multiple bands (ALI and Hyperion)

with measured forest CC and LAI. This method emphasizes a comparison among

Hyperion, ALI and ETM+ within the single ETM+ band wavelength rather than

considering the differing numbers of bands of the three sensors within the band

wavelength.

4.2.4 Based on spectral regions. This comparison method was conducted for all

three sensors. To realize this method, the full spectral range (,0.4–2.5 mm) is first

divided into three regions: visible (VIS, 0.44–0.73 mm), near-infrared (NIR, 0.73–

1.00 mm) and short wave infrared (SWIR, 1.00–2.40 mm). All individual bands of the

three sensors are then grouped into corresponding spectral regions based on their

individual band wavelengths. To emphasize comparison of ETM+ bands available

in the spectral regions, we also grouped ALI and Hyperion individual bands into

spectral regions in which just ETM+ bands cover wavelength ranges. Finally, a

correlation analysis of the band groups of the three sensors was conducted with

measured forest CC and LAI. This method emphasizes a comparison among the

three sensors in the same spectral regions rather than considering the differing

numbers of their bands within each spectral region.

4.2.5 Based on features or band subset. This method compares the three sensors

when they have the same number of features or bands. To utilize the maximum

number of ETM+ bands, we set this number at six features or bands for a

correlation analysis with measured CC and LAI among all the three sensors. The six

bands were selected from 167 Hyperion bands and from nine ALI bands based on a

piecewise procedure (SAS 1991) with a criterion of maximum multiple coefficient of

correlation (R2). The six principal components (PCs) were selected from the first 37

PCs (all non-zero PCs) or from the first 20 PCs transformed from 167 Hyperion

original bands. The six PCs for ALI were simply selected from the total of nine ALI

PCs. The six PCs for Hyperion and ALI were also selected with a criterion of

maximum R2.

4.3 Statistical test and criterion for correlation analysis

In this study, two indices were calculated in every comparison analysis that

evaluated the capabilities of the three sensors. These indices are univariate/

multivariate correlation coefficient (R2) and the root mean square error (RMSE)

predicted by univariate/multivariate regression models. To determine whether the R2

has statistical significance, a statistic moment m was calculated with formula (1):

m~
R2
�

m

1{R2ð Þ= n{m{1ð Þ*Fa m, n{m{1ð Þ ð1Þ

where n and m, respectively, are numbers of samples and variables included in a

regression model; Fa can be obtained from an F-distribution table with free degree

15m and free degree 25n–m–1. By comparing m with Fa, the statistically significant

degree of a R2 value can be determined at a certain confidence level. When

conducting a multivariate correlation analysis, we adopted a criterion of minimum

RMSE to determine the number of variables included in an optimal regression
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model. The RMSE was calculated with formula (2):

RMSE~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n{m{1

Xn

i~1

yi{ŷi

� �2

s

ð2Þ

where yi and ŷi are actual value and predicted value, respectively.

5. Results and analysis

5.1 Univariate/multivariate correlation analysis

One to four homogeneous pixel spectra, corresponding to each of the CC and LAI

measurement plots, were extracted from the three calibrated sensors’ images. The

extracted reflectance spectra were averaged at each measurement plot for correlation

calculation of a single or multiple variables with CC and LAI measurements. Using

the five comparison methods described above, we calculated correlation coefficients

(R2) and predicted RMSE values of single or multiple variables from the three

sensors’ data with 38 CC and LAI measurements. The correlation and prediction

results with forest CC and LAI are shown in figure 2 for individual band correlation

analysis of all the three sensors. Table 2 shows results for Hyperion and ALI sensors

based on ALI single band wavelengths, and table 3 for all the three sensors based on

ETM+ individual band wavelengths. Table 4 shows results for all the three sensors

based on three spectral regions and the available ETM+ band setting, and table 5,

again for all the three sensors but based on six features or bands. From the figure

and tables, single variable or multi-variable correlation R2 and regression predicted

RMSE using CC are mostly consistent with those using LAI except in table 2 for

ALI, table 3 for both ALI and ETM+ and table 4 for ETM+. This is reasonable,

considering the fact that there is a correlation between CC and LAI (R250.50,

n538). However, among the three sensors, the best R2 and RMSE values that are

similar when using either CC or LAI vary considerably depending upon band

wavelengths or spectral regions or selected features and band groups.

5.2 Performance of the three sensors

5.2.1 Based on individual bands. Correlation analysis results of individual bands of

the three sensors with forest CC and LAI (n538) measurements are presented in

figure 2(a–c). From the figure, it is evident that, for all three sensors, all CC

correlation coefficients (R) are higher than the LAI correlation coefficients, except

for ETM+ band 4 where the R with CC is a little bit lower than R of LAI. The above

results are very reasonable, considering that remote sensing of CC is more direct

than of LAI because the CC reflects actual distribution of a given green biomass

over a unit area (e.g. a pixel) while LAI generally reaches spectral saturation after

LAI56 or 7 (Peterson and Running 1989). These results agree with the point of view

of Chen et al. (1999), that if good site averages of CC are obtained, the CC–SR (SR,

simple ratio5NIR band/red band) relationship will be better than the LAI–SR

relationship because the vertical view is more affected by CC than by LAI. It is also

reasonable that CC and LAI are negatively correlated with VIS and SWIR regions

of the three sensors, so that the higher the CC and LAI, the less spectral energy is

detected by the sensors in the VIS and SWIR regions. This is because the higher the

CC and LAI are, the stronger the pigments in the VIS region and the water content

and other biochemical components in the SWIR region will absorb spectral energy
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Figure 2. Correlation of individual bands of the three sensors’ data: (a) Hyperion, (b) ALI
and (c) ETM+, with forest CC and LAI measurements (n538). The dashed line denotes a
correlation coefficient of 20.413 that is statistically significant at a 0.99 confidence level.
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(Curran 1989, Elvidge 1990) (i.e. there is a lower reflectance in these regions). For

the three sensors, the R values of all individual bands in both VIS and SWIR regions

pass the statistical significance test of linear correlation (R520.413, dashed line in

the figure) at a 0.99 confidence level. However, for the bands in the NIR region, the

correlation levels are all very low for all three sensors. The close spectral reflectance

between background components (soil, shrub and grasses) and canopy reflectance

may be responsible for this low correlation. Among the three sensors, when

examining correlation levels with both CC and LAI, we find that many bands of

Hyperion in VIS and SWIR consistently have the highest correlation levels

compared with ALI and ETM+, except for ALI band 1. This is because the

hyperspectral sensor can record subtle spectral information that allows it to be more

precise with respect to forest CC and LAI. Comparing the two multispectral sensors,

we find that ALI apparently is better than ETM+, especially for bands in the VIS

region.

5.2.2 Based on ALI band wavelengths. Table 2 lists correlation analysis results of

CC and LAI with two of the sensors: Hyperion and ALI, based on ALI individual

band wavelengths. In the table, the number of bands selected for Hyperion data was

determined by the minimum RMSE criterion. Generally, the correlation levels for

Hyperion data were considerably higher than for ALI data due to the subtle spectral

information caught by Hyperion. This did not hold for bands 1–3, corresponding to

ALI band 1 wavelength. Specifically, the Hyperion band group corresponding to

ALI band 9 wavelength produced the highest correlation with both CC and LAI.

This is mainly a function of water content in leaves around 1.9 mm and less

atmospheric effect on the Hyperion data than the ALI (Gong et al. 2003). For ALI

correlation with LAI, the highest R2 from band 8 also relates to water content in

leaves. However for ALI correlation with CC, the highest R2 is from band 1, which

may be due to absorption of pigments greater than that of water and other

biochemicals in SWIR region. Since the atmosphere impacts hyperspectral data

more seriously than multispectral data, especially on bands in the VIS region for

satellite hyperspectral image (Gong et al. 2003), a narrow blue band of Hyperion

Table 2. Comparison of R2 and RMSE, calculated using data from two sensors, Hyperion
and ALI, based on ALI individual band wavelengths with CC and LAI, n538.

ALI Hyperion

Band
CC-R2/
RMSE LAI-R2/RMSE Band

CC-R2/RMSE/
n.b.s.

LAI-R2/RMSE/
n.b.s.

1 0.6052**/13.17 0.2426**/0.731 1–3 0.5787**/13.61/1 0.2603**/0.723/1
2 0.5650**/13.83 0.2635**/0.721 3–9 0.6490**/12.60/2 0.4014**/0.669/3
3 0.4250**/15.90 0.1832**/0.760 10–18 0.6806**/12.19/3 0.5114**/0.614/4
4 0.5385**/14.24 0.2734**/0.716 20–26 0.6563**/12.47/2 0.4458**/0.644/3
5 0.0057/20.91 0.0010/0.840 34–37 0.1352/19.77/2 0.1348/0.793/2
6 0.0209/20.74 0.0001/0.840 41–46 0.3074**/17.95/3 0.0687/0.822/2
7 0.3201**/17.29 0.1555*/0.772 76–86 0.4800**/15.79/4 0.2505**/0.738/2
8 0.5386**/14.24 0.2779**/0.714 100–121 0.7094**/12.59/8 0.6933**/0.528/9
9 0.5453**/14.14 0.2747**/0.716 136–163 0.8055**/11.10/12 0.7080**/0.545/12

n.b.s. is the number of bands selected. Bold represents the best results in the column.
* and ** denote correlations that are statistically significant at 95% and 99% confidence levels,
respectively.
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Table 3. Comparison of R2 and RMSE, calculated using three sensors’ data: Hyperion, ALI and ETM+, based on ETM+ individual band wavelengths with
CC and LAI, n538.

ETM+ ALI Hyperion

Band CC-R2/RMSE LAI-R2/RMSE Band CC-R2/RMSE LAI-R2/RMSE Band
CC-R2/RMSE/

n.b.s.
LAI-R2/RMSE/

n.b.s.

1 0.4348**/15.76 0.2376**/0.734 1, 2 0.6064**/13.34 0.2650**/0.731 2–9 0.6561**/12.47/2 0.4406**/0.667/5
2 0.4115**/16.08 0.1768**/0.763 3 0.4250**/15.90 0.1832**/0.760 10–18 0.6806**/12.19/3 0.5114**/0.614/4
3 0.4865**/15.02 0.2429**/0.731 4 0.5385**/14.24 0.2734**/0.716 20–26 0.6563**/12.47/2 0.4458**/0.644/3
4 0.0008/20.96 0.0003/0.840 5, 6 0.2345**/18.60 0.0849/0.815 34–47 0.6462**/14.67/11 0.2465*/0.751/3
5 0.4991**/14.84 0.2151**/0.745 7, 8 0.5624**/14.07 0.2962**/0.715 100–121 0.7094**/12.59/8 0.6933**/0.528/9
7 0.5640**/13.84 0.2425**/0.731 9 0.5453**/14.14 0.2747**/0.716 136–163 0.8055**/11.10/12 0.7080**/0.545/12

n.b.s. is the number of bands selected. Bold represents the best results in the column.
* and ** denote correlation statistically significant at 95% and 99% confidence levels, respectively.
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inversely produces a lower correlation compared with ALI band 1. This further

proves that the hyperspectral data in the VIS region is sensitive to atmospheric

effects, whereas in the SWIR region, the satellite hyperspectral data are less

impacted by the atmosphere.

5.2.3 Based on ETM+ band wavelengths. Table 3 lists correlation analysis results

(R2 and RMSE) with CC and LAI for all the three sensors based on six ETM+
individual band wavelengths. In the table, the number of bands selected for

Hyperion data was also determined by the minimum RMSE. For comparison

between ALI and Hyperion, their correlation levels are similar to those in table 2.

Compared to the correlations of ETM+ sensor’s data with forest CC and LAI, EO-1

sensors have generated higher correlation with the forest CC and LAI. For ETM+
correlation with CC and LAI, the highest R2 values come from band 7, as do those

for Hyperion data, though ETM+ band 3 has a slightly higher R2 than band 7 with

LAI. Therefore, in general, when examining ETM+ individual band wavelengths, the

correlation levels for Hyperion data are the highest among the three sensors while

correlation levels for ALI data are higher than those for ETM+ data. Discussions of

the results in table 2 in the last paragraph may also apply to those in table 3.

5.2.4 Based on spectral regions. In table 4, all individual bands for the three sensors

grouped in the three spectral regions were set up in two scenarios. In the first

scenario, all bands located in the three regions for all the three sensors were grouped

into three band groups. In the second scenario, all bands located not only in the

Table 4. Comparison of R2 and RMSE calculated using data from three sensors, Hyperion,
ALI and ETM+, based on three spectral regions: visible (VIS), near-infrared (NIR) and short

wave infrared (SWIR) with CC and LAI, n538.

Sensor
VIS

(0.44–0.73 mm)
NIR

(0.73–1.00 mm)
SWIR

(1.00–2.40 mm)

ETM+ Bands 1–3 4 5, 7
CC-R2/RMSE 0.4962**/15.31 0.0008/20.96 0.5726**/13.90
LAI-R2/RMSE 0.2961**/0.726 0.0003/0.840 0.2460**/0.740

ALI ETM+ covers bands 1–4 5, 6 8, 9
CC-R2/RMSE 0.6861**/12.27 0.2348**/18.60 0.5484**/14.29
LAI-R2/RMSE 0.3514**/0.707 0.0849/0.815 0.2795**/0.723
Region covers bands 1–4 5, 6 7–9
CC-R2/RMSE 0.6861**/12.27 0.2348**/18.60 0.5624**/14.07
LAI-R2/RMSE 0.3514**/0.707 0.0849/0.815 0.2991**/0.724

Hyper-
ion

ETM+
covering
bands

2–9, 10–18,
20–16

34–47 100–121, 136–163

CC-R2/RMSE/n.b.s. 0.8307**/9.78/9 0.6000*/14.65/9 0.998**/0.66/30
LAI-R2/RMSE/n.b.s. 0.6543**/0.560/9 0.2465**/0.737/3 0.9995**/0.042/30
Region cover bands 1–30 31–57 58–167
CC-R2/RMSE/n.b.s. 0.8944**/8.72/15 0.8887**/10.84/22 1.0000**/0.10/30
LAI-R2/RMSE/n.b.s. 0.8014**/0.490/16 0.6792**/0.623/16 1.0000**/0.009/30

n.b.s. is number of bands selected. Bold represents the best results in the column.
* and ** denote correlations statistically significant at 95% and 99% confidence levels,
respectively.
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Table 5. Comparison of R2 and RMSE, calculated using six bands or six principal components selected from Hyperion, ALI and ETM+ retrieved reflectance
data with CC and LAI, n538.

Sensor
Six variables
selected from

CC LAI

R2/RMSE
Wavelength
(nm) or PCs R2/RMSE Wavelength (nm) or PCs

Hyperion 167 bands 0.8198**/9.59 497, 589, 609, 681, 2002, 2385 0.6897**/0.504 1588, 1992, 2103, 2285, 2295, 2385
first 37 PCs 0.7746**/10.72 1, 2, 5, 13, 22, 28 0.6029**/0.558 1, 2, 5, 31, 33, 37
first 20 PCs 0.7673**/10.90 1, 2, 5, 9, 12, 13 0.5232**/0.625 1, 2, 5, 9, 12, 16

ALI nine bands 0.7349**/11.63 443, 565, 790, 868, 1250, 2215 0.4586**/0.666 483, 565, 662, 790, 1250, 2215
nine PCs 0.7423**/11.47 1, 2, 4, 5, 6, 8 0.4441**/0.675 1, 2, 3, 5, 6, 7

ETM+ six bands 0.5891/14.48 485, 570, 660, 840, 1650, 2220 0.3068/0.754 485, 570, 660, 840, 1650, 2220

* and ** denote correlations statistically significant at 95% and 99% confidence levels, respectively.
Bold represents the best results in the column.
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three regions but also in three ETM+ band groups for Hyperion and ALI data

were grouped into another three band groups. In general, for both scenarios, the

correlation levels for Hyperion data were the highest among the three sensors while

correlation levels for ALI data were better than those for ETM+ data. For the three

ALI band groups, the highest correlations with both CC and LAI were from VIS

region. This implies that ALI band 1 (433–453 nm) with a band width of 20 nm is a

good prospect for future Landsat data continuity. Due to a higher number of bands

in the band groups for Hyperion data, correlations produced by every band group

with CC and LAI are significant at a 95% confidence level. Again, higher correlation

results appeared in the SWIR region for Hyperion data because, consistent with our

previous work (Gong et al. 2003), the Hyperion data are less influenced by the

atmosphere and have a direct correlation association with spectral absorption of

water in tree leaves.

5.2.5 Based on features and band subset. In early correlation analysis (tables 2–4)

with forest CC and LAI, we emphasized the same band wavelengths or same

spectral regions rather than considering differing numbers of bands among the three

sensors. In this comparison, we emphasized use of the same number (fixed 6) of

features (principal components, PCs) or bands selected by the piecewise procedure

with an optimal R2. Table 5 lists correlation analysis results (R2 and RMSE) with

both CC and LAI from 6 PCs or six band subsets. For Hyperion data, six bands

were selected from all 167 reflectance bands and two six-PCs were selected from a

total of 37 non-zero PCs (i.e. accounting for 100% of total variance included in the

database) and from the first 20 PCs (accounting for 99.67% of total variance

included in the database), respectively. For ALI data, six bands and six PCs were

selected from all nine original bands and all nine PCs, respectively, while for ETM+
data, all six original bands were used. Generally, from the table, it is obvious that

either the six-band subset or the six PCs correlated with CC and LAI for Hyperion,

their R2 and RMSE are all consistently better than those of other two sensors. The

results from ALI are better than those from ETM+. The experimental results agree

with those analysed above. Specifically, for Hyperion, the six bands selected for

correlation with CC include four bands in VIS region and two bands in SWIR while

all six bands selected for LAI are in SWIR only. There are two reasons for this.

First, for LAI, since LAI has a close relation with green biomass, whose spectral

characteristics are mainly accounted for by water contained in green leaves (Elvidge

1990), all six bands selected from the SWIR region should be reasonable. Second,

for CC, because the CC reflects the total absorption of spectral energy either

through a distribution of a given green biomass over a unit area as addressed early

or by water absorbing spectral energy in the SWIR region and pigments (mainly

chlorophyll contents) in the VIS region, the four visible bands included in the six-

band subset seemed reasonable too. For the six PCs of Hyperion, the first three PCs

included are the same (PCs 1, 2 and 5) between CC and LAI correlation analysis.

This indicates that the first two PCs accounting for 95.03% of total variance are a

major part of the six PCs correlation analysis and that the remaining four PCs

function in a supplementary way. For ALI, the six bands and six PCs selected were

similar for correlation between CC and LAI. Both groups of six bands come from all

three spectral regions. This may be caused by broader and fewer bands compared

with Hyperion. The R2 and RMSE for ALI data with CC or LAI are similar

between the six-band and six-PC multiple variables.
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6. Conclusions

In this study, multispectral and hyperspectral remote sensing data were acquired

from the Hyperspectral Imager (Hyperion) and Advanced Land Imager (ALI)

onboard the EO-1 satellite on 9 October 2001 and from Landsat ETM+ on 25

October 2001. A total of 38 mixed coniferous forest crown closure (CC) and LAI

measurements were collected at Blodgett Forest Station, University of California at

Berkeley, USA. The correlation analysis results of the three sensors’ data with the

forest CC and LAI measurements were used for evaluating capabilities of the three

sensors for estimating forest CC and LAI. The experimental results indicate: (1)

higher individual band correlations with CC and LAI appear in visible (VIS) and

short wave infrared (SWIR) regions due to spectral absorption features (pigments in

VIS and water and other biochemicals in SWIR); (2) based on ALI individual band

wavelengths, the correlation/RMSE produced with Hyperion bands are all better

than those produced with ALI except for ALI band 1 due to atmospheric scattering

of Hyperion bands in the VIS region; (3) based on ETM+ individual band

wavelengths, Hyperion is better than ALI, which is in turn better than ETM+,

especially for the NIR band group of Hyperion; (4) based on spectral regions, again,

Hyperion is better than ALI, which is in turn better than ETM+, and optimal results

appear in the VIS region for ALI and in the SWIR region for Hyperion; and (5) if

just considering six bands or six features (six principal components) for estimating

CC and LAI, optimal results are obtained from the six bands selected from a total of

167 Hyperion bands.

Generally speaking, for estimation of forest CC and LAI in this study, the

Hyperion sensor has outperformed the ALI and ETM+ sensors, whereas ALI is

better than ETM+. Hyperion has produced the best results for estimating forest CC

and LAI due to its high spectral resolution that can record subtle spectral

information, which is useful for estimating the forest CC and LAI. Another

advantage of the Hyperion sensor is that its SWIR data are lightly affected by the

atmosphere (mainly absorption), except two major water absorption bands.

Therefore, the best spectral region for Hyperion is SWIR, but for ALI and

ETM+, the visible region should be considered for use instead. From this experiment

comparing the three sensors for estimating forest CC and LAI, the Hyperion sensor

has demonstrated its potential for application in forest management and ecosystem

studies. Since ALI band 1 (433–453 nm) with a band width of 20 nm is influenced by

the atmospheric scattering less than bands of Hyperion, ALI band 1 may be a good

prospect for future Landsat data continuity.
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