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ABSTRACT: Data from the Multispectral Scanners (MSSs) onboard the Landsat-4 and Landsat- 
5 satellites have been found by other researchers to be generally comparable to the data 
received from the earlier Landsat MSSs, with the exception of a coherent noise pattern 
evident in the Landsat-4 MSS imagery data. This noise pattern was also quite evident in the 
early Landsat-D' (prelaunch Landsat-5) test data. The addition of low-pass filters to the 
Landsat-D' MSS detector outputs substantially reduced the coherent noise measured in 
prelaunch test data and in in-flight data from Landsat-5. In this report we characterize the 
coherent noise magnitude at its apparent dominant image domain period in the range of 3.5 
to 4.0 pixels/cycle for each detector, and note the efficacy of the noise reduction filters on 
the Landsat-D' MSS and the in-flight Landsat-5 MSS. We also describe a technique for 
resequencing Landsat MSS data into the time order sampled at the MSS instrument. Ana- 
lyzing the resequenced data, we show that the coherent noise signals apparent in the image 
domain are actually aliases of a much higher frequency noise signal and its harmonics. We 
then describe a technique based on filtering resequenced MSS data which can be used to 
filter coherent noise from Landsat-4 MSS data with minimal adverse impact on the image 
data. 

INTRODUCTION 

The Landsat-4 and Landsat-5 satellites carry both 
the Thematic Mapper (TM) and Multispectral 
Scanner (MSS) remote sensing instruments. The 
MSS instrument is similar to MSS instruments car- 
ried by Landsat-1, Landsat-2, and Landsat-3. How- 
ever, the addition of the Thematic Mapper instru- 
ment to Landsat-4 and Landsat-5 required several 
design changes in the MSS instruments carried on 
these satellites because of the lower orbit and new 
satellite platform dictated by the Thematic Mapper 
instrument. These design changes were made in 
part to make the Landsat-4 and Landsat-5 MSS data 
radiometrically and geometrically compatible with 
the MSS data from the earlier Landsat satellites. 

In late 1981, the National Aeronautics and Space 
Administration (NASA) announced the Landsat-D 
Image Data Quality Analysis (LIDQA) Program. 
The majority of the studies coordinated under this 
program focus on the Thematic Mapper instrument. 
However, a few studies look at the MSS instrument. 
The bulk of the results from these MSS studies can 
be found in Volume I of Landsat-4 Science Char- 
acterization Early Results (Barker, 1985). 

The MSS instruments onboard Landsats-1 
through 5 are four-band instruments with six detec- 
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tors per band (Landsat-3 carried a fifth band in the 
far infrared, but it failed early in the active life of 
Landsat-3). The four bands carried by all MSS in- 
struments are green (0.5-0.6 pm), red (0.6-0.7 
pm), near-IR (0.7-0.8 pm) and near-IR (0.8-1.1 
~ m ) .  The radiometric quality of Landsat-4 MSS data 
has been found to be generally comparable to that 
of the previous MSS instruments. Radiometric 
striping (detector-to-detector) in the Landsat-4 MSS 
data has been found to be actually less than that 
found in the previous sensors (Alford and Imhoff, 
1985; Rice and Malila, 1985). However, a new ra- 
diometric artifact has been observed in Landsat-4 
MSS data. This coherent noise effect has been noted 
by several researchers to have a predominate spatial 
frequency in the neighborhood of 3.6 pixels/cycle 
(Alford and Imhoff, 1985; Rice and Malila, 1985; 
Likens and Wrigley, 1985). The magnitude (zero to 
peak) of this particular noise component has been 
generally measured to be about 0.6 counts. Other 
lower magnitude peaks have been less consistently 
observed, namely at about 2 pixelslcycle and 4.6 
pixelslcycle by Rice and Malila (1985), and at about 
11 pixels/cycle by Likens and Wrigley (1985) and 
Alford and Imhoff (1985). These noise frequency 
peaks constructively interfere at certain points in 
the imagery to produce occasional noise peaks 
which are much larger than the 0.6 counts observed 
for the major coherent noise peak at 3.6 pixels/cycle. 

A typical example of the coherent noise pattern 
is shown in Plate la. The structure of the noise pat- 
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PLATE 1. (a) Original, (b) filtered and (c) difference image (plus bias) illustrating the Landsat-4 coherent noise 
problem. Shown is a 90 line by 157 column section of Landsat-4 MSS data (A-format CCT) over the coast of North 
Carolina obtained on 24 September 1982 (scene ID 84007015081, starting line 1801, starting column 2176). 
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tern can be seen more clearly by filtering out the 
noise pattern (using a technique developed in this 
paper) and displaying the difference image between 
the original and filtered images. Plate l b  is the fil- 
tered version of Plate la, and Plate Ic  is the differ- 
ence image. A constant bias was added to the dif- 
ference image to produce a displayable positive 
image. 

Plate l c  shows the coherent noise appears in the 
imagery as an oscillating noise pattern with a period 
of approximately 3 to 4 pixels running roughly di- 
agonal from NNE to SSW. The oscillating noise pat- 
tern exhibits an irregular phase shift between 
groups of lines. This noise pattern can be detected 
most clearly in the original image over uniform areas 
such as bodies of water, and can be most easily seen 
if the image radiance values are stretched to fully 
utilize the dynamic range of the display device (as 
was done in Plate 1). 

A comprehensive study of the effect of this noise 
pattern on the results obtained from various image 
analysis techniques has not been carried out. How- 
ever, the noise pattern is apparently strong enough 
to affect analysis results. A rough idea of these ef- 
fects can be obtained by clustering a section of orig- 
inal data, and comparing the resulting cluster map 
to one obtained by clustering a filtered version of 
the same section of data. We used the ISOCLAS func- 
tion to cluster the original data shown in Plate la, 
and the filtered data shown in Plate lb.  We speci- 
fied 16 clusters in both cases. Color coded maps of 
the resulting clusters are displayed in Plates 2a and 
2b. The original data produce four water clusters, 
while the filtered data produce only one water 
cluster. The land clusters are also perturbed by the 
presence of the coherent noise. 

We ran the ISOCLAS function with a set of param- 
eters commonly used by analysts at NASNGSFC 
for this type of data.* No attempt was made to adjust 
the parameters to minimize or maximize the unrea- 
sonable clusters caused by the noise in the data. 
Another clustering program, or ISOCLAS run with a 
different set of parameters might not produce such 
a pronounced effect from the noise. We know of at 
least one case where this noise effect has caused 
major problems for a research project. The noise 

I effect causes classification errors between ocean and 
wetlands in a study of ocean instrusion over time 
along the Louisiana coast (Nelson May, personal 
communication, Center for Wetland Resources, 

* We ran the ISOCLAS function with ISTOP = 12, 
CHNTHS = 1.0, DLMIN = 1.0, STDMAX = 1.5, and 
MAXCLS = 16, where ISTOP is the maximum number 
of iterations, CHNTHS is the threshold for cluster 
chaining, any two clusters whose means are closer than 
DLMIN are combined, any cluster whose standard devia- 
tion is greater than STDMAX, and whose nulnber of 
points is greater than 2(NMIN + 1) are split (where 
NMIN is the default 30 points), and MAXCLS is the max- 
imum number of clusters. 

Louisiana State University, Baton Rouge, LA, 
1984). 

Given that the Landsat-4 MSS coherent noise can 
adversely affect analysis results, we should seek to 
characterize the noise more precisely and find a 
technique for filtering out the noise. We describe 
below such a characterization of the coherent noise, 
and follow the characterization with a description of 
a technique that filters out the noise while mini- 
mally affecting the image data itself. 

The coherent noise pattern also appears in the 
original integrating sphere test data from the pre- 
flight Landsat-5 (Landsat-D') MSS instrument. The 
noise characterization we obtained here suggested 
that certain filters be added to the Landsat-D' MSS 
instrument. The integrating sphere test data show 
that the noise reduction filters do indeed eliminate 
a large part of the noise. Also, in-flight data from 
Landsat-5 confirms that the noise is substantially 
reduced. However, some coherent noise does re- 
main. In addition to our discussion of characteriza- 
tion and removal of the more prominent Landsat-4 
MSS coherent noise, we characterize the coherent 
noise remaining in the Landsat-5 MSS data, and 
evaluate the efficacy of the noise reduction filters 
added in the retrofit of the Landsat-D' (Landsat-5) 
MSS instrument. 

BACKGROUND 

LANDSAT MSS SAMPLING SCHEMA 

The non-image domain noise characterization and 
filtering techniques investigated here are based on 
the manner in which the Landsat MSS systems 
gather image data. A simplified, but fairly complete 
description of this process is given by Gordon 
(1980). Further information particular to Landsat-4 
and Landsat-5 can be found in NASNGSFC (1984). 

The Landsat MSS systems scan a six pixel swath 
each mirror forward scan. On an A-format CCT, 
lines 1 through 6 are from the first forward mirror 
scan, lines 7 through 12 are from the second forward 
scan, and lines 6n-5 through 6n are from the nth 
forward scan. Since Landsat-4 and Landsat-5 are 4- 
band systems, 24 detectors are scanned in each for- 
ward scan. 

Each detector is sampled in sequence. Let the 
four bands be designated by the numerals 1, 2, 3, 
and 4 and let the six rows in each scan be designated 
by the letters A, B, C, D, E, and F. With this 
coding, detector 1A corresponds to band 1, row 1; 
detector 2A corresponds to band 2, row 1; and de- 
tector 4F corresponds to band 4, row 6. The sam- 
pling sequence is: lA, 2A, lB, 2B, lC, ZC, lD,  2D, 
lE ,  2E, l F ,  2F, 3A, 4A, 3B, 4B, 3C, 4C, 3D, 4D, 
3E, 4E, 3F, 4F. After the 24 detectors are sampled, 
a blank is inserted (this blank was reserved for the 
far-infrared band on Landsat-3), and the sampling 
sequence is repeated. The time spacing between 
each individual sample is 0.39832 microseconds, 







and the entire sequence (including the blank) is re- 
sampled every 25 x 0.39832 or 9.958 microseconds. 

Because of the physical layout of the detectors for 
each band of the MSS, the ground pixel locations of 
the four bands are offset from each other. If the MSS 
is scanning from west to east, in each sampling se- 
quence the ground pixel location of band 2 is ac- 
tually two pixels west of the ground pixel location 
of band 1, band 3 is four pixels west of band 1, and 
band 4 is six pixels west of band 1. This band-to- 
band offset is corrected for in A-format CCTs by the 
addition of six fill pixels to the start of each band 1 
line, four fill pixels to the start and two fill pixels to 
the end of each band 2 line, two fill pixels to the 
start and four fill pixels to the end of each band 3 
line, and six fill pixels to the end of each band 4 
line. 

IMPLICATIONS OF MSS SAMPLING SCHEMA 

As mentioned above, Landsat-4 MSS image data 
exhibit an irregular oscillating noise pattern roughly 
3 to 4 pixels in period. A 3 to 4 pixel period corre- 
sponds to a noise frequency range of 25 to 34 kHz. 
This frequency range corresponds to no candidate 
noise sources in the MSS electronics that are known 
to the authors. Image domain data is effectively 
sampled with a 9.958 microsecond sampling period; 
the period at which the entire 24 detector sequence 
is sampled. This sampling period corresponds to a 
sampling frequency of 100.42 kHz. With this sam- 
pling frequency, any noise frequency at over 50.2 
kHz will appear at an alias frequency, and its true 
frequency could not be determined with any cer- 
tainty. An analysis of the MSS data carried out di- 
rectly in the image domain has little hope of pinning 
down the source of the noise if the noise has a fre- 
quency of over 50.2 kHz. 

If the Landsat-4 MSS data were available in the 
original sampling sequence rather than image 
format, much higher frequency noise sources could 
be detected directly. As noted in the previous sec- 
tion, before the MSS data are put into image format, 
the data form a string of data points with a sampling 
period of 0.39832 microseconds which corresponds 
to a sampling frequency of 2510 kHz. If the blank 
sample after each group of 24 detector samples were 
filled in by interpolation, we could analyze the data 
as a string of samples taken at a sampling frequency 
25 times that of the image domain sampling fre- 
quency. With a sampling frequency of 2510 kHz, 
we can directly determine the frequency of any 
noise frequency under 1255 kHz through the use of 
Fourier analysis. Since there are potential noise sig- 
nals in the MSS electronics under 1255 kHz, we do 
have some hope of pinning down the source of the 
noise when we analyze the data in its original sam- 
pling sequence. In particular, one potential noise 
source is the power system with a nominal switching 
frequency of 110 kHz 2 5 kHz. 

LANDSAT MSS DATA SOURCES 
Landsat-4 or Landsat-5 MSS data are not avail- 

able in the original sampling sequence. (Landsat-4 
and Landsat-5 are referred to as Landsat-D and 
Landsat-D' prior to launch.) Landsat MSS digital 
image data sets are normally available in two for- 
mats: A-format CCT and P-format CCT. P-format 
data has undergone geometric resampling and is not 
appropriate for this study. A-format data has nor- 
mally undergone radiometric correction though 
prior to launch; and as engineering data postlaunch, 
this data was often produced as raw data with unity- 
RLUTs, i.e., in the same format as A-data but with 
the radiometric lookup table (RLUT) generated 
from gains of one and offsets of zero. 

The radiometric ground processing of MSS data 
can be thought of as occurring in two steps. First, 
the raw data from the sensor is decompressed (lin- 
earized) from 0-63 (6 bits) to 0-127 (7 bits). Bands 
1-3 of MSS are normally acquired in a compressed 
mode, where the output is not a linear function of 
the input. The first step of the processing reverses 
this compression and expands band 4 linearly. The 
second step of the processing (the actual calibration 
step) adjusts each detector within a band to a 
common absolute radiometric range. Owing to the 
digital nature of the data and because both the de- 
compression and calibration of the data are effec- 
tively expansions, certain count bins are empty in 
the calibrated data, These empty bins complicate 
the quantification of the magnitude of a low-level 
coherent noise effect. Thus, unity-RLUT or decali- 
brated data were used, as available, in determina- 
tion of the magnitude of the coherent noise effects. 

Decalibrated data can be generated from cali- 
brated data using the gains and offsets provided on 
the CCTs, along with the decompression tables. 
Multiplying by the gain and adding the offset re- 
verses the calibration. Then, using the decompres- 
sion tables, the data can be mapped back to the raw 
data. Owing to the imprecision of the gains and off- 
sets (e.g., offsets on tapes are quantized to 0.25 
count), the data may be mapped to impossible count 
values, e.g., values not in the decompression table. 
The proper count can usually be determined and 
the data adjusted by examining the decompression 
table. 

The data sets analyzed in this study are given in 
Table 1. The Integrating Sphere data sets are from 
unity-RLUT, A-format CCTs, and the other data 
sets from standard A-format CCTs. 

NOISE ANALYSIS METHODS 
MSS coherent noise analysis was carried out both 

in the image domain (directly from A-format CCTs), 
and in the original sampling domain. Analysis in the 
original sampling d'omain was conducted with re- 
sequenced data, i. e., A-format CCT data that was 
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Description Date Scene ID 

Integrating Sphere 
(Landsat-D) Scpt. 10, 1981 - 

Int. Sphere (Landsat-l)' 
no filters) Sept. 16, 1982 - 

Int. Sphere (Landsat-D' 
with filters) Sept. 29, 1983 32008-13380 

Louisiana, Lake 
Pontchartrain 
(Landsat-4) Sept. 16, 1982 84006215591 

North Carolina, Atlantic 
Ocean (Landsat-4) Sept. 24, 1982 84007015081 

Florida, Gulf of Mexico 
(Landsat-4) March 31, 1984 84062415463 

Florida, Gulf of Mexico 
(Landsat-5) April 24, 1984 88005415465 

reformatted to the order in which it was originally 
sampled by the MSS instrument onboard Landsat- 
4 or Landsat-5. 

Image domain analyses were conducted to char- 
acterize the  coherent noise in Landsat-4 and 
Landsat-5 MSS data in the form normally available, 
viz, imagery. The magnitude and frequency of the 
noise effect by band and detector were character- 
ized using uncalibrated (unity-RLUT), or decali- 
brated MSS data. Sixty line (10 swaths with 6 de- 
tectors/swath) by 512 pixel segments of data over 
areas apparently devoid of high frequency image 
content were selected for this study. Each detector's 
count values were normalized to mean zero by sub- 
tracting the appropriate offset. The magnitude of 
the Fourier transform of each detector line was cal- 
culated and the avel-age over the 10 lines taken. 
Due to the discrete nature of the Fourier transform 
and the resulting dispersion of the noise peak be- 
tween several adjacent values when the noise fre- 
quency is not exactly located at a sampled fre- 
quency, correction factors were calculated in order 
to determine the actual magnitude of the noise 
peak. For example, two equivalent noise peaks in- 
dicate (assuming only one really exists) that the true 
noise frequency occurs halfway between the two, 
with a magnitude 1.57 times either of the two. The 
magnitudes were interpolated at the nearest tenth 
of a cycle1512 pixels. The resulting numbers pro- 
vicled noise magnitudes (0-to-peak count) after non- 
lindar signal compression onboard the MSS. These 

noise magnitudes would necessarily depend on the 
signal level. To remove this effect, the noise values 
were converted to equivalent linear (7 bit) count 
values using the decompression curve characteris- 
tics. A quadratic equation, 

output = A*(inputY2 + +*(input) + C (1) 

was fitted to the decompression tables for Landsat- 
4 and Landsat-5 MSS data (Table 2) (NASAJGSFC, 
1984). Bands 1 and 3 share a decompression table 
and band 4 is not compressed, so four equations 
resulted. 

Thus, the magnitude of a noise peak in the raw 
data (MAG,,,) can be converted to a magnitude in 
decompressed data (MAG,,#,,,,,) by: 

Where GAIN = 2*AhQ + B where Q is the signal 
value in counts for the detector. These magnitudes 
are now comparable between dates and sensors. To 
convert the magnitudes to those that would be ob- 
served in the calibrated imagery, the gains on the 
A-tape (GAIN,,) must be employed. 

MAG,,, = MAG,m,,,IGAINc,l 

Data froin an A-format CCT can be put back into 
the order in which it was sampled at the MSS in- 
strument. We call this reformatting process rese- 
quencing. Our resequencing process based on stan- 
dard A-format CCT data does not recover the orig- 
inal data stream exactly because the A-format CCT 
data have been radioinetrically decompressed and 
calibrated (as noted above). However, since the 
analysis in the original sampling sequence was con- 
ducted primarily to determine the frequency con- 
tent of the data, rather than the magnitude of any 
particular frequency peak, we can use calibrated in- 
flight data from standard A-format CCTs in this 
analysis, without substantially affecting our results. 
Thus, we used standard A-format CCT data for an- 
alyzing in-flight data and uncalibrated raw data for 
analyzing prelaunch (Integrating Sphere) data. 

The first step in resequencing is to take out the 
fill pixels (see Background section). Six pixels are 
deleted from the front of each line of band 1 (i.e., 
column 7 of band 1 becomes column I), four pixels 
are deleted from the front of each line of band 2, 
and two pixels are deleted from the front of each 
line of band 3. Next, the data from each four band, 

Bands A B C R* R SE Gain (2AQ + B) 

Landsat-4 1,3 0.02335 0.5475 0.7525 0.9997 0.6890 0.046704 + 0.5475 
Landsat-4 2 0.02349 0.5352 0.7870 0.9997 0.6507 0.04698Q + 0.5352 
Landsat-5 1 3  0.02354 0.5312 0.8000 0.9998 0.5637 0.04708Q + 0.5312 
Landsatd 2 0.02364 0.5243 0.8775 0.9997 0.6754 0.04728Q + 0.5243 
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six line scan group is strung out according to the 
sampling sequence (see Background section) into 
one long data line. If an entire 2400 line, 3240 
sample, four-band MSS scene is resequenced from 
an A-format CCT, the resulting data file would con- 
sist of 400 (240016) lines with 80,849 (25*(3240 - 6) 
- 1) samples in each line. As a part of the resequ- 
encing process, a value is interpolated for the blank 
sample period which occurs every 25n sample, n = 
1,2,. . . ,3233. Thus, every 25n samples is the av- 
erage of the 25n - 1 sample and the 25n + 1 sample. 

Once a portion of the MSS data is resequenced, 
we can analyze it for possible noise frequencies. The 
most convenient way to do this is to take a one- 
dimensional Fourier transform of a piece of the data. 
Since the Fourier transform routine we utilized can 
handle a maximum of 4096 samples, we analyzed 6 
line, 170 sa~nple sections of the four-band MSS data, 
which when resequenced becomes 1 line by 4099 
(25*(170-6)-1) samples. We take the Fourier trans- 
form of the first 4096 samples of this resequenced 
line of data. 

One thing that we immediately noticed upon 
looking at a plot of the magnitude of the Fourier 
transform of resequenced data is that the amplitude 
of the frequency component corresponding to the 
sampling frequency of 100.42 kHz (period of 9.958 
microseconds), and its harmonics, completely 
swamp out everything else. This is due to the dif- 
ferences in response across the four bands. In order 
to minimize the amplitude of these particular fre- 

quency components, we must add (subtract) a bias 
to (from) each of the bands so that all four bands 
have the same mean value before the resequencing 
and Fourier transform are performed. When this is 
done, the 100.42 kHz frequency and its harmonics 
are suppressed on a magnitude plot of the Fourier 
transform, and the frequency components corre- 
sponding to the coherent noise stand out distinctly. 

NOISE CHARACTERIZATION RESULTS 

Selected plots of the mean magnitudes of Fourier 
transforms of detector 1 for three scenes are pre- 
sented in Figures 1 through 3. In all cases the 3.5- 
3.9 pixelslcycle noise peak dominated. The magni- 
tudes of the peak are tabulated by band and detector 
in Tables 3 through 5. On Landsat-4, within a band, 
no consistent large differences were observed be- 
tween detectors, with the possible exception of 
band 3 detector 6 having a lower magnitude than 
the rest of band 3. In terms of linearized noise 
counts (uncalibrated), band 1 averaged 0.52, band 
2, 0.45, band 3, 0.40, and band 4, 0.36. Calibrated 
data noise magnitudes of 0.68, 0.69, 0.53, and 0.52 
for bands 1 through 4, respectively, adjusted for 
ground processing changes as 0.70, 0.63, 0.58, and 
0.45 compare favorably with magnitudes for these 
peaks of 0.75, 0.52, 0.56, and 0.50 reported by Rice 
and Malila (1985). 

On Landsat-5, prior to installation of the noise 

0.0 
FREQ. 

1 I I I 1 

PERIOD 8 4 3 2 (PIXELSICYCLE) 

IMAGE DOMAIN FREQUENCY, PERIOD 
FIG. 1. Fourier transform magnitude plot of a 512 sample segment of the Landsat-4 31 March 1984 scene of the 
Gulf of Mexico. Decalibrated data-detector 1 (band 1). 
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FIG. 2. Fourier transform magnitude plot of a 512 sample segment of the Landsat-5 16 Sept. 1982 integrating 
sphere scene prior to filter installation. Uncalibrated data-detector 1 (band 1). 
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FIG. 3. Fourier transform magnitude plot of a 512 sample segment of the Landsat-5 24 April 1984 scene of the 
Gulf of Mexico. Decalibrated data-detector 1 (band 1). 
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TABLE 3. LANDSAT-4 COHERENT NOISE MAGNITUDE 3.6 PIXELS/~YCLE PEAK (0-PEAK COUNTS) SAMPLE CALCULATIONS 
31 MARCH 1984 

Mean Signal Linearized Calibrated 
Peak Noise Interpolated Level Decompression Noise Calibration Noise 

DET Magnitude Magnitude (Counts) Gain Magnitude Gain Magnitude 

reduction filters, the noise levels were comparable, 
though averaging somewhat less than Landsat-4. 
Post filter installation, the magnitudes average ap- 
proximately 60 percent less in bands 1-3, and 30 
percent less in band 4. There is an indication that 
in band 4, the noise level increased since initial 
measurements after filter installation, with a net re- 
duction of only 10 percent. Landsat-5 calibrated 
noise values showed magnitudes about 60 percent 
less than Landsat-4 in band 1, 70 percent less in 
band 2, 65 percent less in band 3, and 35 percent 
less in band 4. 

The noise frequency characterization studies were 
carried out on the Landsat-D (prelaunch Landsat-4) 
and Landsat-D' (prelaunch Landsat-5) MSS Inte- 
grating Sphere data, and on three Landsat-4 MSS 
scenes, and on one Landsat-5 MSS scene. The 
Landsat-D' data included data from before and after 
the installation of noise filters (see Table 1). The spe- 
cific 6 line by 170 sample sections of these data sets 
used in the analysis are listed in Table 6. 

TABLE 4. LANDSAT-4 COHERENT NOISE MEAN MAGNITUDE @ -3.6 PIXELS/CYCLE PEAK (0-PEAK COUNTS) 

Band 1 

Linearized RAW 
DET 

# IS-Prelaunch 3/31/84 
Calibrated 

3/31/84 

Band 2 

Linearized RAW 
Calibrated 

IS-Prelaunch 3/31/84 3/31/84 

1 0.47 0.52 0.64 0.45 0.50 0.85 
2 0.54 0.59 0.71 0.54 0.48 0.63 
3 0.49 0.53 0.55 0.36 0.48 0.69 
4 0.48 0.54 0.64 0.43 0.46 0.76 
5 0.48 0.51 0.81 0.43 0.45 0.59 
6 0.50 0.53 0.70 0.45 0.41 0.61 - 
x 0.49 0.54 0.68 0.44 0.46 0.69 

Band 3 Band 4 

Linearized RAW Linearized RAW 
DET Calibrated Calibrated 

# IS-Prelaunch 3/31/84 3/31/84 IS-Prelaunch 3/31/84 3/31/84 

1 0.46 0.49 0.58 0.30 0.36 0.50 
2 0.36 0.48 0.60 0.34 0.40 0.52 
3 0.41 0.45 0.48 0.44 0.44 0.60 
4 0.35 0.50 0.57 0.37 0.36 0.47 
5 0.30 0.45 0.53 0.26 0.42 0.60 
6 0.22 0.36 0.42 0.30 0.33 0.46 - 0.35 0.46 0.53 0.33 0.39 0.52 
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TABLE 5. LANDSAT-5 COHERENT NOISE MEAN MAGNITUDE (ii. -3.9 PIXELS/CYCLE PEAK (0-PEAK COUNTS) 

Band 1 Band 2 

Linearized RAW Linearized RAW 
DET Calibrated Calibrated 

# IS-Pre-Fil IS-Post-Fil 4/24/84 4/24/84 IS-Pre-Fil IS-Post-Fil 4/24/84 4/24/84 

1 0.40 0.13 0.19 0.23 0.37 0.16 0.18 0.23 
2 0.40 0.11 0.17 0.21 0.37 0.12 0.17 0.23 
3 0.41 0.12 0.22 0.28 0.38 0.12 0.14 0.19 
4 0.39 0.14 0.18 0.27 0.38 0.13 0.18 0.25 
5 0.39 0.15 0.18 0.33 0.36 0.13 0.15 0.20 
6 0.38 0.14 0.22 0.39 0.29 0.14 0.14 0.18 - x 0.40 0.13 0.19 0.28 0.36 0.13 0.16 0.21 

Band 3 Band 4 

Linearized RAW Linearized KAW 
DET Calibrated Calibrated 

# IS-Pre-Fil IS-Post-Fil 4/24/84 4/24/84 IS-Pre-Fil IS-Post-Fil 4/24/84 4/24/84 

For each 6 line by 170 sainple study site, separate 
biases were first added to (or subtracted from) each 
band to produce a inean value of 25 (after rounding) 
in each band. Then each s tudy site was rese- 
quenced, and the magnitude of the Fourier trans- 
form of each resequenced data set was plotted. 

As an example, Figure 4 shows the Fourier trans- 
form magnitude plot for the North Carolina study 
site. In the plot we notice some two or three dozen 
peaks. Even though the study site is over a very 
radiometrically flat area (the Atlantic Ocean), not all 
of the peaks are due to coherent noise. Some peaks 
are due to the residual differences between bands 
that remain even after the ineans of each band are 

Scene 
Starting 

Line 

Integrating Sphere (D) 
Integrating Sphere (D) 
Integrating Sphere (D) 
Int. Sphere (D' no 

filters) 
Int. Sphere (D' with 

filters) 
Louisiana (4) 
Louisiana (4) 
North Carolina (4) 
Florida (4) 
Florida (5) 
Florida (5) 

Starting 
Pixel 

2101 
2101 
2101 

Number 
of 

Lines 

Number 
of 

Pixels 

170 
170 
170 

equalized. These residual differences result froin 
several sources. As noted previously, variations have 
been observed in noise levels between detectors 
and bands. Also, detector-to-detector radiometric 
striping is present. As mentioned earlier, these re- 
sequencing artifact peaks occur at a frequency of 
100.42 kHz (period of 9.958 microseconds), and at 
the harinonics of this frequency. To identify these 
artifact peaks clearly on our Fourier transforin mag- 
nitude plots, we have plotted the magnitudes versus 
image doinain frequency in cycleslpixel. In this 
scale, the artifact peaks occur at integer values (1, 
2, 3, . . . ). Note that 1 cyclelpixel in the image 
domain is equal to 1/25 cycle/sample or 100.42 kHz 
in the resequenced sainpling domain. 

The largest noise peak in the  North Carolina 
study site Fourier transforin plot (Figure 6) is at an 
iinage doinain frequency of 2.28 cycleslpixel. This 
corresponds to a resequenced domain frequency of 
about 229 kHz. We note that this frequency is very 
near the  second harinonic of the  power systein 
switching frequency of 110 kHz * 5 kHz. 

The Fourier transforin plots for each study site 
contain several peaks attributable to the coherent 
noise. These peaks are very similar in amplitude and 
frequency across all study sites, and were constant 
in frequency across study sites within a particular 
data set. In each case the largest noise peak is very 
near the  second harinonic of the  power systein 
switching frequency (see Table 7). This behavior is 
consistent with a hypothesis that the noise signal 
source is a slowly drifting oscillator, possibly in the 
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TABLE 9. LANDSAT-D' I N T E G R A T I N G  SPHERE OBSERVED 
COHERENT NOISE FREQUENCY PEAKS (WITHOUT RC FILTERS) 

Frequency Aliased Period 
in Image 

(cycles1 (cycles1 Doinain Fourier 
(4096 samples)) pixel) (pixels) Magnitude 

31 0.19 5.3 0.08 
133 0.81 5.3 0.02 
154 0.94 17 0.03 
216 1.32 3.1 0.05 
370 2.26 3.8 0.08 
401 2.45 2.2 0.07 
523 3.19 5.3 0.03 
564 3.44 2.3 0.02 
585 3.57 2.3 0.02 
708 4.32 3.1 0.02 
739 4.51 2.0 0.02 
770 4.70 3.3 0.09 
893 5.45 2.2 0.04 
955 5.83 5.9 0.05 

1078 6.58 2.4 0.03 
1140 6.96 25 0.04 
1324 8.08 12.5 0.03 
1632 9.96 25 0.03 

tion of the low pass filters is evident. The filtering 
design used was a single-pole RC filter (Peter Mal- 
herbe, General Electric Company, Valley Forge, 
PA, personal communication, 1984): MTF = 11 
(1 + (j7fc)" ' with the cut-off frequency Cfc) equal to 
94.6 kHz for bands 1 through 3 and 141.8 kHz for 
band 4. With the knowledge that the image domain 
~ e a k  noise (at approximately 3.8 pixels or 30 kHz) 
is actually the alias of a 227 kHz signal, the noise 
reduction in the image domain is explainable. In 
bands 1 through 3, a 227 kHz noise should be re- 
duced 62 percent by the specified filter; in band 4 
the reduction should be 48 percent. These reduc- 
tions are consistent with the reported approximate 
60 percent reduction in bands 1 through 3 and 45 
percent prelaunch for band 4 (previous section). 
However, postlaunch Landsat-5 data suggest the 
noise increased in band 4, with a net reduction of 
only 10 percent. If the filter is performing as spec- 
ified, then most of the rest of the noise peaks, being 
higher frequencies, would be expected to be re- 
duced to a greater extent. The plots indicate they 

I have been (see Figures 5a and 5b), with most peaks 
being brought down to the level of the background 

Frequency Aliased Period 
in Image 

(cycles1 (cycles1 Domain 
(4096 samples)) pixel) (pixels) 

Fourier 
Magnitude 

noise. Even the 0.190 cycles/pixel peak (19 kHz) is 
significantly reduced, whereas by the filter it should 
be reduced only 2 percent. One explanation is that 
this peak is actually an alias of an even higher fre- 
quency. We discuss this theory in the following sec- 
tion. 

A cursory look at Tables 8 through 10 may not 
reveal any relationship between the frequencies of 
the various coherent noise peaks. However, a closer 
look at the frequencies of the larger noise peaks 
reveals that, if sufficiently high harmonics are con- 
sidered, almost all of the noise peaks are harmoni- 
cally related to each other. To see this we must re- 
member that harmonics at frequencies higher than 
the Nyquist frequency (in this case, 12.5 cycles1 
pixel) appear in the Fourier magnitude plots as alias 
frequencies. For example, the thirteenth harmonic 
of 1 cyclelpixel (13 cycles/pixel) would appear at 12 
cycleslpixel (25 - 13 = 12), and the twenty-sixth 
harmonic (26 cycleslpixel) would appear at 1 cycle1 
pixel (26 - 25 = 1). 

To see how this occurs in the Landsat MSS co- 
herent noise data, consider the North Carolina data 
as an example. The largest peak in the North Car- 
olina data set occurs at 2.28 cycleslpixel. We could 
take 2.28 cycles/pixel to be the fundamental fre- 
quency and look for harmonics of 2.28 cycles/pixel 
in the data. However, we will find that many more 
noise peaks can be harmonically related if we con- 
sider 1.14 cycleslpixel to be the fundamental fre- 
quency and 2.28 cycleslpixel to be the second har- 
monic of the fundamental frequency. 

Considering the third through the tenth harmonic 
of 1.14 cycles/pixel, we do not find any corre- 
sponding noise peaks. The tenth harmonic (11.4 cy- 
cleslpixel) is also the highest harmonic we can di- 
rectly observe in the Fourier transform magnitude 
plot. The eleventh harmonic is at 12.54 cycles/pixel, 
which is 0.04 cycles/pixel higher than the Nyquist 
frequency. Thus, if we have a noise peak at the elev- 
enth harmonic, it would appear at 12.50 - 0.04 = 
12.46 cycleslpixel in the Fourier magnitude plot. 
Looking back at Table 8, we see that we do indeed 
have a noise peak at 12.46 cycles/pixel. The twelfth 
harmonic at 13.68 cycles/pixel would appear as an 
alias frequency of (12.50 - (13.68 - 12.50)) = 
(25.00 - 13.68) = 11.32 cycleslpixel. We do not 
see a noise peak at 11.32 cycles/pixel in Table 8, but 
we do see a noise peak at the thirteenth harmonic 
(25.00 - 14.82 = 10.18 cycles/pixel), and at the 
fifteenth (7.90 cycleslpixel), sixteenth (6.76 cycles1 
pixel), seventeenth (5.62 cycleslpixel), eighteenth 
(4.48 cycleslpixel), nineteenth (3.34 cycles/pixel), 
twentieth (2.20 cycles/pixel), and twenty-first (1.06 
cycleslpixel) harmonics. 

The twenty-second harmonic at 25.08 cycleslpixel 
would appear at an alias frequency of 0.08 cycles1 



L A N O S R T - D '  I N T E G R R T I N G  S P H E R E  D R T R  

IMAGE DOMAIN FREOUENCY(CYCLESlP1XEL) 

L A N D S A T - 0 '  R C  F I L T E R  I N T .  S P H E R E  D A T R  

IMAGE DOMAIN FREOUENCY(CYCLES1PIXEL) 

FIG. 5. Fourier transform magnitude plots of a 4096-sample resequenced sample of Integrating Sphere data from the (a) original and (b) 
filtered Landsat-D' MSS instrument. (Only the positive, nonzero frequency components are displayed. Uncalibrated data, magnitude in counts.) 
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pixel (25.08 - 25.00). This is very close in fre- 
quency to the large peak at 0.09 cycleslpixel. Sim- 
ilarly we see noise peaks at the twenty-third har- 
monic (26.22 - 25.00 = 1.22 cycleslpixel), and the 
twenty-fourth (2.36 cycleslpixel), twenty-sixth (4.64 
cycleslpixel), twenty-seventh (5.78 cycleslpixel), 
twenty-eighth (6.92 cyclesJpixel), twenty-ninth 
(8.06 cycleslpixel), thirtieth (9.20 cycleslpixel), 
thirty-first (10.34 cycles/pixel), and thirty-second 
(11.48 cycleslpixel) harmonics. 

The thirty-third harmonic is at 37.62 cycleslpixel, 
which would appear at an alias frequency of 12.38 
cycleslpixel (50.00 - 37.62 = 12.38). This is very 
near the noise peak at 12.37 cycleslpixel. Similarly, 
we see noise peaks at the thirty-fourth harmonic 
(50.00 - 38.76 = 12.24 cycles/pixel), and at the 
thirty-fifth harmonic (10.10 cycles/pixel). 

The only noise peaks that cannot be associated 
with harmonics of 35 or less of 1.14 cycles/pixel are 
the noise peaks at 1.28,9.72, and 10.72 cycleslpixel. 
We see here that only 3 out of 26 noise peaks cannot 
be related to each other in this way. (These peaks 
could even be due to some other noise source.) 

The harmonic relationships can be made even 
more exact if we take our fundamental frequency to 
be a best fit to all the inferred harmonics. The best 
fit hndamental frequency for the North Carolina 
data set is 1.1403 cycles/pixel. 

Table 11 shows the inferred relationships among 
the noise peaks for the North Carolina data set. Sim- 
ilar results were found for all other data sets that 
we studied. The table lists the observed frequency, 
the inferred harmonic number, and the inferred fre- 
quency each observed frequency is an alias of, if it 
is indeed the inferred harmonic of the fundamental. 
The best fit fundamental frequency is given in a 
footnote to the table. In addition, the table lists the 
harmonic frequencies calculated by multiplying the 
harmonic number times the best fit fundamental 
frequency of the respective data sets. The largest 
mismatch between the calculated and inferred fre- 
quencies for all study sites is 0.016 cycles/pixel (the 
data from Landsat D' after the filters were in- 
stalled). Out of the 85 noise peaks singled out in all 
the data sets, only 10 have a mismatch of more than 
20.005 cycleslpixel. (The accuracy to which our 
4096 point Fourier transform can measure fre- 
quency is &0.003 cycles/pixel.) The match with the 
observed data is too good to be purely coincidental. 

FILTERING LANDSAT-4 MSS COHERENT NOISE 
We have devised a technique through which the 

Landsat-4 MSS coherent noise can be removed with 
minimal effect to the ground image data. Plate l b  
was produced using this technique. We will now 
describe our technique using the scene in Plate 1 
as an example. 

The first step is to characterize the coherent noise 
for the scene in question using the technique dis- 

TABLE 11. LANDSAT-4 NORTH CAROLINA DATA ~NFERREO 
RELATIONSHIPS AMONG THE FREQUENCIES OF COHERENT 

NOISE PEAKS IN THE FOURIER MAGNITUDE PLOTS 

Observed Inferred Freq. Inferred Harmonic- 
Frequency Harmonic from Harmonic- X Fund. Freq.* 

(cycleslpixel) Number (cycleslpixel) (cycleslpixel) 

2.28 2 2.28 2.281 
12.46 11 12.54 12.543 
10.17 13 14.83 14.824 
7.90 15 17.10 17.104 
6.76 16 18.24 18.245 
5.62 17 19.38 19.385 
4.47 18 20.33 20.525 
3.33 19 21.67 21.666 
2.20 20 22.80 22.806 
1.06 21 23.94 23.946 
0.09 22 25.09 25 087 
i.23 23 26.23 26.227 
2.37 24 27.37 27.367 
4.64 26 29.64 29.648 
5.79 27 30.79 30.788 
6.93 28 31.93 31.928 
8.07 29 33.07 33.069 
9.21 30 34.21 34 209 

10.35 31 35.35 35.349 
11.49 32 36.49 36.490 
12.37 33 37.63 37.630 
11.23 34 38.77 38.770 
10.09 35 39.91 39.910 
9.72 (162) (184.72) (184.729) 

10.72 (16;) (189.28) (189.290) 
1.28 ? ? 

' Inferred fundamental frequency is 1.1403 cycles/pixel (114.51 kHz) For 
signal mixina re~resentation. A = 1.1403 cycles/pixel and B = 0.0866 

cussed in the Noise Characterization section. This 
gives us a list of frequency components corre- 
sponding to the coherent noise for that scene. The 
frequency component list for the example scene is 
given in Table 12. 

We next design a zero-one blocking filter based 
on our noise frequency component list. The 
blocking filter is set to all ones except in bands sur- 
rounding the noise frequency components where 
the filter is set to zero. The frequency components 
set to zero in our blocking filter for the example 
scene are also given in n b l e  12. The band of fre- 
quencies blocked around each noise frequency com- 
ponent is taken to be fairly broad ( 2 2  or 3 cycles1 
(4096 samples) from the peak) to allow for rounding 
the filter to reduce filtering artifacts. 

A technique that is often used to round filters is 
to multiply the filter in the transform domain (here 
spatial domain) by an elliptical arc (Frieden, 1975). 
Since our original filter is so sharp (being a 0-1 
filter), we increase the rounding effect by using the 
square of an elliptical arc instead. The 4096 point 
squared elliptical arc is given by the formula: 

{ 1.0 - (((x - 1)12048)2) for 1 s x 2049 
E(x) = 
{ 1.0 - (((4097 - x)/2048)3 for 2049 (4) 

< x s 4096. 
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Blocking 
Noise Frequency Components Filter Zeros 

Image Sample Sample 
Domain Domain Freq. Domain 
Freq. (cycles1 Freq. 

(cycleslpixel) (4096 samples)) (cycles/pixel) 

1.23 
2.20 and 2.28 

3.33 
4.47 
5.62 
5.79 
6.76 
6.93 
7.90 
8.07 
9.21 

10.35 
11.49 
12.37 
12.46 

201 
360 and 374 

546 
733 
920 
948 

1107 
1135 
1294 
1322 
1509 
1696 
1882 
2027 
204 1 

Note: 25 samples = 1 image domain pixel 

Next we take an inverse Fourier transform of our 
blocking filter, multiply the result by the elliptical 
arc squared, and take a forward Fourier transform 
of the multiplication results. This gives us our 
rounded blocking filter. 

The next step is to filter the chosen section of 
data. In the example, we filtered a 90 line by 157 
column section by starting with a 90 line by 170 
column section. For each six-line section (corre- 
sponding to the six MSS detectors per band), we 
resequenced the data into the original sampling se- 
quence (without adding biases to each band) giving 
15 separate 1-line by 4099-column resequenced sec- 
tions. We then took the 4096 point forward Fourier 
transform of each of these sections, multiplied each 
by the rounded blocking filter, and took the inverse 
Fourier transforms. These filtered resequenced sec- 
tions were then inverse resequenced back into 
image format. One column of data is effectively lost 
by taking a Fourier transform of 4096 points rather 
than 4099 points, and another 12 columns are lost 
in the inverse resequencing process. Thus a 90-line 
by 157-column filtered image was produced from an 
original 90 line by 170 column A-CCT tape image. 

As noted earlier, this filtering technique was used 
to produce the result displayed in Plate lb.  Sub- 
tracting the original image from the filtered image 
gives a difference image which is entirely noise. 
This difference image (plus a bias) is displayed in 
Plate lc. Examining this difference image we can 
see that the overall coherent noise pattern has a 
maximum magnitude of plus or minus 3 counts. In 
the difference image (disregarding the bias), soine 
58 percent of the pixels have value 0 (i.e., 58 per- 

cent of the pixels in the original and filtered images 
are identical), soine 40 percent of the pixels have 
value + 1, about 2 percent of the pixels have value 
rt2, and less than 0.01 percent of the pixels have 
value 5 3 .  The variance of the difference image (in 
each band) is approximately 0.5. 

This evaluation of the total magnitude of the co- 
herent noise effect can only be performed using a 
technique similar to the one employed here. Other 
techniques which examine the magnitude of a par- 
ticular peak in a Fourier transform plot of a portion 
of the data only give the magnitude of one particular 
noise frequency. It is not at all clear how one could 
reliably take soine kind of weighted sum of the 
Fourier magnitude of each noise frequency peak to 
get the actual overall noise magnitude. The problem 
would be finding the appropriate weights that would 
reflect accurately the manner in which each peak 
constructively or destructively interferes with the 
other noise peaks. Examining a difference image, 
such as the one generated by our technique, is the 
only straightforward way to get a reliable measure 
of the overall noise magnitude. 

CONCLUSIONS 

We have analyzed the magnitude of the major 
Landsat MSS coherent noise component for each 
detector, and noted the efficacy of the noise reduc- 
tion filters on the Landsat-5 MSS. In addition, we 
have described a technique for characterizing the 
coherent noise by analyzing the data in its original 
sample order, and have described a companion 
technique for filtering out the coherent noise. The 
techniques were demonstrated on Landsat-4 and 
Landsat-5 MSS data sets (prelaunch and in-flight), 
and a harmonic explanation of the noise pattern was 
suggested. 

The filtering technique presented in this report 
can be used to filter out the coherent noise present 
in the Landsat-4 MSS data already collected. The 
cleanup of Landsat-4 MSS data would be fairly ex- 
pensive in terms of computer resources, so we ex- 
pect that it would only be done for selected high 
demand scenes. Assuming the RC filters installed 
by the General Electric Company on the Landsat- 
D' (prelaunch Landsat-5) continue to perform as 
well as they have on the data sets we have ana- 
lyzed, we expect that there will be no need to per- 
form ground based filtering on data produced by 
Landsat-5. 
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