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ABSTRACT

In this study, data from the EO-1 Hyperion instrument were used. Apart from atmospheric influences or topographic
effects, the data represent a good choice in order to show different steps of the preprocessing process targeting sensor-
internal sources of errors. These include the diffuse sensor noise, the striping effect, the smile effect, the keystone effect
and the spatial misalignments between the detector arrays. For this research paper, the authors focus on the striping effect
by comparing and evaluating different algorithms, methods and configurations to correct striping errors. The correction
of striping effects becomes necessary due to the imprecise calibration of the detector array. This inaccuracy affects
especially the first 12 visual and near infrared bands (VNIR) and also a large number of the bands in the short wave
infrared array (SWIR). Altogether six destriping techniques were tested on the basis of a Hyperion dataset covering a test
site in Central Europe. For the final evaluation, various analyses across all Hyperion channels were performed. The
results show that some correction methods have almost no effect on the striping in the images. Other methods may
eliminate the striping, but analyses show that these algorithms also alter pixel values in adjacent areas which originally
had not been disturbed by the striping effect.
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1. INTRODUCTION

In the last decades, especially the geometric resolution of satellite and airborne remote sensing systems increased
significantly. The importance to detect small-scale geometric details forms the basis of a wide range of applications
dealing with remote sensing data. In addition to this development the spectral resolution of the systems has also been
improved. While multispectral systems are mainly characterized by discrete spectral bands, hyperspectral systems are
mainly distinguished by the fact that they close the remaining gaps in the solar spectrum to provide a quasi-continuous
signal of the earth's surface.

Until the late 1980s, hyperspectral remote sensing was considered as a new scientific development. Their potential for a
purposeful detection of certain materials was recognized at an early stage [1]. Primarily organizations such as the NASA
or the U.S. Army fostered a decisive drive in research [2-6]. With the completion of the first airborne hyperspectral
sensor "Airbourne Imaging Spectrometer” (AIS) in 1984, developed by the Jet Propulsion Laboratory (JPL), the NASA
responded to the former needs for research for the development of high spectral resolution remote sensing sensors. This
instrument with already 128 spectral bands in the range of 900 nm to 2400 nm [5] has been further developed. Since the
1987 it is known as the "Airbourne Visible/Infrared Imaging Spectrometer” (AVIRIS) and is still working today. With
224 spectral bands (10 nm bandwidth) between 410 nm and 2450 nm and a ground sampling distance of 4 m [7] the
requirements for the monitoring of the earth's surface by means of hyperspectral remote sensing techniques were
fulfilled. Corresponding early scientific projects were described in [8-10]. The development of numerous other airborne
spectrometer systems such as DAIS-7915 (1995), HYDICE (1994), HyMap (1998), HySpex (2003) or AHS (2004) leads
to a gain in importance of hyperspectral remote sensing.

With Hyperion, the NASA started the first spaceborne hyperspectral sensor. Since that time Hyperion is one of three
instruments of the Earth Observing-1 satellite with similar specification as AVIRIS. With this instrument it was possible
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to broaden the field of application. Particularly the authors Fred A. Kruse, Joseph W. Boardman und Jonathan F.
Huntington could show how Hyperion data can help to find answers to geological and mineralogical issues [11-14].
Other studies used Hyperion data for remote sensing of vegetation [15-18], soils [19,20] and the atmosphere [21,22].
This demonstrates the significant potential of hyperspectral remote sensing data in the application to spectrally similar
objects.

What all of those applications have in common is the need of a highly accurate calibration. Already in the 1980s, Gross
& Klemas [5] carried out basic research into the preprocessing and radiometric calibration of hyperspectral imagery as
an essential foundation in the use of this then newly developed data source. Methods for radiometric correction are
usually based on calibration and validation measurements carried out in the laboratory prior to or directly after the launch
of a newly developed sensor. That applies to Hyperion, too [23,24]. Along with the launch of Hyperion, a lot of studies
on the further development of preprocessing techniques have been published. Studies including the radiometric
calibration have been carried out [23-26]. Extensive approaches for the preprocessing of Hyperion data considering the
known distortions were published by an Australian research team belonging to the CSIRO Earth Observation Centre [27-
29]. Furthermore in [30-35], particularly with regard to the correction of image stripes and the smile effect, the authors
Datt et al. [31] und Goodenough et al. [32] made an important contribution.

It is becoming clear that there are different approaches available for the preprocessing of Hyperion data. On the other
hand it shows that no standardized preprocessing algorithm exists. The goal of this study is, besides an overview of
different radiometric effects on Hyperion data (section 2) and an introduction to the preprocessing workflow of Hyperion
data, to focus on the striping effect and the different available algorithms for elimination of these artifacts. For this
reason, altogether six different methods will be introduced (section 4.2) and analyzed on the basis of different criteria
(section 5.1). Finally, the author will give some recommendations referring to the analyzed destriping algorithms (section
5.3).

2. RADIOMETRIC EFFECTS ON REMOTE SENSING DATA

To recognize the need for the preprocessing of hyperspectral imagery, it is essential to understand possible radiometric
effects on remote sensing data. A significant influence to radiometric measurements in the field of remote sensing is the
presence of atmospheric disturbances to the electromagnetic radiation while passing through the atmosphere. Effects of
absorption and scattering could modify the signal. Depending on the material composition of the atmosphere, the
resulting changes also differ in accordance with the observed wavelength. For this reason, the atmospheric footprint on
remote sensing data has to be considered if spectral characteristics comparable to ground measurements are needed for
further investigations.

A second field of radiometric effects on remote sensing data arises due to the morphology of the earth surface and is
comparable with the influence of the atmosphere. Variable angles of reflection or effects of shadowing could also have
an influence to the spectral signature of surface objects.

In addition to the previously described factors there are some further sensor internal effects which have an impact on the
radiometry of the data. Sensor noise is certainly one of the most important sensor internal effects in remote sensing data.
The CCD detector elements are set in a higher state of charge according to the incident energy of radiation. At the same
time varying materials of the detectors can lead to different sensitivities to this radiation. If differences in the calibration
of the sensors exist, or temperature differences occur, the noise of the sensor can increase [36]. Due to the principle of
the data acquisition it is possible that artifacts, such as stripes in the images, disturb the visual impression. In addition it
must be considered that in general the sensitivity of the detectors decrease over the time of operation. This can lead to a
shift of the center position of the spectral channels [37,38].

The so-called smile effect is another sensor internal effect, which occurs mainly in hyperspectral sensors like Hyperion.
The radiation which is split at the diffraction grating is projected onto the detector. This can lead to aberrations in form
of a spectral distortion of the image information [39,40]. Thereby the centre of the spectral bands shifts a few
nanometers, possibly in addition to a change of the bandwidth. The amount of these spectral shifts varies from band to
band and in cross-track direction [28,32], which makes a correction complicated. For a detailed analysis of the spectral
signatures in hyperspectral images, the precise correction of this effect is essential.

The so-called keystone effect as well as the smile effect is caused by aberrations or slight misalignments of the optical
components in the sensor system. The keystone effect is expressed as a spatial displacement perpendicular to the flight
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direction (cross-track) of the sensor. Its amount depends on the column and the band number [41]. This means that the
recorded objects are not exactly at the same spatial position in every available band. The maximum shift for Hyperion
data is 0.5 pixels [42].

For technical reasons it does not seem to be possible to detect the whole solar spectrum with a single detector. Therefore
many remote sensing systems consist of two or more spectrometer systems, which usually leads to co-calibration /
-registration issues. For example Hyperion uses different algorithms for the readout of the data acquired by both
spectrometers. This procedure causes a small time difference and leads to a spatial shift of one pixel between the two
Hyperion detector arrays [43].

3. PREPROCESSING OF HYPERION DATA
3.1 Hyperion — Used Data Set

The Hyperion sensor is one of in total three instruments on NASA’s EO-1 satellite that has been launched in 2000. Being
a typical pushbroom sensor, Hyperion acquires hyperspectral satellite data with a 30 m ground sampling distance (GSD)
and provides 242 spectral bands between 356 nm and 2577 nm (198 bands exposed due to low SNR) at a spectral
resolution of 10 nm. The instrument consists of two imaging spectrometers and therefore two separate detector arrays
with altogether nearly 62,000 detector elements. The VNIR spectrometer records 70 bands below 1058 nm and the
SWIR spectrometer 172 bands above 852 nm. One simultaneously recorded scan line (256 px) covers an approx. 7.7 km
wide area on the ground while the scene length varies between 42 km and 185 km. The average signal to noise ratio
(SNR) ranges from 161:1 (VNIR) to 40:1 (SWIR) [24]. Acquisitions are carried out on demand with a maximum
repetition rate of 14 days. The data can be downloaded at no charge from the USGS servers since 2009 [44].

This study is based on an off-nadir acquisition covering a test site in the central European region (East Germany) that
consists of a mixture of agricultural land, forests, urban areas, water surfaces and an opencast mining area. The
specifications of the scene are summarized in Table 1.

Table 1. Specifications of the used Hyperion data set.

Parameter Value
Scene-1D EO1H1940242012145110KF _SGS 1
Preprocessing Level LIR
Acquisition date / time (UTC) | 24.05.2012 / 09:59:49 - 10:04:08
Sensor look angle 19.52°

NE: 52.20°N/12.18°E
Geographical extent SW: 51.41°N/ 11.63°E

(7.7 km x 96 km)

Cloud coverage 0%

The used Level 1R data (HDF file format) already have undergone some preprocessing steps performed by the USGS
prior to the publication. This so-called Level 1 Preprocessing includes the solar / dark calibration, smear correction, echo
removal and a correction of obviously bad pixels [45]. Georeferencing of the data is not included which facilitates
preprocessing steps like a destriping or the correction of the smile effect. The delivered Level 1R (L1R) data represent
radiance at sensor measurements that have been scaled to digital numbers using the factors 400 (VNIR) and 800 (SWIR).

3.2 Preprocessing workflow

Figure 1 shows a possible workflow for the preprocessing of the hyperspectral satellite data acquired by Hyperion. This
workflow turned out to be reasonable as a result of this study while it includes all relevant corrections in the case of
Hyperion L1R data. The order of the particular preprocessing steps has been chosen in a way that ensures a minimal
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alteration of the valuable hyperspectral image information whereas every step produces an optimal data base for the
following one. For example, an atmospheric correction cannot lead to accurate results prior to the correction of sensor-
internal errors like spectral or spatial misalignments or inaccurate detector calibrations. A resampling as part of a
georeferencing or an orthorectification alters the image information and should be performed (if necessary) after an
atmospheric correction. Similar preprocessing workflows in the context of Hyperion have been published by the authors
Staenz et al. [30], Khurshid et al. [33] and Hitchcock & White [34].

Level 1
Preprocessing

Keystone Correction

L]

Atmospheric
Correction

Spatial Reflectance /
Subset
1]
Spatial Shift Correct. Spectral
(SWIR detector array) Subset
L] [
Georeferencing &
Destriping VNIR-SWIR-
Coregistration
L] L]
Desmiling Orthorectification
L]

Noise Reduction

At Surface
Reflectance ”

Figure 1. Preprocessing workflow for hyperspectral satellite data of the sensor EO-1 Hyperion.

This paper is focused on the evaluation of various destriping techniques as an important part of the Hyperion
preprocessing workflow.

4. STRIPING EFFECT
4.1 Background - Striping

Hyperion L1R data show a severe striping effect that is caused by an inaccurate co-calibration (see section 2) of the
individual detectors on the focal plane array (FPA). Since each Hyperion detector records a whole image column inside
of a particular spectral band, the amount of striping varies as a function of wavelength and column number
corresponding to the detector position on the two-dimensional FPA. Especially the first 12 visual and near infrared
(VNIR) bands and also a large number of the bands in the short wave infrared array (SWIR) are affected. Previous
analyses show that for Hyperion data detector error standard deviations of up to 123 DN can be expected in the shortest
wavelengths of the SWIR array (representing about 2 % of the global mean) [46].

It is evident that an uncorrected striping effect will lead to faulty interpretation results of the data. This is particularly
applicable to research projects where a high similarity of relevant signatures exists. Therefore, a destriping technique
should be applied that provides optimal results in both the removal of the image stripes and the preservation of the
original spectral information.
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4.2 Destriping Algorithms

Since every image column per band corresponds to the signal of the same Hyperion detector (prior to any resampling),
the adjustment of the individual column statistics is possible in order to destripe the data. Such methods are based on
global or local statistic algorithms implying that each individual column mean and/or standard deviation is equaled to the
global mean of the spectral band or to the statistics of adjacent columns. Other methods rely on a transformation of the
dataset into the frequency domain and use the amplitudes of each image row to find and eliminate significant variations.
Some destriping techniques adjust only predefined image columns, other methods use a threshold to identify image
columns that have to be corrected, other ones cause a recalculation of the whole image information.

In this study altogether six destriping techniques were tested on the basis of the above mentioned Hyperion dataset:

1.

Destriping based on ENVI Hyperion Tools: The ENVI-plugin Hyperion-Tools features a method called “Flag Mask
Correction” offering a local-statistic algorithm which performs a simple linear interpolation between adjacent image
columns. It is based on a predefined “Flag Mask™ that determines a few specific columns (stripes) per band in order
to recalculate their pixel information [47].

. Destriping based on ENVI-SPEAR-Tools — Vertical Stripe Removal: This method is also implemented in ENVI but

only inadequately described in publications or manuals. However, an advantage may be the option to exclude certain
areas from the corrections, e.g. very bright (mostly clouds) or very dark image areas.

Destriping based on ENVI General Purpose Utilities — “Destripe”: Another ENVI implemented method which
originally has been developed for the Landsat-MSS-sensor. Under certain conditions, this global-statistic algorithm is
also applicable to Hyperion data. Since the algorithm is designed to correct horizontal image stripes, Hyperion
datasets have to be rotated by 90 degrees prior to the destriping process.

Destriping based on a method by Datt et al. (2003) [31]: This local-statistic approach analyses the mean and standard
deviation of columns in a user defined window (filter width). If these parameters exceed a given threshold, a
recalculation of the relevant column is carried out which equals the column statistics to the median of all column
means and column standard deviations inside the filter kernel. The algorithm has been implemented through a
MATLAB script.

ERDAS Periodic Noise Removal: This approach is part of the ERDAS Imagine Software package and was developed
for the correction of periodical noise in the images. It uses a fourier transformation to analyze the dataset in the
frequency domain [48].

. Destriping using Wavelet Fourier Adaptive Filtering (WFAF) based on algorithm by Pande-Chhetri & Abd-

Elrahman (2011; 2012) [49,50]: This algorithm is designed to correct non-periodic image stripes without a
significant alteration of the spectral information. It is based on a combination of wavelet decomposition and
frequency domain adaptive filtering. The image is decomposed into several wavelet components with different scale
levels that can be used to extract certain components with a notable direction (corresponding to image stripes). These
are transformed into the frequency domain where the vertical component can be removed using an adaptive filter
[49,50]. The algorithm can be applied directly to the image data (in the image domain) or in the frequency domain
after a minimum noise fraction (MNF) transformation. In this study the algorithm (provided as a MATLAB script by
the authors) has been adopted to Hyperion in order to destripe all of the 242 Hyperion bands separately. Both
approaches have been tested whereby it turned out that an interpolation of extremely deviating columns (e.g. dead
detectors) is reasonable to be performed prior to the WFAF-algorithm.

All methods have been applied to the whole Hyperion dataset in its original geographical extent. This minimizes the
effect of extremely bright or dark image regions onto the local column statistics which would otherwise possibly lead to
artifacts inside of the destriping result.
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The used input parameters for each evaluated destriping algorithm are listed in Table 2:

Table 2. Used Input Parameters for destriping.

Destriping technique Used Input Parameters
ENVI Hyperion Tools [47] standard flag mask (predefined)
ENVI-SPEAR-Tools — Vertical Stripe Removal darkest 10 % and brightest 5 % of band 8 masked
ENVI General Purpose Utilities — Destripe number of detectors: 256
Local Destriping [31] filter width: 21 columns, 41 columns
threshold: 0.1
ERDAS Periodic Noise Reduction [48] minimum affected frequency (MAF): 5, 50, 90
Wavelet-based destriping [49,50] wavelet type: db4
decomposition levels: 4 (static for all bands)
threshold value k: 1
MNEF-Wavelet-based destriping [49,50] processed MNF bands: 1-10
wavelet type: db4
decomposition levels: 2, 3,3,5,5,6,6,7,8, 8 (dynamic)
threshold value k: 1

5. EVALUATION
5.1 Evaluation criteria and results
Three main criteria were used to assess the quality of the different destriping algorithms.

* total number and positions of corrected image columns
» the amount of alteration to the sensor’s initial signal
*  visual impression

Fig. 2 shows the positions of the corrected image columns per spectral band and provides an overview of the number of
the recalculated image information in the whole Hyperion dataset. Each image column that has been recalculated during
the destriping process is represented by one black dot. The bands 1-7, 58-76 and 225-242 have no corrected stripes
because these bands do not contain any image signal. Their spectral information has been deleted during the USGS
Level 1 Preprocessing due to the low SNR of the Hyperion sensor in these wavelength regions [45].

The amount of alteration to the initial signal of the sensor cannot be seen in Fig. 2. For that purpose the plots in Fig. 3
have been calculated. The plotted column means have been calculated from the original digital numbers as well as from
each destriping result (smoothed to provide a better graphic representation using a mean filter with 10 columns as filter
width). They can be utilized in the evaluation of the above mentioned destriping techniques when assessing their ability
to remove image stripes without a significant alteration of the spectral information. Small-scale variations of the plotted
column means are mostly related to image stripes. Hence an ideal destriping technique should be able to eliminate them.

A qualitative / visual assessment of the various destriping techniques can be derived from Fig. 4 where the correction
results are shown at the example of a Hyperion band 8 subsample (427 nm). The differential images between the original
imagery and the destriping result (destriped minus original) are each shown below, indicating the position of change.
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5.2 Discussion

The methods “Flag Mask Correction* (Hyperion Tools) and “ERDAS Periodic Noise Removal“ do not show significant
changes after the destriping procedure. Judging from the visual impression, all other algorithms result in significantly
better results (Fig. 4).

Fig. 2 confirms the minimal effect of “Flag Mask Correction®. Only a few predefined columns out of the whole image
cube have been recalculated. The remaining image information keeps unaffected. Correspondingly, Fig. 3 shows only
changes in such column positions that have been marked as image stripes through the flag mask. In this case this only
applies to column 1 (band 8, 427 nm) which can also be seen in the difference image in Fig. 4. Hence this destriping
algorithm is not recommended for the removal of the strong striping effect of Hyperion as long as the underlying flag
mask is not edited by the user manually. However, a manual adjustment of the flag mask would be very time-consuming
in consideration of the nearly 200 exposed spectral bands of Hyperion.

Although the destriping algorithm “ERDAS Periodic Noise Removal® (frequency based) recalculates the whole image
information in all spectral bands and image columns (Fig. 2 C), the difference to the uncorrected L1R data is marginal
(see Fig. 3). This is related to the fact that this algorithm has been designed to remove image stripes occurring at regular
intervals [48] whereas Hyperion data only contain non-periodic stripes due to the sensor’s pushbroom acquisition
system. Therefore the difference image in Fig. 4 cannot support a reasonable destriping result in comparison with the real
striping patterns of the data. In fact the whole hyperspectral image data is affected in regular patterns (Fig. 4), which
don’t even match the vertical direction of the Hyperion image stripes. For that reason it can be assumed that the
“ERDAS Periodic Noise Removal“ cannot lead to improvements of the image information acquired by a pushbroom
system. The three different configurations that have been tested during this study (maximum affected frequency: 3, 50
and 90) did not show remarkable differences between each other.

The destriping techniques “ENVI SPEAR-Tools — Vertical Stripe Removal®“ and “ENVI General Purpose Utilities —
Destripe* provide — visually evaluated — an almost stripeless result (Fig. 4 C and D). Only dark image regions still show
some remaining stripes. Both methods recalculate nearly the whole image information (Fig. 2 B and C). As the analysis
has revealed, the global statistic algorithm of the “Destripe”-method causes a vulnerability to extremely bright or dark
image regions. For example, in case of a bright image area (clouds etc.) the mean value of the corresponding columns is
higher than in the other part of the image. In this case, the equalization of all column means to the global mean of the
spectral band causes the affected columns to be assigned lower pixel values which results in a dark block striping
(several adjacent dark columns) in the area of those columns. This effect is less significant if the processed dataset has
numerous image rows. Hence it is not visible in Fig. 4 as in that case the processed dataset contains more than 3400
rows. The “Vertical Stripe Removal”-technique offers a possibility to exclude such extremely bright or dark image
regions (e.g. the darkest or brightest 5 % of the spectral band) from the statistical calculations during the destriping
process. This can be seen as an advantage of this method. Despite the nearly stripeless results of both methods (Fig. 4 C
and D), the column means in Fig. 3 make clear that the spectral information has been considerably changed in
comparison to its original state. Especially if the processed spectral band is dominated by strong cross-track brightness
changes, large deviations can be expected. In this study relative deviations of 11.1 % (“Vertical Stripe Removal”) and
12.3 % (“Destripe”) have been measured at the example of Hyperion band 152 (1670 nm). So the “Vertical Stripe
Removal”-method leads to minor deviations compared to the “Destripe”-method which sets the same column mean for
all columns across the track. However, spectral deviations in this magnitude are not acceptable if a precise interpretation
of the spectral information is intended.

The threshold controlled local statistic method “Local Destriping” [31] with a filter width of 21 columns for all bands
results in a strong decrease of the Hyperion striping effect (Fig. 3, 4). Nevertheless it does not remove all of the image
stripes. In the case of Hyperion band 8 (427 nm), the remaining stripes are mainly concentrated on the left and the right
image borders. Fig. 2 confirms that this method only recalculates a small part of the image information which has
exceeded the given threshold. In this study only 18.5 % of all image columns in the entire hyperspectral image cube had
to be recalculated (at a filter width of 21 columns and a threshold of 0.1). This selective correction can be understood as
a great advantage of this destriping method. It enables the algorithm to take corrective action with a strict focus on those
parts of the image regions where such correction is necessary. As it can be seen in Fig. 2 the need for a correction
depends on the spectral wavelength. The presence of strong water absorption features (bands 120 to 132 — around 1400
nm; bands 165 to 182 — around 1900 nm) is related to a low SNR of the Hyperion sensor which causes a particularly
strong striping-effect in those wavelength regions. If the Hyperion SNR is relatively high, far less image columns exceed
the threshold so that most of the original spectral information stays unaffected. It can also be seen in Fig. 3 that the
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corrected column mean values are relatively close to the original ones (deviations of 2 % in maximum with regard to
Hyperion band 8) even though the stripes have not been completely eliminated. Especially the detectors 1 to 50 still
show significant variations in the column mean values (Fig. 3) which also can be seen in Fig. 4. This implies that
stronger corrections would have been necessary here. Further the analysis of Hyperion band 152 (1670 nm) showed that
the algorithm can also correct two adjacent stripes without any problems. Comparing the two filter widths that have been
evaluated in this study (Tab. 2) the analysis revealed that a wider filter kernel makes it possible to correct block striping
effects more effectively than a narrower one. At the example of band 8 (427 nm) where block stripes occur in the
outermost 50 image columns, the standard deviation of the column means could be reduced from 135.1 DNs
(uncorrected L1R data) to 124.7 DN at a filter width of 21 columns and to 122.7 DN at a filter width of 41.

With regard to Fig. 4 G and H, it is evident that the destriping-algorithm “Wavelet Fourier Adaptive Filtering* [48,49]
provides excellent visual results at the configurations that have been tested in this study. It can also be seen in Fig. 4 G
and H (especially when assessing the differential images) that the approach working in the MNF domain not only
corrects the image stripes (like the one working in the image domain) but also the diffuse sensor noise. This effect is
caused by the selection of the first MNF bands containing the highest SNR values during the correction process and it
leads to a significant increase of the optical image quality. However, at the same time the MNF approach causes a much
higher alteration of the sensor’s initial compared to the approach working directly in the image domain (Fig. 3). This
finding applies mainly to those spectral bands that contain a lot of image stripes in the uncorrected state. An example for
that is the Hyperion band 8 where the MNF approach leads to deviations of up to 3.8 % in comparison to the original
column means (values based on smoothed data). Conversely the approach working in the image domain matches the
course trend of the original cross-track column means very well (deviations of 1.8 % in maximum) whereas it also
eliminates all of the small-scale variations between the mean values of adjacent columns (corresponding to image
stripes). It may be noted that the originally extremely low mean value of column 1 of band 8 is caused by a bad detector
signal and had to be corrected prior to the destriping procedure using the “Wavelet Fourier Adaptive Filtering“. For this
reason, the high deviation to the initial signal in this image column cannot be addressed by the destriping algorithm itself
but by separately eliminating extremely divergent image columns. This previously performed correction step was
necessary in order to avoid strong artifacts that are caused only by this destriping method in conjunction with a locally
bad detector signal (columns with outlying pixel values). Although both approaches of this destriping method lead to a
recalculation of nearly the entire image cube (Fig. 2) it was found that a significant alteration of the spectral information
takes place only in those image regions that were identified as affected by image stripes.

The ability to perform such target-oriented corrections is one of the main advantages of the “Wavelet Fourier Adaptive
Filtering” as well as of the threshold controlled “Local Destriping” or the “Flag Mask Correction”.

It is apparent that in case of Hyperion a complete correction of all image stripes can only be reached by an iterative
process that includes automatic destriping techniques as well as manual adjustments depending on the nature of the data.
For example, the ENVI module “Band Animation” can be used to quickly localize remaining image stripes after the
destriping process. Those stripes can then be easily corrected by e.g. the “Flag Mask Correction” tool with the usage of
an edited flag mask. In addition, the ENVI module “Spatial Pixel Editor” also offers a possibility to interpolate adjacent
image columns manually.

5.3 Final assessment

Besides the above mentioned evaluation criteria other, softer evaluation factors have been considered. Framework
conditions such as the workload for pre- and postprocessing, the computational effort and the implementation of the
destriping algorithms into available software packages play a decisive role for most users of hyperspectral imagery like
those acquired by EO-1 Hyperion.

Table 3 provides an overview of the assessment of the destriping techniques that have been considered in this study.
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Table 3. Assessment of the different destriping techniques (scale of assessment: ++, +, 0, -, --).
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destriping technique 3E 3T = 2 = as 22 3 a °
ENVI Hyperion Tools - Flag Mask Correction [47] - 0 ++ ++ 0.08 % ++ ++ ENVI 0
ENVI SPEAR-Tools - Vertical Stripe Removal ++ 0 - - 98.6 % + 0 ENVI 0
ENVI General Purpose Utilities — Destripe ++ 0 -- - 99.2% 0 0 ENVI 0
B filter width 21 0 ++ + 185% | ++* 0 MATLAB | +
Local Destriping [31] .
filter width 41 + 0 ++ ++ 23.0% | ++* 0 MATLAB +
ERDAS - MAF 3 - 0 + + 100 % - - ERDAS -
Periodic Noise Removal ~ MAF 50 -- 0 100 % - - ERDAS -
(48] MAF 90 - 0 + + | 100% | - - ERDAS | -
Wavelet Fourier Adaptive ~directly in the image domain ++ 0 ++ ++ 94.6 % +* - MATLAB ++
Filtering [49,50] MNF-domain ++ ++ 0 + 100 % +* 0 MATLAB | ++

* The assessment applies to the MATLAB-codes that have been programmed as a part of this study.

Thereby the ratings “++” and “+” represent a high and a moderate improvement of the initial situation (Level 1R),
respectively. “0” marks methods without noticeable change and “-“ or “--* indicate moderate and high deterioration,
respectively. A high workload or computational effort has been marked as “--*.

As a result of this study, the destriping technique “Flag Mask Correction” (ENVI-plugin Hyperion Tools) cannot be
recommended without an accurate modification of the default flag mask due to its insufficient correction. The “Periodic
Noise Removal” (ERDAS Imagine) is also not suitable to correct Hyperion image stripes because of their non-periodic
pattern. The ENVI modules “Vertical Stripe Removal” (SPEAR Tools) and “Destripe” (General Purpose Utilities) lead
to a nearly complete removal of the image stripes whereby the former one is able to prevent artifacts in case of a small
image size (few image rows) in combination with extremely bright or dark image regions. However, these techniques
lead to a significant alteration of the initial sensor signal. The “Local Destriping” proposed by Datt et al. [31] largely
preserves the original spectral information but the analysis showed that the usage of only one single filter width cannot
remove the whole striping effect. Nevertheless, it is easy to use and can be recommended as a fast and effective
destriping method for Hyperion data. The “Wavelet Fourier Adaptive Filtering” working in the MNF-domain provides
the visually best destriping result in comparison with the other methods tested here and it also includes a noise reduction.
However, it has also been evaluated as a method leading to a considerable amount of alteration to the sensor’s initial
signal. The same method but applied directly in the image domain provides a stripeless result and preserves the original
image information very well. For that reason the Wavelet Fourier Adaptive Filtering [49,50] being applied in the image
domain can be highly recommended in order to completely destripe Hyperion data with a special focus on the
preservation of the valuable hyperspectral image information. However, it should be noted that a correction of extreme
image columns (according to a given threshold) has to be performed previously to prevent artifacts.

6. SUMMARY / CONCLUSION

The goal of the presented comparative study was to facilitate the workflow of the preprocessing of hyperspectral
Hyperion data. For this purpose, an analysis of the whole procedure of preprocessing as well as a classification of the
individual operation of destriping has been carried out. The analysis of the presented methods was based on different
criteria. The analysis demonstrates that the quality of the various available methods is very different. Further potential
for improving the destriping process is mainly seen in the various settings of the Adaptive Wavelet Fourier filtering.
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Finally it must also be mentioned that the quality of the preprocessing of Hyperion data is not predictable only on the
basis of the quality of the destriping. Rather it is necessary that all steps of the preprocessing process were involved in
the quality assessment as shown in section 3. In case of Hyperion data this applies particularly to the elimination of
radiometric effects due to the smile effect. Using the results presented in this study, the user of Hyperion data will be
able to estimate the mode of action of different destriping methods as part of the entire process of preprocessing.
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