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Abstract 
The Enhanced Thematic Mapper Plus (ETM+) instrument on board the Landsat 7 
spacecraft contains an optical/mechanical scan line corrector (SLC) device 
designed to compensate for the along-track motion of the spacecraft during 
imaging. When functioning properly this SLC deflects the ETM+ line-of-sight in 
the along-track direction to ensure that the sensor's bi-directional cross-track 
scanning pattern provides continuous coverage of the full Landsat swath. 
 
The ETM+ SLC failed on May 31, 2003 causing it to stop providing the required 
along-track correction. The resulting scanning pattern exhibits wedge-shaped 
scan-to-scan gaps alternating with scan-to-scan overlap, of increasing magnitude 
away from nadir. The ETM+ has continued to acquire data with the SLC powered 
off, leading to images that are missing approximately 22% of the normal scene 
area, but are otherwise of the same radiometric and geometric quality as images 
collected prior to the SLC failure. 
 
The Landsat 7 ground processing systems were modified to accommodate the 
data acquired with the SLC off. This included changes to the SLC geometric 
model and to the image resampling logic. New product parameters were 
introduced to enable data users to control the amount of interpolation applied to 
fill the scan gaps. New products that use the data from multiple ETM+ scenes to 
provide complete coverage were also developed. 
 
Introduction 
On May 31, 2003 the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) 
experienced an anomaly that degraded the quality of the imagery collected by 
the sensor. The source of the observed data anomaly was subsequently 
identified as a permanent failure of the ETM+ scan line corrector (SLC) 
mechanism. Section A of this paper describes the scan line corrector, its 
purpose, and the consequences of its failure. Section B provides a brief 
description of the intensive anomaly investigation that identified the likely failure 
mechanism and led to an unsuccessful SLC recovery attempt, and provides 
additional detail on the characteristics of the data acquired following the anomaly. 
Section C discusses the changes that the SLC failure required in the Landsat 
data processing systems and section D describes the resulting image data 
quality. Section E presents an overview of the new product development efforts 
that have been undertaken by USGS in an effort to mitigate the effects of the 
SLC failure on the Landsat data user community. 



 
A. Scan Line Corrector Purpose and Operation 
The ETM+ acquires imagery across its 183-kilometer swath by using a bi-
directional scan mirror to sweep the instrument's detectors in successive east-to-
west and west-to-east scans. Each scan acquires a narrow segment of ground 
coverage that is approximately 480 meters wide by 183 kilometers long. The 
scan mirror timing is set so that the spacecraft along-track motion during a scan 
corresponds to the 480 meter scan width, allowing a sequence of scans to collect 
a continuous and complete image of the ground. Because the scan direction 
alternates between consecutive scans, the effects of along-track spacecraft 
motion within each scan must be compensated to avoid a zigzag scanning 
pattern (see figure 1). This spacecraft motion compensation is the job of the SLC. 

Figure 1:  The ETM+ scanning pattern without (left) and with (right) compensation 
for along-track spacecraft motion. 

 
The heart of the SLC is a pair of parallel mirrors that act as a periscope to 
translate the ETM+ line of sight in the along-track direction (see figure 2). By 
rotating this parallel mirror assembly about its axis, the line of sight to each 
detector on the ETM+ focal planes is shifted along-track. The rate of SLC 
rotation, and corresponding along-track translation, is designed to compensate 
for the rate of spacecraft motion [1].  

 
Figure 2:  The scan line corrector mechanism (right) and its place in the ETM+ 

optical system (left). 
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Since the direction of along-track spacecraft motion is the same for every scan, 
the SLC's compensating rotation must also be in the same direction for each 
scan. Thus, unlike the ETM+ scan mirror, the SLC must retrace between 
consecutive scans. The SLC operating cycle is characterized by a period of slow, 
controlled rotation during active scan data acquisition, followed by a rapid retrace 
rotation that occurs while the scan mirror is changing directions. The SLC mirror 
housing is rotated by a motor that exerts torque against the resistance of a pair of 
flex pivots that hold the mirror/motor assembly in the SLC frame. Without the 
motor torque, the flex pivots would hold the mirror assembly in its neutral mid-
scan position. A tachometer measures the rate of SLC rotation and provides 
feedback to the motor control logic to ensure a uniform rate of rotation. 
Understanding the interaction between the motor, the tachometer, and the flex 
pivots proved to be central to diagnosing the SLC failure. 
 
B. SLC Failure Description 
The scan line corrector anomaly occurred during an imaging interval over Alaska 
at worldwide reference system (WRS) path 76, row 13 at approximately 21:44:07 
UTC on May 31, 2003. The signature of the SLC malfunction did not cause any 
ETM+ telemetry to exceed alarm limits, so the failure was not immediately 
detected at the Mission Operations Center. The overlapping scan pattern was 
also not immediately obvious in the reduced resolution browse data generated 
during Level 0 data processing, so the failure was not detected until full 
resolution data were examined, several days later, during routine data quality 
control operations. Closer examination of the image and telemetry data ruled out 
ground processing as a possible source of the problem, and indicated that the 
SLC was no longer functioning correctly. In response, on June 6, 2003, the SLC 
mechanism was powered off and ETM+ imaging operations were scaled back to 
the minimum required to maintain thermal balance. 
 
USGS and NASA chartered an anomaly investigation team to isolate the cause 
of the failure, identify the likely failure mechanism, and recommend remedial 
action [2]. This team identified seven characteristics of the anomaly as key 
evidence in evaluating possible failure scenarios, including: 

1. The onset of lack of motion was abrupt (within a few scans). 
2. Little or no SLC motion occurred from May 31 to June 6 when the SLC 

was powered off. 
3. The negative SLC motor drive current magnitude increased slightly 

after the failure but the positive current was essentially unchanged. 
4. The motor drive current telemetry exhibited an anomalous profile, 

lacking the normal retrace pulse and including a ~550 Hertz oscillation. 
5. No change in SLC temperature (no change in SLC power dissipation). 
6. A small ~550 Hertz oscillation in the apparent motion of the SLC 

observed in the imagery collected while the SLC was still powered. 
7. There was a burst of coherent noise in the detectors at the time of the 

failure. 
 



The image data acquired at the time of the failure demonstrates several of these 
key anomaly signatures. Examination of the Level 0R image showed scan-to-
scan overlap and severe detector noise beginning about scan #130, but normal 
imagery prior to that point. Scan #130 is a reverse scan that appears to overlap 
the preceding forward scan. A panchromatic band Level 0R image window 
containing the beginning of the anomaly is shown in figure 3. 
 

Figure 3:  Anomaly scene level 0R band 8 (panchromatic) image 
 
The SLC motor current telemetry provided evidence in isolating the source of the 
failure. These current measurements are only provided once per second in the 
ETM+ telemetry [3]. By itself, this sampling rate is not sufficient to capture the 
current profile within the 72-millisecond SLC scan cycle period. Fortunately, the 
SLC operating cycle is very stable from scan-to-scan so it proved to be possible 
to interleave the motor current telemetry from multiple imaging events, according 
to the time-in-scan of each measurement, so as to compile a densely sampled 
representation of the SLC motor current profile. Plots of the motor current profile 
for normal data and for post-failure data are shown in figure 4. 
 

 
Figure 4: SLC motor current pre- and post-failure 
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Note that the post-failure plot lacks the SLC retrace feature at the beginning of 
the scan cycle and has a high frequency oscillation superimposed on the linear 
current ramp that drives the SLC during active scanning. Although the linear SLC 
scanning motion ceased after the failure, high frequency oscillations were 
measurable in the imagery (see figure 5), suggesting that the SLC was vibrating 
in response to the motor current. This vibration disappeared when the SLC was 
powered off. 
 

Figure 5:  Across-scan image errors with powered SLC post-failure 
 
The anomaly investigation team performed a fault tree analysis that identified 
166 possible SLC failure modes [2]. The 113 mechanical and 53 electrical faults 
on the list of candidates were each compared to the seven key symptoms listed 
above. Only 10 mechanical and 2 electrical faults passed this initial screening. 
Additional analysis, including electrical and mechanical simulations and 
laboratory tests performed on the SLC engineering model, eliminated all 
electrical and all but 2 mechanical faults:  a mechanism jam caused by debris, 
possibly from a fracture of the SLC motor housing, or a bond failure between the 
SLC motor and the mirror assembly. Although the investigation led to the 
conclusion that a mechanical failure had occurred it did not rule out the possibility 
that a mechanical failure was precipitated by a fault in the SLC control 
electronics. 
 
The SLC design includes redundant control electronics and a redundant 
tachometer but only a single motor and mirror assembly. The broken bond 
scenario would imply no possibility of recovery as the motor would no longer be 
able to drive the SLC mirrors. The jam scenario left open the possibility that, 
rather than being permanently jammed, the SLC motor and mirrors might be 
driven into a jammed configuration every time the SLC was powered, by flawed 
control signals. With some probability of being able to restore SLC functioning 



using the redundant control electronics, the anomaly investigation team 
recommended an SLC recovery attempt. Given that the SLC had been powered 
for several days following the anomaly with no further degradation in 
performance, the risk of causing further damage to the system by applying power 
to the redundant electronics, was deemed to be low. 
 
The anomaly investigation team presented its findings to a peer review panel 
composed of NASA and USGS technical experts. With the endorsement of this 
panel, the recommendation, and associated test implementation plan, to restart 
the SLC using the redundant electronics was presented to USGS and NASA 
senior management for approval. The SLC recovery test was approved, and 
subsequently conducted on September 7, 2003. The SLC behavior observed 
while using the redundant control electronics was essentially identical to that 
using the primary systems (see figure 6). The data collected during this test 
provided evidence that the SLC failure was the result of a permanent jam of the 
SLC mechanism, and that recovery was not possible. As a result, the ETM+ was 
returned to its pre-test operating configuration and data collection operations 
resumed with the SLC powered off. This is now considered to be the normal 
mode of operations. 
 

Figure 6:  ETM+ image acquired using the redundant SLC electronics 
 
Following the unsuccessful SLC recovery attempt, Landsat 7 operations were 
refocused on adapting the ground processing systems to generate usable image 
products from SLC-off data, characterizing the radiometric and geometric 
performance of these products, and developing new products that make the 
SLC-off data more useful. 
 
C. Impact on Image Processing 
The difference between the ETM+ scanning pattern with a working SLC and with 
the SLC powered off is shown in figure 1. An analysis of the software changes 
required to generate valid Landsat 7 data products from ETM+ data acquired 
while the SLC is powered off identified primary impacts to three ground 
processing activities:  1) Level-0 data processing; 2) Level-1 product generation; 
and 3) geometric characterization and calibration. There were also secondary 
impacts to the Level-1 product-ordering interface and to the searchable metadata 



fields in the data catalogs. The Level-0 processing impacts related to the 
accuracy of a few of the metadata fields generated during initial ground 
processing, including the scene corner coordinates and cloud cover scores. 
These impacts were considered to be minor and are not discussed further here. 
Of more significance were the effects on Level-1 data processing. 
 
The most critical Level-1 processing impact was the need to alter the ETM+ 
geometric model to accommodate an unpowered SLC. The Landsat 7 geometric 
correction software initially treated the unpowered SLC as an error condition, 
terminating further processing. The required changes included:  deactivating the 
SLC telemetry checking logic that flagged an unpowered SLC as an error 
condition; setting the SLC scan rate to zero in the Landsat 7 Calibration 
Parameter File (CPF) for the time period following the SLC failure; and 
accounting for the non-zero post-failure position of the SLC. During the course of 
the SLC anomaly investigation it was discovered that the SLC appeared to have 
come to rest or become jammed in a position that introduced a small along-track 
pointing bias [2]. Rather than allowing this bias to be subsumed as part of the 
ETM+ sensor alignment calibration it was felt to be more appropriate to model it 
explicitly. This allows the same sensor alignment calibration parameters to 
provide good results for pre- and post-failure data. As a result, a new parameter - 
Unpowered_Pointing_Bias - was added to the L7 CPF and to the SLC geometric 
model [4]. 
 
A less critical but more complex Level-1 processing impact was the effect on the 
image resampling logic. The challenge posed by the SLC-off data is the need to 
gracefully handle the large asymmetrical scan gaps caused by the 
uncompensated forward motion of the Landsat 7 spacecraft during the ETM+ 
active scan time. Although normal ETM+ imagery contains scan gaps that vary in 
size with latitude and scan mirror turnaround time/bumper wear, these gaps are 
typically small, no more than 1 or 2 pixels, and relatively uniform along-scan [5]. 
The gaps induced in the SLC-off data vary in width from approximately 13 to14 
multispectral pixels where the beginning of one scan abuts the end of the 
following scan, to near zero at midscan, to an overlap of nearly 13 multispectral 
pixels where the end of one scan abuts the beginning of the following scan. This 
dramatic along-scan change in the gap size is as significant a problem as the 
large magnitude of the worst-case gap. 
 
To see why this is so it is helpful to understand how the image resampler handles 
the scan gap. For nearest neighbor (NN) resampling the gap is only a slightly 
more complicated case of the normal algorithm [5] in which, for each output 
point, the closest input detector sample must be identified and selected as the 
output image value. This logic is not particularly sensitive to the size or shape of 
the scan gap, but it does produce odd-looking artifacts if the gap becomes too 
large. When this happens the NN logic will "smear" the imagery from the active 
scans into the gap, leaving a discontinuous boundary at the gap midpoint where 
the closest-scan transition occurs. An example of this effect is shown in figure 7. 



Figure 7:  Example of NN gap interpolation 
 
The image resampler was modified to perform scan gap computations for each 
output image point that falls between ETM+ scans. For each gap point the 
distance to the closest scan (measured pixel center to pixel center) and the total 
scan gap width are calculated. These distances are compared to a user-provided 
gap threshold (MAX_GAP) to determine whether the point lies within 
MAX_GAP/2 of the closest scan or if the total scan gap at the point is less than 
MAX_GAP+1. If so, the point is populated with the value of the nearest detector. 
If not, the point is populated with a fill value. This results in a scan gap 
interpolation pattern that replicates the data at the edges of the scan gap out to 
MAX_GAP/2 for the entire gap area and populates all gap pixels where the scan 
edge to scan edge distance is less than MAX_GAP. The geometry of the 
minimum distance and total gap threshold distances is shown in figure 8. 

 
Figure 8:  Edge-to-edge gap and center-to-center distance thresholds 
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For the cubic convolution (CC) and modulation transfer function compensation 
(MTFC) interpolative resampling kernels the situation is more complicated. These 
kernels require four evenly spaced input lines of data to construct an output 
image value. The gap resampling logic meets this requirement by "extending" the 
ETM+ scans with synthetic detector image lines that completely cover the gap. 
The extended lines are constructed by a preprocessing step that uses one-
dimensional CC interpolation to first align the samples in the next (lower) scan 
with the samples in the current (upper) scan, and then uses one dimensional 
cubic spline interpolation to construct evenly spaced image lines spanning the 
gap, from the aligned samples from the upper and lower scans. The resulting 
extended scans provide complete coverage of the output image area with 
suitable overlap to allow the 4-by-4 (actually 4-by-6 to allow for detector-specific 
delay offsets) interpolation kernels to operate normally for all output pixels. This 
two-pass gap interpolation approach works well for the small, uniform gaps found 
in normal ETM+ imagery. 
 
In principle, a large scan gap poses no insurmountable challenge to this gap 
interpolation approach. As long as all of the data needed to construct the 
extended scan lines are available from the lower scan, the spline interpolation 
can proceed as normal. Problems arise when the asymmetry in the gap causes 
the number of extended lines required to cover the underlap portion of the gap to 
extend beyond the lower edge of the following scan in the overlap area. The 
extended scan logic was modified to allow for a variable number of extended 
lines within one scan to account for this situation.  
 
The CC and MTFC gap interpolation control logic uses only the total gap width 
criterion to decide whether or not to interpolate a value for a gap pixel. The need 
for data from both the scan above and the scan below to interpolate gap pixel 
values makes it less desirable to generate output values for gap pixels when the 
gap size becomes too large. This makes the CC gap fill pattern exhibit a more 
abrupt transition from total gap interpolation to no gap interpolation than is the 
case with NN resampling. This is depicted graphically in figure 9.  
 

Figure 9:  NN versus CC/MTFC fill patterns 
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An example of corresponding band 8 image windows processed with NN and CC 
interpolation, is shown in figure 10. 
 

Figure 10:  NN (left) and CC (right) gap interpolation examples 
 
Two additional resampling algorithm refinements were implemented as part of 
the SLC-off version of the Level-1 processing system. The cubic spline 
interpolation algorithm used for generating the cross-gap extended image lines 
was replaced with a more sophisticated algorithm that reduces the overshoot 
artifacts that cubic splines can induce when applied over the longer distances 
found in SLC-off data. Figure 11 shows a comparison of the original cubic spline 
and the new Akima [6] interpolation algorithm applied to an SLC-off scan gap. 
Note the elimination of the bright cubic overshoot artifact in the Akima version. 
 
The second refinement takes advantage of the scan overlap caused by the SLC 
failure to suppress the effects of the calibration shutter incursions that occur at 
the ends of ETM+ reverse scans. The ETM+ calibration shutter is only 
synchronized with the scan mirror once every forward/reverse scan cycle (during 
the forward scan). As a result, bumper wear and the corresponding increase in 
scan mirror turnaround time has made the ETM+ calibration shutter arrive too 
early in the reverse scans, causing it to appear in the final few samples of the 
Earth view active scan. By preferentially using data from forward scans in scan 
overlap areas the impact of the shutter incursion on the Level-1 product image 
can be minimized. Figure 12 shows corresponding windows of Level -0 and 
Level-1 SLC-off data. Note the duplicate data and shutter incursion in the Level-0 
image and the elimination of duplication and reduction of shutter incursion in the 
Level-1 image. 



Figure 11:  Comparison of cubic spline (top) and Akima (bottom) interpolation 
 

Figure 12:  Level-0 (left) and level-1 (right) image windows showing calibration 
shutter incursion suppression 

 
The geometric characterization and calibration analyses performed by the 
Landsat 7 Image Assessment System (IAS) were also affected by the SLC 
failure. The most notable impacts were to the scan mirror calibration and band 
registration accuracy characterization logic. The scan mirror calibration 
procedure is used to measure the repeatable motion of the ETM+ scan mirror 
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and to estimate updates to the scan mirror profiles stored in the CPF if 
systematic deviations are detected [5]. This process compares a terrain 
corrected ETM+ image to a reference digital orthophotoquad (DOQ) image to 
measure within scan displacements. The scan mirror calibration procedure 
analyzes forward and reverse scans separately and must be able to observe the 
within-scan geometry for the entire active scan period for both scan directions. 
The end-of-scan overlap in SLC-off images confounds the within-scan image 
deviation measurements at the beginning and end of scans. Special logic was 
added to the scan mirror calibration software to allow it to generate separate 
terrain-corrected output images containing only forward and only reverse scan 
imagery. The scan-direction-specific measurements are now made in these 
scan-direction-specific images. 
 
The band registration characterization procedure measures the apparent band 
registration accuracy of ETM+ Level-1 images by correlating image target points 
across all possible spectral band-pair combinations. The normalized gray scale 
cross correlation technique employed to make these measurements is sensitive 
to the presence of strong edges in the image target areas. The SLC-off scan 
gaps provide just such strong edge features. Unfortunately, these artificial edge 
features provide no information about the within-image band registration. A 
different image correlation technique - mutual information correlation - was 
implemented to overcome the confusion introduced by the scan gaps. This 
method, adapted from the medical imaging community, is insensitive to the 
presence of fill/missing data in the images begin correlated and performs better 
in the presence of scan gaps, albeit at the cost of increased processing time [7]. 
 
D. SLC-Off Data Quality 
The Landsat 7 IAS operates as a fundamental component of the Landsat 7 
ground system responsible for routine image quality monitoring, radiometric and 
geometric performance characterization, and radiometric and geometric 
calibration. This capability was of critical importance following the SLC failure, 
when it was necessary to establish whether operating the ETM+ with the SLC 
powered off would alter radiometric or geometric properties of the resulting 
imagery, beyond the obvious scan gap pattern.  
 
Radiometric Performance 
Shortly after the SLC was powered off, field parties from the University of Arizona 
collected in-situ data during ETM+ overpasses of radiometrically uniform ground 
sites at Ivanpah and Railroad Valley playas in Nevada. These measurements 
showed radiometric response consistent with similar scenes acquired in May 
2003, just prior to the SLC failure, to within the accuracy of the measurement 
techniques. This was verified by subsequent analyses of full aperture solar 
calibrator acquisitions and radiometrically invariant (desert) scenes. 
 
One aspect of ETM+ radiometric performance that did change measurably 
following the SLC shutdown was the system noise. Specifically, some detectors 



exhibited a slight reduction in the coherent noise present. This improvement was 
observed in only some detectors and for only some of the coherent noise 
frequencies typically present in ETM+ data, but has been consistent enough to 
suggest that the SLC was the source of at least some of the ETM+ coherent 
noise. 
 

 
Figure 13: 20-KHz coherent noise magnitude historical trend 

 
Figure 13 shows the magnitude of the detected 20 kilohertz (KHz) coherent noise 
for the detector with the largest noise magnitude in bands 1, 5, and 8.  The IAS 
observed an increase in noise in the eight month period before the SLC failure.  
After the SLC failure, coherent noise magnitude has slightly decreased overall in 
bands 1 and 8, while it has increased in band 5.  Other coherent noise sources in 
the ETM+ were unaffected by the SLC failure. 
 

 
Figure 14:  Positional dependence of 20 kHz coherent noise in Band 1, 

before the SLC failure. 
 
The 20 kHz coherent noise in bands 1 and 8 had magnitudes dependent upon 
the position of the scan mirror, which indicated a relationship between these 



noise sources and the scan mirror control electronics, potentially including the 
scan line corrector.  Figure 14 shows the 20 kHz coherent noise in Band 1 as a 
function of scan mirror position as it traverses across the image region. This 
positional dependence changed dramatically after the SLC failure, as can be 
seen in Figure 15. 
 

 
Figure 15:  Positional dependence of 20 kHz coherent noise in Band 1, 

after the SLC failure, with SLC powered off. 
 
Because of this spread in the positional dependence of the noise and its overall 
decrease in magnitude, the 20 kHz noise in bands 1 and 8 is less visible than 
when the SLC was in operation. 
 
In general, ETM+ radiometric performance was unaffected by the SLC failure. 
Absolute and relative detector response showed no significant difference before 
and after the SLC was powered off. While the noise behavior changed slightly, 
the SLC-off results were within the normal range of variation in noise 
performance and, if anything, demonstrated a slight improvement in performance 
as compared to nominal SLC-on data. 
 
 
Geometric Performance 
The Landsat 7 IAS monitors three metrics of image product performance:  1) 
product absolute geodetic accuracy; 2) band registration accuracy; and 3) scene 
internal (within-scan) accuracy [5]. The absolute geodetic accuracy 
characterization procedure assesses the geolocation accuracy of radiometrically 
and geometrically corrected Landsat 7 products generated using the best 
available support data (i.e., definitive ephemeris data) but without reference to 
ground control [8]. Cloud-free scenes acquired over calibration test sites are 
compared to a library of ground control points to measure the combined effects 
of pointing and position errors in the Landsat image product. Both mean and 
root-mean-square (RMS) errors are computed and tracked over time in order to 
identify any systematic effects that would indicate the need for an update to the 
ETM+ to Landsat 7 spacecraft alignment calibration parameters. 
 
Figure 16 shows a plot of the measured along- and across-track geodetic RMS 
and mean errors by calendar quarter since Landsat 7 launch. Geodetic accuracy 



performance has degraded gradually over time as the spacecraft attitude 
determination system has aged. The performance during the SLC-off period, 
indicated on the plot, though somewhat poorer than the earlier data, is consistent 
with the general trend of slowly increasing pointing knowledge error. These data 
provide no evidence of a change in geodetic accuracy performance that can be 
attributed to the change in SLC status.  

 
Figure 16:  Landsat 7 product geodetic accuracy since launch 

 
The IAS monitors the ETM+ multi-spectral band registration accuracy by 
periodically performing band-to-band correlation measurements. These 
measurements are typically made over arid regions where the scene content is 
relatively consistent across the spectral bands, providing the best cross-band 
correlation performance [8]. Cross-band correlation measurements are taken for 
all possible spectral band combinations. These measurements are then 
aggregated by spectral band to provide an estimate of registration accuracy for 
each band. Figure 17 shows the summary RMS band registration accuracy for 
both the SLC-on and SLC-off time periods. Note that the registration accuracy, 
particularly in the sample direction, is slightly better in the SLC-off data. 



 
Figure 17:  Root-mean-square band registration accuracy - SLC-on and SLC-off 

 
The internal geometry of ETM+ images is evaluated as part of the IAS scan 
mirror calibration procedure. This process compares test points extracted along 
the centerline of each ETM+ scan to a reference image derived from 
orthorectified aerial photography [8]. The deviations measured in this way can be 
analyzed as functions of scan direction and scan angle. This provides both a 
measure of within-scan geometric accuracy and the information needed to 
estimate corrections to the model of scan mirror motion. 
 
After the SLC was powered off an update to the scan mirror motion model was 
required to remove the effects of non-linear SLC motion from the combined 
mirror model. These effects proved to be quite significant as the SLC was the 
dominant contributor to the across-scan non-linear motion. Once a valid SLC-off 
scan mirror calibration was determined, subsequent analyses of within-scan error 
yielded results consistent with those observed in SLC-on data. Figure 18 shows 
a plot of RMS within-scan error in the along-scan (sample) and across-scan (line) 
directions for forward (FWD) and reverse (REV) scans for the SLC-on and SLC-
off time periods. Note that the internal geometric accuracy performance is 
essentially unchanged following the SLC failure. 
 



 
Figure 18:  SLC-on and SLC-off within-scan geometric accuracy 

 
The characterization data collected since the SLC was powered off show that the 
quality of the SLC-off image data is generally comparable to that achieved in the 
SLC-on data, with a few instances of slightly improved performance. The 
improvements observed in system noise and band registration are, perhaps, not 
surprising, since removing an electro-mechanical mechanism with moving parts 
should only improve the electrical and mechanical stability of the ETM+. This 
demonstrates that, setting aside the missing data in the scan gaps; the data that 
are collected in SLC-off mode are unimpaired. 
 
E. New Product Development 
In the immediate aftermath of the SLC failure the USGS focused on 
implementing changes to the Landsat 7 product generation systems to 
compensate for the impacts described above in section C. This effort, though not 
insignificant, merely restored the capability to provide basic radiometrically and 
geometrically corrected data products; now containing coverage gaps due to the 
SLC-off scan geometry. Once the ability to process SLC-off data was available, 
attention could be turned to developing methods to improve the usability of ETM+ 
data acquired after the SLC failure. The scope of the SLC-off product 
improvement efforts is such that it justifies a separate paper, so only a few 
highlights are provided here. 
 
 
 



User-Specified Scan Gap Interpolation 
The original implementation of the SLC-off gap interpolation logic, described 
above, limited the width of the gap filled by interpolation to two pixels. Thus only 
the central portion of each SLC-off scene was free of scan gap void areas. The 
intention was to only perform interpolation over distances that were similar to, or 
only a little larger than, the normal range of scan-to-scan gaps found in SLC-on 
data as a result of short-term spacecraft pointing variations. Feedback from the 
user community demonstrated that, at least for some applications, the presence 
of void areas in the image was a major problem. It was found that in some cases, 
filling the gaps with any plausible data value was preferable to leaving the scan 
gaps as void areas. As a result, the gap interpolation logic was altered to allow a 
user-specified maximum interpolation distance. This allows data users to specify 
with the product order the amount of interpolation to be performed, up to and 
including filling the entire scan gap with interpolated pixel values. Although the 
default SLC-off product retains the two-pixel interpolation limit, users whose 
applications are sensitive to void areas can order interpolative gap fill yielding 
images such as that shown in the lower left of figure 19. 
 

Figure 19:  SLC-Off image examples:  original (above), full-gap interpolation 
(lower left), and gap-filled (lower right) 

 
 
Multi-Scene Gap-Filled Products 
The next level of SLC-off product improvement sought to use the data from 
multiple ETM+ scenes to provide the missing data in the scan gaps. The resulting 
gap-filled products were developed in two phases. In phase 1, a previously 
acquired SLC-on scene was used to provide the scan gap fill. These products 
use a local linear histogram matching algorithm to achieve radiometric balance 



between the "primary" SLC-off scene and the "fill" SLC-on data [9]. Since a single 
SLC-on scene provides data sufficient to fill all scan gaps, this "off-to-on" product 
was targeted for rapid development and deployment, with initial product 
availability in May 2004, one year after the SLC failure. An example of the phase 
1 gap-filled product is shown in the lower right of figure 19.  
 
Using an SLC-on scene, nominally acquired at the same time of year as the 
SLC-off scene, to provide gap fill works well so long as there is little significant 
land cover change in the time between the primary and fill scene acquisitions. 
The temporal changes between newly acquired SLC-off and pre-existing SLC-on 
data will become more pronounced as the archive of SLC-on data ages. To allow 
for the use of gap-fill data acquired during the same season, the second phase of 
product development focused on using multiple SLC-off fill scenes to close the 
scan gaps in the primary scene. Since the scan gap locations vary randomly from 
scene to scene, this generally requires more than one fill scene. The challenges 
associated with geometrically registering and radiometrically balancing multiple 
images containing scan gaps make the generation of these phase 2 "off-to-off" 
products significantly more complex than the phase 1 process. 
 
The off-to-off product development process included a more systematic study of 
radiometric balancing algorithms, in an attempt to find a method superior to the 
simple local histogram match used in phase 1. A quantitative comparison of four 
methods, selected as the most promising candidates from a list of dozens 
discovered in a search of the relevant literature, showed that the phase 1 
technique was difficult to improve upon. Although other methods showed slightly 
better performance in some circumstances, the simplicity and efficiency of the 
local linear histogram method led to its adoption, with a few minor modifications, 
as the radiometric balancing technique for the off-to-off products. 
 
Several supporting enhancements were developed for the Landsat Level 0 
processing software to assist in the complex task of fill scene selection. These 
included:  an enhanced browse image generation process that depicts the scan 
gap locations within the reduced resolution browse images available at product 
ordering time; and the computation of additional scene metadata that predicts the 
scan gap location for each scene. Using this new gap phase metadata, the gap-
filled product ordering interface presents users with a prediction of the degree of 
gap closure achieved with each fill scene that is added. Since these gap location 
predictions are subject to error, the phase 2 product has an option to include an 
SLC-on scene as the final fill scene. This guarantees a product with no residual 
void pixels.  
 
The phase 2 off-to-off products, including the supporting ordering and processing 
infrastructure, were completed and made available to the public in November 
2004. In addition to the gap-filled image itself, these products include a mask 
layer for each spectral band that identifies the source image for each pixel in that 
band. This information allows users to assign a source date to each pixel in the 



gap-filled product. An example image window from a 3-scene off-to-off product is 
shown in figure 20. The left image is the primary scene, the center image is the 
result after the first fill scene has been added, and the right image is the final 
gap-filled image containing data from all three scenes. 
 

Figure 20: Off-to-off product:  primary scene (left), using one fill scene (center), 
final three-scene product (right) 

 
Work continues on methods to improve the quality and utility of the SLC-off data. 
Algorithms to identify and replace clouds and cloud shadows along with the scan 
gaps, as well as additional gap-filling techniques that address the needs of 
specific applications, are under development in 2005. The USGS goal is to 
provide Landsat 7 data products that meet as many of the user community's 
needs as possible, in spite of the impairment of the ETM+ resulting from the SLC 
failure. 
 
Summary and Conclusions 
The failure of the ETM+ SLC in May of 2003 had a major impact on the data 
acquired since that time. Fortunately, the ETM+ instrument continues to perform 
nominally in all other respects. The Landsat 7 ground processing systems were 
modified to accommodate the change in image geometry caused by the SLC 
failure making it possible to continue to produce image data products with 
radiometric and geometric accuracy comparable to those created from SLC-on 
data, albeit with missing data in the scan gaps. New gap-filled products have 
been introduced that provide complete ground coverage by combining the data 
from multiple ETM+ acquisitions. Product development activities are continuing, 
with the goal of further enhancing the value of the SLC-off data to the Landsat 
user community. 
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