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PREFACE 
 
The intention of this document is to explain the conditioning of the Level 0 data 
transmitted to Earth from the Measurements Of Pollution In The Troposphere (MOPITT) 
instrument. If there is any reason for some other group to reprocess MOPITT data, they 
would probably want to compare their results to the NCAR effort. If so, they would need 
some explanation about the steps we have taken prior to actually calculating radiances 
from the Level 0 data. Hopefully, this Technical Memo will provide useful information to 
any such reconstruction and will be easier to understand than trying to reverse-engineer 
our operational software. 
 
This paper describes work that was introduced incrementally during the first three years 
of MOPITT operations, roughly from 2000 – 2003. There were many experiments and 
discussions between the detection of the problem and the arrived upon solution. The 
patience and willingness to delve into the details has paid off as MOPITT contributes 
valuable CO measurements to the scientific body of knowledge about the Earth. 
 
The collaboration between NCAR and the University of Toronto was essential for this 
work to proceed. Professor Jim Drummond and his colleagues provided expert advice 
and indispensable insight into the problems we encountered. 
 
Funding was provided by NASA through the grant NAS5-30888. 
 
Daniel Ziskin would like to acknowledge the assistance of the entire MOPITT team, led 
by John Gille. Special appreciation is offered to Merritt Deeter and David Edwards for 
their technical guidance. Thanks to Daniel Packman for his system administration and 
expert computer advice. 
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Empirical Corrections to Instrument Artifacts in the 
MOPITT Data Stream 

 
Daniel Ziskin1, Shu-peng Ho1, Jason Zou2, Debbie Mao1, Charles Cavanaugh1, Thomas 
Lauren3, Jarmei Chen1, James Drummond2

ABSTRACT 
Data is transmitted to Earth from the the Measurements Of Pollution In The 
Troposphere (MOPITT) instrument aboard NASA’a Terra satellite. The raw 
data (L0 or L0) arrives at the National Center for Atmospheric Research 
(NCAR) in Boulder, CO. At NCAR, the L0 data is conditioned in five ways 
to remove instrument artifacts: 

1. Mirror Position Adjustment 
2. Time Monotonicity 
3. Sawtooth Irregularity 
4. Periodic Peak 
5. Packet Position Bias 

 
Each of these artifacts are corrected either as pre-processing operations or 
while the L0 data is being transformed into geolocated radiance 
measurements. This paper describes the corrections that occur which will 
assist any future engineer who wishes to reconstruct or improve the 
MOPITT data processing procedure. 

INTRODUCTION 
 
The Measurements Of Pollution In The Troposphere (MOPITT) instrument 
was built by COMDEV and the University of Toronto [Drummond, 1992]. It 
was launched on the NASA Terra satellite in December 1999. MOPITT 
measures trace gases using a technique known as correlation radiometry 
[Pan et al, 1998]. Correlation radiometry relies on passing radiation through 
both a long optical path (L) and short optical path (S) of the target gas. L and 
S get transmitted from the spacecraft as instrument counts (L0) and are 
calibrated and geolocated into radiance values (Wm-2Sr-1).  The geolocated 
radiances are referred to as Level 1 or L1. 
 

                                                 
1 NCAR/ACD, Boulder, CO 
2 University of Toronto, Toronto, Ontario, Canada 
3 University of Colorado, Boulder, CO 
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The average of the L and S signals (referred to as A) is dominated by either 
surface reflectance or emission, depending on the wave band of interest. The 
difference between the long and short paths is referred to as D. 
 

A = (S + L)/2 
D = S - L 

 
The spectral lines of non-target gases are perfectly correlated with 
themselves; hence the name correlation radiometry is given to this 
technique. When L is subtracted from S, the remaining signal is due to 
differences associated with concentration, pressure, temperature, and 
distribution of gas in the atmosphere as well as those differences in the long 
and short paths. So the D signal is heavily weighted towards spectral effects 
near the target gas absorption lines.  Both D and A are modeled [Edwards et 
al, 1999] and used in a maximum-likelihood retrieval algorithm [Rodgers, 
2000]. 
 
MOPITT has two methods of modulating the optical path of the target gas 
(in this case carbon monoxide or CO). One method is the Length Modulated 
Cell (LMC), which spins a wheel in the optical beam. The wheel alternates 
long and short length sectors of gas at constant pressure. The other method is 
the Pressure Modulated Cell (PMC) which uses a piston to raise and lower 
the pressure of the gas through which the beam passes. The high pressure 
stroke has an increased number of absorbers and hence a higher optical path 
than the low pressure stroke of the piston. The bulk of this report will focus 
on the portion of the data stream that passes through the PMC channel. 
 
The scan mirror remains stationary for intervals of approximately 0.493 
seconds. During that time the spacecraft advances, the PMC piston cycles 
several times, and the optical path is periodically interrupted by the chopper. 
The onboard electronics separates the chopper open/closed signals and 
integrates high stroke and low stroke counts (see Figure 1). 
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Figure 1 – The PMC Cycle 
The PMC cycles continuously while temporal filters lock onto high and low stroke 
signals. The chopper operates at a higher frequency. Each stare records four integrated 
counts for High and Low strokes with chopper either Opened or Closed.   
 
Each PMC stare is comprised by four counts: High Stroke Chopper Open 
(Ho), High Stroke Chopper Closed (Hc), Low Stroke Chopper Open (Lo), and 
Low Stroke Chopper Closed (Lc). There are two PMC channels and four 
LMC channels measuring CO. There are also two LMC channels designed 
to measure CH4. The detector counts from these eight channels are bundled 
together, along with other information, such as the time and scan mirror 
position into a “stare”.  MOPITT has four pixels arranged in a linear array, 
so each stare actually contains four separate views. Five stares are grouped 
together as a “packet”. Packets are gathered into two-hour files referred to as 
science granules. 
 

FIVE PROBLEMS 
Five corrections to the L0 data stream are documented. Two of these 
corrections are related to the way data is transmitted from the spacecraft 
down to Earth. These are the Mirror Position Adjustment and the Time 
Monotonicity check. Another correction is invoked when changes in the 
signal are larger than the number of bits allocated to store the change. This is 
referred to as the Sawtooth Irregularity. 
 
Two unwelcome errors were detected in the PMC data stream. This paper 
will describe these errors and explain the empirical correction applied. The 
two errors are referred to as the Periodic Peak Problem and the Packet 
Position Bias Problem.  
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Mirror Position Adjustment 
 
When the instrument was programmed to download data back to Earth, a 
minor counting discrepancy was accidentally introduced. The data and 
position that the scan mirror was set to at the time the data was collected do 
not get packed together in the same stare. These two pieces of the data 
stream are out of sync from each other by one time step. In order for the data 
to be properly geolocated the data must be identified with the correct mirror 
position. Furthermore, the mirror position determines when a calibration 
event is occurring. When the mirror points out the space port, the processor 
knows that a cold calibration event is in progress. When the mirror points 
towards the internal blackbody, a warm calibration event is occurring. Earth 
view data would contaminate the calibration events and calibration events 
would be assumed to be Earth views unless the mirror position is associated 
with the appropriate data. 
 

Figure 2 – Mirror Irregularity Adjustment 
The mirror position is adjusted by one stare position. When calibration data is being 
collected (instrument counts suddenly drop to around 13), the mirror position should be 
parked in the calibration position. The old mirror position shifts into the calibration 
position and returns to Earth view one stare too early. The new mirror position 
corresponds to the data. 
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A pre-processor reads in the L0 data and shifts the mirror position. It writes 
out the corrected L0 file and creates a “flag” file. The presence of the flag 
file indicates that the mirror position has been shifted already, and prevents 
the pre-processor from inadvertently being run twice. 
 
One of the drawbacks associated with shifting the mirror position is that it is 
unknown what the mirror position of the first stare of each granule is. Rather 
than guessing or seeking its value in the previous granule, it was decided to 
discard the first stare in each granule. 
 

Time Monotonicity 
 
Another function of the pre-processor is to check the time stamp on each 
stare. There are two purposes to this check. First, it ensures that the stares 
are packaged in the correct time order. On rare occasions stares are out of 
time order. The pre-processor invalidates the few stares that are encountered 
whose time stamps precede the time stamp of a previous stare. This prevents 
data with non-monotonically increasing time from reaching the processor 
and potentially fouling the calibration.   
 

Sawtooth Irregularity 
 
The LMC has a wheel which spins four times during each stare. Each spin of 
the LMC wheel has four sectors (two long and two short path sectors). As 
the wheel spins the instrument counts are recorded for each sector. The 
counts from the first rotation are stored in the data stream. The second, third, 
and fourth rotations are recorded only as the incremental change from the 
first rotation for each sector (see Figure 3). This strategy minimizes data 
volume and transmission bandwidth from the spacecraft. 
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Figure 3 – The LMC Cycle
Within each stare the LMC wheel rotates four times. Each of the four sectors of the LMC 
is reported independently. With the first rotation the total instrument counts are stored in 
a large buffer. Subsequent rotations only record the incremental change from the first 
sector result. These changes are stored in a smaller buffer. 
 
Under certain conditions, particularly when the surface varies along a 
gradient from dark to light (or vice-versa) during the stare, changes in the 
data can cause an overflow of the small buffer allocated to store the change. 
The consequence would be seen as a sudden displacement from the expected 
value. This sudden shift from the expected value is an artifact of a buffer 
overflow, and can be corrected in the processing algorithm (see Figure 4). 
 
The Sawtooth Irregularity can be detected because when the overflow occurs 
it results in a jump in the data of precisely ±216 instrument counts. The 
algorithm has several steps. 
 
1)    Uncompress and sort the sector signal data into time order into an array 
sig[0..15] and set the array offset[0..15]=0  
 
2)    Find the average delta between the long and short sectors in the first 
rotation.  The first rotation is not compressed and this value is therefore 
sound:  
            Delta = ((sig[1]-sig[0])-(sig[2]-sig[1])+(sig[3]-sig[2]))/3  
 
3)    Compare the value of Delta to the test values  
            D1 =     -(sig[4]-sig[3])  
            D2 =    -(sig[4]+216-sig[3])  
            D3=     -(sig[4]-216-sig[3])  

The LMC sector wheel 
goes through four 
rotations per stare 
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    If D2 is closest to Delta, then offset[4..15] += 216  
    If D3 is closest to Delta then offset[4..15] += -216  
 
4)    Compare the value of Delta to the test values  
            D1 =     (sig[5]-sig[4])  
            D2 =    (sig[5]+216-sig[4])  
            D3=     (sig[5]-216-sig[4])  
    If D2 is closest to Delta, then offset[5..15] += 216  
    If D3 is closest to Delta then offset[5..15] += -216  
 
5)    And so on through the array 
 

  

One LMC stare showing four rotations 

 

Figure 4 – The Sawtooth Irregularity 
This figure presents a stare, showing four rotations of the LMC. The sawtooth pattern is 
the alternation of long and short optical paths. As the scene changes during the stare, the 
incremental changes after the first rotation are two large for the storage buffer. Overflow 
of the buffer results in an irregular pattern which can be corrected when detected. 

The Periodic Peak Problem 
 
The Periodic Peak refers to an anomalously sharp deviation from the 
normative value or “spike” in the PMC data that occurs in every 300th 
packet. In what is presumed to be a coincidence, the 300th packet contains 
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the data of every 5th cold calibration event. A cold calibration event is when 
the scanning mirror points out the space port to measure the “zero” radiance. 
These peaks are being detected and removed empirically during an operation 
on the L0 data prior to them being processed into geo-located radiances. For 
this reason, this conditioning of the input data stream is referred to as 
preprocessing. 
 
The data stream is divided into two-hour granules. Each granule is processed 
independently during this stage of preprocessing. So the peak detection to 
determine which cold calibration is the 5th one (containing the peak) must be 
done for each granule. There are usually 52 cold calibrations in each two 
hour granule.  A swatch of the L0 data stream is illustrated in Figure 5. 
 
 
 
 
 
 
 
 
 

Earth Stare

1 2 3 4 5

Cold Calibration Event 

Packet Position

5 Stares = 1 Packet

Figure 5 – Packets and Calibrations 
Each granule is composed of around 3174 packets. A packet is five stares grouped 
together. The cold calibration events, which are also five stares in duration, are 
interspersed within the granule. There are usually 52 cold calibrations per granule. A 
spike appears in the first packet position of every 300th packet. This interferes with every 
fifth cold calibration event. 
 
The peak is detected by taking the mean value of each of the calibration 
events segregated into their order in the granule with respect to a five event 
repeat cycle (i.e. the mean of the first, sixth, eleventh, etc is taken as the first 
in order. The mean of the second, seventh, twelfth, etc is the second). The 
five order-specific means are compared to the ensemble mean. If the order-
specific mean is beyond one standard deviation larger or smaller than the 
ensemble mean then it is assumed that a peak is detected. Once the 
placement of the peak within the granule has been determined, the peak is 
removed by replacing its value with the average between the calibration 
event before and after it. Figure 6 shows the effect of the peak detection and 
removal on the L0 data stream. The strongest peaks are typically found in 
the first packet position. However, the peak detection and removal procedure 
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is applied to packet positions 2 and 3 also, because sometimes minor peaks 
are detected there too. 
 

 
 

Normalized 
Instrument 
Counts with
Background
Subtracted 
Cold Calibration Event within a two-hour granule  
 

Figure 6 – Peak Removal 
This figure shows the time series of the normalized instrument counts from the cold 
calibration events in a two hour granule. Only the first packet position of each event is 
displayed. The dashed line shows that every fifth value is contaminated with a spike. The 
solid line has replaced the spike with the average of each spike’s neighbors.   
 

The Packet Position Bias Problem 
 
Once the periodic peak was detected and removed, another more subtle and 
pervasive error was detected. A bias existed in the data that was dependent 
on the packet position. The packet position bias is seen to differing degrees 
when the chopper is open and closed and during high and low stroke. The 
biases between the high and low stroke are opposite in sign and comparable 
in size. Therefore the net bias in the Average signal is negligible. However, 
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the bias becomes significant in the Difference signal, both because the 
magnitude of D is smaller and also because the biases add to each other. The 
effect is illustrated in Figure 7. Note that the bias is calculated relative to the 
mean of packet positions four and five. 
 
 

 

Figure 7 – Packet Position Bias  
Packet position bias is shown for the D signal of Cold Calibrations, Warm Calibrations, 
and Earth Views averaged over a granule. The Average signal (av) shows negligible bias. 
The Difference signal (di) shows that packet positions 1, 2, and 3 are systematically 
shifted relative to the average of positions 4 and 5. 
 
It is assumed that counts for each stare in packet positions 1, 2, and 3 (Xp) is 
composed of a real signal (E), instrument noise (σ), and packet dependent 
position bias (Bp): 
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Xp = E + σ + Bp.
 
Since the bias is apparently variable over time scales from hours to months a 
global estimate of the bias for which a correction could be applied to all data 
would certainly introduce additional error. Two steps were taken to remove 
the effect of the packet position dependent bias in the processing from L0 
instrument counts to Level 1B geolocated radiances. The first step involves 
packet position independent calibration and the second step is an empirical 
adjustment of the radiances. 
 
Packet Position Independent Calibration 
 
Each Earth view in the thermal PMC channels is calibrated using stares that 
occur both before and after it. Cold calibrations, where the mirror is pointed 
to space, are held for five stares and occur every ten sweeps of the scan 
mirror. Since each stare is 0.493 seconds and there are twenty-nine stares per 
sweep, a cold calibration occurs approximately every 2.4 minutes. Warm 
calibrations occur when the mirror is pointed at an internal blackbody 
nominally held at 298K. These pointings are held for twenty stares and occur 
after every fifth cold calibration or about every 10 minutes. These 
frequencies are considered high enough relative to the thermal stability of 
the instrument. 
 
Previously, each calibration event would be averaged to obtain two reference 
points, a warm radiance (w) and a cold radiance (c). The cold count is 
considered the zero point and is dominated by thermal emission from the 
instrument itself. The warm count is compared to the model calculated 
radiance expected from looking at a blackbody of known temperature (L). 
The Earth radiance (R) for a given instrument count (X) is calculated by: 
 

R = [L/(w – c)] (X – c). 
 
The assumption that the counts were packet position independent allowed 
averages be taken for the duration of the calibration events and used to 
perform the calibration on every Earth stare. When this assumption proved 
to be invalid, the calibration algorithm was recast to allow packet position 
dependent calculations. 
 

Rp = [L/(wp – cp)] (Xp – cp). 
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The subscript p indicates that separate c and w values are calculated for each 
packet position during the calibration events. Then they are applied 
selectively to match the packet position of the Earth view. The advantage of 
this approach is that it significantly decreased the packet position dependent 
bias. Its shortcoming is that the cold calibration events are no longer the 
average of five stares, but the value of a single observation. The actual c 
used is the mean value of the cold calibrations immediately before and after 
the observation.  Likewise the warm calibrations created five averages of 
four stares each as opposed to one average of twenty stares. The increased 
error of reducing the sample size of the calibration event is compensated by 
the benefit of excluding the bias from the averaged values. This calibration 
technique is illustrated in Figure 8. 
 
 
 
 
 
 
 
 
 

cp cp

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Cold Calibration  Cold Calibration
Earth View

Figure 8 – Packet Position Dependent Cold Calibrations 
Calibrations are determined in a packet position dependent technique. Earth views are 
calibrated with the cold and warm calibration views that correspond to their packet 
positions. This figure illustrates that an Earth view that occurs in packet position 3 is 
calibrated by the mean value of cold calibration values also from packet position 3. The 
same cold calibration value is used for all Earth views between the two observations. 
This does create a minor discontinuity at the calibration points, rather than a smoothly 
varying temporal interpolation. 
 
Radiance Adjustment 
 
After the packet position dependent calibration is applied, a residual bias 
remains in the radiances of 1 or 2% (see Figure 9).  This bias is empirically 
corrected by calculating the mean of packet positions 4 and 5 (<RB>) as the 
baseline daily mean radiance. The daily mean radiances for packet positions 
1,2, and 3 are also calculated (<Rp>). The difference between <Rp> and 
<RB> is the estimated residual bias (<Bp>). The individual radiances are 
adjusted to remove the residual radiance bias (Ra). 
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<Bp> = <Rp> - <RB> 
Ra = Rp - <Bp> 

 
 

 

P3 mean = 0.38 std = 0.26

P1 mean = -1.16 std = 0.31

P2 mean = 1.06 std = 0.31

Figure 9 – Residual Bias 
The residual radiance bias after the periodic peaks have been removed and the packet 
position calibrations have been performed still remains. This granule shows the mean 
bias and standard deviation for a granule for each packet position (P1, P2, and P3). The 
index in the abscissa refers to the stare number. 

IMPLICATIONS 
The discussion up to this point has been limited to errors in the instrument 
counts and their calibration to radiance values. However, MOPITT is not an 
imaging radiometer, so the radiances are far less useful than the retrievals of 
Carbon Monoxide (CO) that can be derived from them. The relevance of the 
peaks and biases in the radiances is reflected in their impact on CO 
retrievals. Before the periodic peak and packet position bias were understood 
MOPITT processing discarded the first two packet positions as hopelessly 
flawed. Version 2 of the MOPITT Level 2 product contained only the 
retrievals from the 3rd, 4th, and 5th packet positions. The changes that were 
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introduced in the processing increased the confidence in the radiance 
calculations so all the packet positions could be included in the retrievals. 
This effectively increased the data coverage by 67% in Version 3. 
 
It can be argued that the empirical adjustment that removes the radiance bias 
is an arbitrary tampering with the data. However the improvement in the 
reduction of retrieval error after the adjustment provides sufficient 
justification. Figure 10 illustrates the higher quality of the retrievals. 
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Figure 10 – Effects of Bias Correction on the Retrievals 
The effect of the correcting the radiance bias on the retrievals, both on a
and on the global average. The region selected was over the Saudi Arab
The curves labeled 1, 2, and 3 represent the retrievals of these respectiv
positions. 
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COMPLICATIONS 
In about 2% of the granules there are complications that make these 
empirical corrections less effective. These complications and their applied 
corrections are described in Table 1. 
 
COMPLICATION CORRECTION 
Calibration events crossing 
granule boundaries 

Do not use that event in the peak detection 
algorithm 

Peaks in packet positions 4 or 5 Do not process that pixel for the entire 
granule to avoid the peak contaminated 
the bias correction calculation 

Negative peaks The algorithm searches for both positive 
and negative peaks. The correction is the 
same for either sign. 

Table 1 – Complications Observed During Peak Removal 
This is a list of observed anomalies in the data stream and the action taken in response. 
 
Occasionally, the bias for a pixel within a particular granule is larger than 
the expected norm. The cause of the large bias is unknown, and is usually 
associated with increased signal noise. These pixels are marked as 
exceptions and the pixels within those two-hour granules are not processed 
further by the L1 Processor.  

OPERATIONAL CONSIDERATIONS 
 
These empirical corrections to the data are all made in normal daily 
processing of MOPITT data. They had been introduced into the production 
system incrementally. This system will be briefly described and the insertion 
points of each correction will be identified. 
 
Both the PreProcessor and the PostPreProcessor read in the L0 data, make 
their modifications, and rewrite it in precisely the same format. The intention 
was that if the onboard satellite software was corrected, the Earth based 
production system would merely stop running the data conditioning 
programs. After more than four years in orbit, it is unlikely that the onboard 
system will be tampered with. However, the Sawtooth Correction is applied 
during the L1 Processor itself because a feasible way of re-writing the L0 
data with a larger buffer did not present itself. 
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“Preprocessor” written in C 
L0 data 
from 
MOPITT 

1. Reads the L0 data 
2. Checks for time monotonicity 
3. Corrects mirror position 
4. Rewrites L0 data 

“PostPreProcessor” written in IDL 
1. Reads the L0 data 

L0 data - time 
and mirror 
corrected 

2. Detects the peaks 
3. Removes the peaks 
4. Detects the packet position bias 
5. Corrects the packet position bias 

or indicates an exception 
6. Rewrites the L0 data

L0 data – 
Ready for 
processing 

L1 Processor written in C++
1. Checks if any pixels 

are marked for 
exception. 

2. Corrects Sawtooth 

L1 data – 
Geolocated 
Radiance 

 
 
Figure 11 – The Operational Flowchart
The flowchart of steps taken during production illustrates when each correction is applied 
to the data.  

CONCLUSION 
The data stream created in the onboard software had some artifacts that were 
interfering with MOPITT retrievals. These errors are isolated and 
empirically corrected.  They are summarized in Table 2. 
 
Problem Empirical Correction 

Mirror Position Adjustment The mirror position is shifted by one 
time step to coincide with the 
appropriate data. 
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Time Monotonicity Any data that is introduced into the 
data stream out of time order is 
invalidated. 

Sawtooth Irregularity Buffer overflows are detected and 
corrected in the L0 data. 

Periodic Peak The peaks that appear in the PMC 
data every 300th stare are detected 
and replaced with interpolated data. 

Packet Position Bias The L0 data are analyzed for the 
presence of a bias depending on 
which of five packet positions they 
occur in. An offset is applied to 
empirically reduce the bias.  

Table 2 – Summary of Corrections 
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