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1. INTRODUCTION

AVIRIS has been widely used for airborne hyperspectral applications but also for inter-calibration experim
with other multispectral and hyperspectral sensors. Special techniques are required for intercalibration an
tral resampling between similarly performing hyperspectral sensors. Some experiments regarding the tec
of spectral simulation for an upcoming hyperspectral instrument are shown herein.

The simulation of a future hyperspectral sensor is essential to obtain an estimate about its perform
and to test related algorithms for the expected new data. AVIRIS and other available hyperspectral data s
used for the simulation of the Airborne PRISM Experiment (APEX) which is initiated by the ESA and will b
built in a joint Swiss-Belgian project [Itten et al., 1997]. APEX is an airborne pushbroom imaging spectrom
featuring approximately 300 channels in the wavelength range between 400 and 2500 nm. One of the ma
nological achievements is the increased spectral resolution of 5 nm for APEX compared to 10 nm of AVIR
between 400 and 1100 nm wavelength. Another goal is the use of ‘pushbroom’ technology at a high numb
to 1000 pixels per line in order to simulate spaceborne instruments.
Three major approaches are suggested to simulate APEX data:

• A ray tracer model simulates the optical path from the ground through the instrument optics to the s
to characterize the influence of the single instrument parts on the data quality.

• The realistic radiometric and geometric performance analysis is based on currently available hypers
instruments such as AVIRIS.

• A third approach is the demonstration of the technology using a hyperspectral pushbroom instrume
Only the second approach is described in this paper. The goal is the construction of data cubes of the sam
tral and spatial resolution as the final APEX data products, but with the radiometric performance and the i
geometry of current AVIRIS data. The pushbroom instrument simulation had to be dropped due to the lack
appropriately performing sensor. 

The spatial resampling has been widely studied in the past and can therefore be treated with stand
algorithms. Bilinear interpolation can be used for raw data resampling [Kellenberger, 1996; Schowengerdt
while geocoding procedures can be used for the resampling to a fixed spatial resolution in a georeferenced
[Schläpfer et al, 1998]. Thus, this paper concentrates on problems related to spectral resampling.

2. SPECTRAL DECONVOLUTION

Deconvolution is usually used for the signal recovery of filtered continuos signals. Deconvolution methods
for spectral reconstruction are different. The raw hyperspectral signal has not been affected by a continuo
- moreover it has been weighted by the channel dependent spectral response functions. The individual cha
AVIRIS (and other imaging spectrometers) are overlapping each other in order to achieve a continuous co
of the spectrum. This fact is a condition for the application of a deconvolution technique. The overlapping a
the response functions (see Figure 2) can be corrected by subtracting the weighted neighboring channel 

from the original signal:
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The single weighting factors are given as follows:

The integral response of channel i:  , 

and the overlap weighting factor between channel i and channel i+1: .

The response functions  for each channel is a result from the laboratory calibration. It is usually 
assumed to be Gaussian for high resolution imaging spectrometers. Thus, it has to be calculated from ce
wavelength and ‘Full Width at Half Maximum’ (FWHM) for each channel at a high spectral resolution (e.g.
nm). The factor of 0.5 for the neighbor-weighting factors was chosen to account for the simultaneous regis
by two channels in this ‘overlapping’ wavelength range. Moreover, it helps to avoid erroneous over-deconv
which introduces a significant amount of noise. The full deconvolution using a factor of 1.0 is referred as ‘d
deconvolution’ in the sections below.

As the integrated response  is usually normalized it has not to be calculated for all channels. No
that this normalization can not be used anymore if the energy efficiency of the channels differs from one t
another. In that case all response functions of a sensor focal plane should be normalized according to thei
efficiency.

The spectral deconvolution (as discussed in Eq. (1)) increases the signature of sharp spectral abs
features by decreasing the effective bandwidth of each channel artificially. It does not gain information abo
absorption features originally not present in the data and about the real position of these features. This te
shall therefore be used prior to spectral resampling algorithms in order to avoid information loss, but it doe
tainly not increase the information content of a hyperspectral image.

The use of Fourier transformation for this kind of deconvolution proved to be inadequate and there
less accurate than this directly integrating approach. Fourier deconvolution handles spectrally continuous
ing filters perfectly while the changing response functions at discrete wavelengths of the imaging spectrom
channels have to be treated separately [Madisetti and William, 1998; Richards, 1993].
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Figure 1:  The effect of deconvolution on MODTRAN-simulated AVIRIS data (at 30% 
reflectance). The absorption features are emphasized depending on the radiance in the adjacent 
bands.
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3. HIGH RESOLUTION SPECTRUM RECONSTRUCTION

After the channels are deconvolved they are recombined to a highly resolved spectrum. This combination
using a sum-to-one approach. The individual overlapping channels are combined to a higher resolved spe
a factor of 20 and more compared to the original sensor spectral resolution. The response functions of all
ping channels at a specific wavelength are summed and normalized to a total value of 1 such that

, . (2)

The number of simultaneous channels  for AVIRIS was limited to 3 in this test, but could also be increas
greater overlaps between non-adjacent channels. The derivation of this ‘mixing function’ from AVIRIS resp
is shown in Figure 2 (bottom) for a few channels.

The radiance is then reconstructed using the relative response information from Eq. (2) and the de
volved radiance information from Eq. (1) at the given high internal spectral resolution: 

. (3)

This mixed radiance retrieved from original data can then be used for the simulation of any sensor of simil
acteristics as the original sensor. The deconvolution helps to prevent from losing sharp spectral features –
tral smoothing effect occurs in the simulated data if no deconvolution is applied. 
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Figure 2:  Spectral response functions of AVIRIS and APEX for a few spectral channels (top) and 
the normalized resampling function (Stars; bottom) for the mixing of AVIRIS data to a continuous 
spectrum.
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4. ADJUSTMENT TO ATMOSPHERIC ABSORPTION FEATURES

The highly resolved radiance data has finally to be convolved to the response functions of the simulated s
The spectral resolution of the APEX is planned to be approximately twice as high as the AVIRIS characteri
the visible/near infrared range of the spectrum (400 to 1100 nm). Sharp spectral features of the atmosphe
well as of ground targets) can therefore not be simulated accurately using the deconvolution-recombinatio
nique (‘DRT’) described above. 

We introduced MODTRAN [Berk et al., 1989; Kneisys et al., 1995] simulations of the radiance for b
sensors to take these artefacts into account. First, the radiance at the sensor is simulated for the AVIRIS d
average atmospheric conditions and ground reflectance (here ). The output of the radiative transf
is then spectrally resampled using the technique given above. The relation of this result  to the orig
directly MODTRAN-simulated APEX data  is taken as correction factor to the convolution of the recon
structed radiance of the new response functions. The radiance simulation for a new channel  is then desc

, (4)

where  is the spectral response function of the new APEX channel.
More accurate atmospheric feature reconstruction is required for the simulation at varying flight alt

and viewing geometry. For such a full radiometric simulation, the following atmospheric processing steps a
posed:

1) Correction of the original AVIRIS image to ground reflectance, using an atmospheric correction pr
dure (e.g. ATCOR [Richter et al., 1997]),

2) spatial resampling of the image during a geocoding process (e. g. PARGE [Schläpfer et al., 1998
bilinear interpolation to the required pixel dimensions,

3) spectral resampling of the ground reflectance spectra using the ‘DRT’- technique given by equatio
to (3),

4) modelling the at-sensor-radiance using a radiative transfer calculation (inverse atmospheric corre
or a sensor simulation program.

Using this procedure, the ground reflectance values are resampled instead of the at-sensor radiances. Th
tions (1) to (3) therefore have to be adopted for the resampling of spectral reflectance ( ) instead of . S
procedure is a consistent radiometric approach while resampling on reflectance data. It simulates the atm
features accurately. However, additional sharp ground reflectance features such as in geology and limnol
not be reconstructed although the resolution is seemingly increased. 

ρ 0.2=
LM sim j, ,

LM j,

j

L j

LM j,

LM sim j, ,
------------------ · 

L λ( )r j λ( ) λd∫
r j λ( ) λd∫

----------------------------------=

r j λ( )

Figure 3:  Resampling of MODTRAN-simulated AVIRIS data to APEX 

ρ L
resolution within a water vapor absorption region using deconvolution techniques.
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5. RESULTS AND ERROR ANALYSES

The evaluation of the different techniques is performed based on MODTRAN simulated radiance spectra 
ing (linear) background reflectance. This approach was chosen since no simultaneous AVIRIS and APEX 
currently available for direct evaluation purposes. 

The difference between APEX spectra taken directly from MODTRAN simulation to three different 
ulation options was first evaluated. An example is depicted in Figure 3. If the double deconvolution is appli
features are pronounced to unrealistic values, while the normal deconvolution (using the weighting factor 
increases the accuracy of the resampled spectrum in comparison to the expected APEX raw spectrum. T
deconvolved linear interpolation of AVIRIS data to APEX resolution shows the highest differences especia
sharp features.

The error analysis (see Figure 4) shows large differences up to 15% for all three methods in the w
length regions where APEX is defined with 5 nm resolution bands. The spectral resampling itself is not ab

Figure 4:  Relative difference of various resampling options to APEX spectral resolution for two 
wavelength ranges. TOP: Differences related to atmospheric absorption features and the resampling 
from 10 nm to 5 nm spectral resolution. BOTTOM: Resampling effect at same resolution (10 nm) of 
the instruments but at different central wavelength position.
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reconstruct sharp spectral features from the ‘low’ resolution AVIRIS data (10 nm). However, the errors are
icantly lower, if deconvolved AVIRIS data is used instead of linearly interpolated data (see also Table 1).

The influence of deconvolution is not significant at wavelength ranges where APEX and AVIRIS sp
resolution is approximately the same (i.e. above 1100 nm wavelength). The deconvolution even increases
deviations at wavelengths where only little signal is available. It thus may amplify noisy artefacts instead o
real spectral features.

The differences decrease if atmospheric features are introduced during the processing (see Figure
only the transmittance influence is corrected, the improvement is not significant, but with a radiance base
metric correction much better results are achieved than by deconvolution only.

Table 1 lists the RMS and averaged errors for five simulation techniques evaluated over all 300 sim
APEX channels. Full double deconvolution clearly increases the errors in comparison to linear interpolatio
while normal deconvolution decreases the errors significantly. The radiance based atmospheric adjustme
decreases the error by another significant factor. It has yet to be shown, how a full atmospheric correction
nique will influence this result.

Table 1: Average Error estimates for various spectral resampling techniques (averaged over all 
available APEX channels at varying MODTRAN background reflectance).

Method Relative Error 
(RMS)

Average Rela-
tive Error

Linear Interpolation 1.3 - 2.7% 5.7 - 7.5%

Deconvolution resampling 1.1 - 1.6% 5.9 - 6.7%

Double Deconvolution > 10% > 13%

Transmittance Correction 1.1 - 1.3% 5.7 - 6.1%

Radiance Correction 0.9 - 1.0% 2.2 - 2.9%

Figure 5:  Relative errors of atmospheric corrected resampling methods in 
comparison to pure deconvolution resampling technique.
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6. CONCLUSIONS

A technique was described and tested which allows spectral resampling of existing hyperspectral d
(AVIRIS) to the characteristics of upcoming and planned sensors (e.g. APEX). The technique will be used
duce an APEX data cube from AVIRIS data for the evaluation of the APEX processing chain. The data will h
evaluate atmospheric and geometric correction algorithms as well as to gain experiences with radiometric
tent future APEX data.

The data loss of the technique is minimal due to the combination of spectral deconvolution and sp
reconstruction. However, a noticeable amount of noise may be added to the spectra by the deconvolution
decreases the accuracy in simulated narrow and low reflective bands. 

The importance of atmospheric correction for sensor simulation from existing image data has been
emphasized. It has been shown that the spectral resampling has to be done in the reflectance domain as s
conditions of the simulated image are not the same as in the original image. 

Standard correction algorithms combined with the depicted deconvolution-resampling technique w
applied to available hyperspectral imagery to simulate reflectance APEX cubes. Such retrieved reflectance
will be introduced into a ray tracing sensor simulation model which is currently being developed at RSL to
late APEX image cubes under various atmospheric and geometric conditions.
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