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ABSTRACT

	The ABI has two scan mirrors, one scanning east-west, the other north-south.  The emissivities of these mirrors in the infrared varies with scan angle, and the ABI’s calibration algorithm will account for that variation using measurements of the emissivities of each mirror vs scan angle obtained from witness samples of the mirrors in the lab before launch.  The Imagers of the current GOES series have a single scan mirror for scanning both east-west and north-south, and the emissivity of that mirror also varies with east-west scan angle.  The calibration uses knowledge of the emissivity vs scan angle acquired from observations of space made by the Imager on orbit.  This study was undertaken to determine whether it mattered to the calibration accuracy whether the emissivity vs scan angle was measured on orbit or in the laboratory.  For the Imagers aboard GOES-11, -12, and -13, we computed the variation in the infrared radiances of space in the east-west direction that resulted from calibrations that used scan-mirror emissivities from both sources.  The radiances produced from the calibration that used emissivities measured on orbit were superior, because they were closer to zero and varied less in the east-west direction.   This calls into question current plans for the ABI’s calibration to employ scan-mirror emissivities measured in the laboratory.

INTRODUCTION

The emissivity (and reflectance[footnoteRef:1]) of the current GOES Imagers’ scan mirrors in its infrared channels varies with the east-west scan position of the scene being viewed, primarily in the longer-wave channels (10.7, 12.0, and 13.3 µm).  Figure 1 presents an example of such a dependence. [1:  The reflectance of a mirror is 1 minus its emissivity] 


If this dependence is not accounted for in the calibration, the brightness temperatures of scenes measured by the Imager will appear to increase as the Imager scans from west to east.  The way we account for this to use a calibration equation that includes the radiative effects of the emissivity variation, viz.:




where the subscripted R’s are the radiances of the scene and the scan mirror; ε is the emissivity of the scan mirror at angle θ, the scan angle of the scene; X is the output of the Imager in counts; q, m, and b are the calibration coefficients.  The expression on the left-hand side of this equation is the radiance of the scene as modified by the emission and
      	
		
















Fig. 1.  Emissivity vs east-west mechanical scan angle for the 10.7-µm channel of the
 GOES-10 Imager.  The mechanical angle is half the optical angle. The Earth
 extends approximately from 40.6 to 49.4 degrees in the east-west direction.

reflection processes at the scan mirror.  This equation applies to all scenes, whether they be the Earth, space, or the Imager’s internal calibration target, and it is the basis of the expressions for evaluating m and b that are used in the on-orbit calibration.   It follows that the emissivity of the scan mirror at every possible scan angle is a required input to the calibration algorithm.  In the operational processing, the emissivity at any scan angle θ is computed as a polynomial in scan angle,




for which the coefficients a0, a1, and a2 reside in the ground system in the Imager’s calibration database. These coefficients are determined once and for all on orbit during the Imager’s post-launch test period (Weinreb et al., 1997), as follows:  First, the emissivities are determined as a function of scan angle from measurements made as the Imager scans space across its entire east-west field of regard (see Fig. 3 below for the area of space that is scanned).  Then the coefficients a0, a1, and a2 are generated from a least-squares fit to the data. 

An example of a calibration performed both with and without accounting for the scan-mirror emissivity dependence appears in Figure 2.  This figure shows that the radiance error is approximately 1.8 mW/(m2-sr-cm-1) on the eastern edge of the frame.  This error is more than an order of magnitude larger than the observed noise in this channel, 0.13 mW/(m2-sr-cm-1), and approximately three times larger than the specification noise in this channel, 0.59 mW/(m2-sr-cm-1).  Consequently, it will have a significant effect on image quality. 
[image: ]
Fig. 2.  Radiances of space vs scan angle obtained from calibrations that do 
         		            (“Corrected”) and do not (“Original Data”) account for scan-mirror
         		            emissivity dependence.	

Everything just described applies to the current GOES system.  For ABI, plans are for a similar methodology, with one important exception.  The emissivity coefficients a0, a1, and a2 will be determined not on orbit, but instead from pre-launch laboratory measurements of emissivity vs scan angle on witness samples of the scan mirrors.   Which emissivity coefficients—those from the laboratory, or those from the on-orbit procedure—produce the more accurate calibration?   In 2006 we performed a study (Han and Weinreb, 2006) that showed that for GOES-10 and -12, the emissivities determined on orbit led to a more accurate calibration than did those from the laboratory.  This study is aimed at extending that work to GOES-11 and -13 and confirming the 2006 results for GOES-12. 

Henceforth in this paper, the Imagers’ infrared channels will be identified by their number, 1-6.  Their nominal central wavelengths are listed in Table 1.

	Channel Number
	Central Wavelength
(nominal)

	2
	3.9 µm

	3
	6.7 µm

	4
	10.7 µm

	5 (GOES-11 only)
	12.0 µm

	6 (GOES-12 and -13 only)
	13.3 µm



Table 1.  Nominal central wavelengths of Imager channels
PROCEDURE

Several times a year, the GOES Imagers are commanded to scan rectangular frames of space above the Earth’s North Pole and below its South Pole (Fig. 3).  These frames extend from approximately 40.7 degrees (mechanical) to approximately 50.2 degrees in the east-west direction, covering most of the Imager’s field of regard in that direction.   The frames contain 60 lines of pixel radiances per detector, and the data from all the lines are averaged to produce a single line of pixel radiances in which the effect of instrument noise is reduced.  The purpose of these scans is to check that the emissivity coefficients are valid.  If they are, the Imager measurements of the radiance of space (which is known to be essentially zero) do not change across the frame in the east-west direction.  If they are not valid, the measured radiances vary across the frame.          

                                             [image: ]

Fig. 3.  Conceptual representation of rectangular frames on space
                                              above North Pole and below South Pole


	S/C 
	Calendar 
Date 
	DOY 
	Time 
(UTC) 
	Time 
(SLT) 
	Deg. West 
Longitude 

	11
	8/10/2010 
	222 
	12:06 
	21:06 
	135 

	
	10/28/2010
	301 
	12:36 
	21:36 
	135 

	
	12/14/2010 
	348 
	11:30 
	20:30 
	135 

	
	2/22/2011 
	053 
	13:00 
	22:00 
	135 

	
	5/3/2011 
	123 
	13:38 
	22:38 
	135 

	12
	2/24/2009 
	055 
	22:50 
	03:50 
	75 

	
	5/17/2010 
	137 
	15:49 
	19:49 
	60 

	
	8/23/2010 
	235 
	15:38 
	19:38 
	60 

	
	1/31/2011 
	031 
	18:26 
	22:26 
	60 

	
	4/14/2011 
	104 
	17:37 
	21:37 
	60 

	13
	12/7/2010 
	341
	15:34 
	10:34 
	75 

	
	3/8/2011 
	067 
	15:34 
	10:34 
	75 

	
	6/7/2011 
	158 
	15:34 
	10:34 
	75 



Table 2.  Dates, times and locations of measurements.  S/C is spacecraft; DOY is day of year; UTC and SLT are Universal Time Coordinated and spacecraft local time, respectively.
For this study, we used data from the north and south frames scanned by the Imagers aboard GOES-11, -12, and -13 on 13 different occasions, five each for GOES-11 and -12, and three for GOES-13.  They are listed in Table 2.  

The raw data from each frame were subjected to the calibration processing twice, once with emissivity coefficients calculated from measurements of witness samples of the scan mirrors at MIT Lincoln Laboratories (MacDonald, 1999 [1]; MacDonald, 2001; Ryan-Howard, 2005), and again with emissivity coefficients calculated from measurements the Imagers made on orbit during the satellites’ post-launch test periods (Weinreb et al., 1997).   

RESULTS AND DISCUSSION

Radiances vs Scan Angle

We did all the calculations for all infrared detectors and channels of the Imagers on GOES-11, -12, and -13 for all 26 frames (north and south, for 13 occasions), but we can show only a limited amount of data without overwhelming the reader. 

	Figures 4-6 show the basic results for detector 1 of channels 2-5 for the GOES-11, -12, and -13 Imagers, respectively.  For each, the data come from the north scan area for one occasion.  The results are almost identical for all the other occasions, the other detector, and the south scan area.  In each figure, there are four panels, one for each infrared channel.   The points are the values of the radiance of space vs mechanical scan angle determined with three different calibrations:  1) no emissivity correction (black);  2) laboratory emissivity correction (red);  3) on-orbit emissivity correction (blue).  The units on the ordinates are radiance in mW/(m2-sr-cm-1) [left axes] and the delta GVAR counts, i.e., difference between the observed GVAR count and the GVAR count for zero radiance [right axes].  If the calibration were perfect we would find the radiance of space to be zero everywhere (the 3K cosmic background radiation is negligible in these units) and the delta GVAR count to be zero, as well.  

Incidentally, the reason the radiance values from all three calibrations are nearly zero on the east ends of the scans (mechanical scan angle of approximately 50 degrees) is that the space clamps for all of these special scans were executed on the east side of the Earth, and at that location the calibration sets the radiance of space to zero.


  [image: C:\Documents and Settings\michael.weinreb\My Documents\GIF files\GOES-N-P\g11_10222d_3.jpg]


Fig. 4.    Radiances of space and delta GVAR counts vs east-west scan angle for channels 
2-5 of GOES-11 Imager
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Fig. 5.  As in Fig. 4, except for channels 2, 3, 4, and 6 of the GOES-12 Imager
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Fig. 6.  As in Fig. 4, except for channels 2, 3, 4, and 6 of the GOES-13 Imager


 	These figures show that the correction for the emissivity variation is large in channels 4, 5, and 6, relatively small in channel 3, and negligible in channel 2.  This is in agreement with theory and laboratory measurements (MacDonald, 1999[2]).   In most cases, the on-orbit emissivity measurements provide a significantly more accurate calibration than do the laboratory measurements, in that the radiances are closer to zero.  The exceptions are in GOES-11 channels 3 and 5 and GOES-12 channels 4 and 6, where the absolute accuracies are essentially the same for both.  However, in two of those cases (GOES-11, channel 5 and GOES-12, channel 4), the east-west variation in the measurements that used the calibration with on-orbit emissivity measurements is less, which is to be preferred, as will be discussed in the next section.  The east-west variations in the curves in figures 4-6 are significant in the sense that they exceed the scatter in the data (the widths of the curves)[footnoteRef:2].   [2:  The magnitude of the scatter, represented by its standard deviation, should be approximately 13% of the actual instrument noise, because the curves represent averages of 60 lines.  We confirmed this qualitatively by computing the magnitude of the scatter as the standard deviation of the residuals of a cubic polynomial fit to the trajectories in Figs. 4-6 and comparing the results (not shown) with the data in Table 3 (below).] 



 

Comparisons with Noise and Relative Accuracy Metrics

In the following, we will compare the variation of the radiances in the east-west direction seen in figures 4-6 with two programmatically significant metrics, 1) the single-sample noises in each channel and 2) the values of the maximum allowable change in radiance in the east-west direction from the Imager’s relative accuracy specification. 

Values of the actual single-sample noise σ were obtained as the average of 48 hours-worth (1200 UTC on Nov. 1, 2011 to 1200 UTC on Nov. 3, 2011) of standard deviations of the spacelook data computed operationally in the Sensor Processing System at the Wallops Command and Data Acquisition Station. 

The specification noise in radiance units was derived from the instrument noise specification, which is given in units of temperature.  The conversion is given by





where NEDN and NEDT are the specification noise in radiance units and temperature units, respectively.  The ratio  , the radiance increment corresponding to unit temperature increment for a scene with temperature Ts, is estimated numerically from a look-up table of channel-average radiance vs temperature that we generated using the Planck function for the nominal central wavenumber of the channel.  The quantity Ts is the scene temperature at which the specification on NEDT is given--230K for channel 3 and 300K for the other channels.  

Table 3 displays the original specification noise (NEDT), the derived specification noise (NEDN) and the single-sample noise (σ) for the Imagers’ infrared channels[footnoteRef:3].  [3:  Incidentally, the table shows that all three Imagers easily meet the noise specification.  And note the improvement in noise with each successive satellite.  Kudos to ITT!] 


	Channel
	Central Wavenumber
(Nominal)
	Spec NEDT
(K)
	Spec NEDN
mW/(m2-sr-cm-1)
	Single-Sample Noise (σ) mW/(m2-sr-cm-1)

	
	
	
	
	GOES-11
	GOES-12
	GOES-13

	2
	2251 cm-1
	1.4 @ 300K
	0.055
	0.0045
	0.0034
	0.0022

	3
	1482 cm-1
	1.0 @ 230K
	0.15
	0.038
	0.017
	0.021

	4
	937 cm-1
	0.35 @ 300K
	0.59
	0.12
	0.14
	0.077

	5
	832  cm-1
	0.35 @ 300K
	0.61
	0.31
	
	

	6
	752 cm-1
	0.32 @ 300K
	0.56
	
	0.20
	0.10



Table 3.  Specification NEDT, derived specification NEDN, and single-sample noise (σ).  Cross-hatching indicates that that channel is absent in that Imager. 
 
The values of the maximum allowable change in radiance in the east-west direction are derived from the specification on relative accuracy, which is 0.1K in all the Imagers’ infrared channels.  For a radiometer, this specification is meaningless unless it is associated with a scene temperature, and for this study we will adopt the same scene temperatures that are associated with the noise specification—230K for channel 3 and 300K for the other infrared channels.  We can now convert the relative accuracy specification in units of temperature to a specification in units of radiance, just as we did for the noise specification.   Table 4 provides the relative accuracy specifications in temperature and radiance units.


	Channel
	Central Wavenumber
(nominal)
	Spec Relative Accuracy (K)
	Spec Relative Accuracy 
mW/(m2-sr-cm-1)

	2
	2251 cm-1
	0.1 @ 300K
	0.0039

	3
	1482 cm-1
	0.1 @ 230K
	0.015

	4
	937 cm-1
	0.1 @ 300K
	0.17

	5
	832  cm-1
	0.1 @ 300K
	0.18

	6
	752 cm-1
	0.1 @ 300K
	0.17



Table 4.  Specification relative accuracy in units of K and mW/(m2-sr-cm-1)


For each channel, using the data in Figs. 4-6, we computed the maximum radiance change as the absolute value of the difference between the maximum and the minimum of a cubic polynomial fit to the data over the range of mechanical scan angles between 40.7 and 50.2 degrees.  Table 5 lists the maximum east-west radiance differences in each channel from the calibrations based on the laboratory emissivities and the on-orbit emissivities.  

Figures 7-9 show the same results in a graphical form.  These figures and Table 5 show that, in every channel of all three imagers (with one exception--GOES-12, channel 6), the calibration with scan-mirror emissivities from measurements on orbit gives radiances that vary significantly less along an east-west line on space than does the calibration based on emissivities from the laboratory.  

Comparisons of the east-west radiance variations with the specified noise (Table 3) are not particularly interesting, because the only instance in which the east-west variation exceeds the specification noise is the calibration based on laboratory emissivities in channel 4 of GOES-11.   So the following discussions will be limited to comparisons with the actual single-sample noise and the relative accuracy specification.

 The cases in Table 5 that both violate the relative accuracy specification and exceed the single-sample noise are shaded in orange.  The one case that violates the relative accuracy specification but does not exceed the noise is shaded in pink, and the one case that meets the relative accuracy specification but exceeds the noise is shaded in yellow.   
	Channel
	GOES-11
	GOES-12
	GOES-13

	
	Lab
	On Orbit
	Lab
	On Orbit
	Lab
	On Orbit

	2
	2.261E-03
	8.326E-04
	5.704E-04
	2.068E-04
	9.744E-04
	7.164E-04

	3
	1.254E-02
	1.236E-02
	2.301E-02
	4.623E-03
	3.704E-03
	2.425E-03

	4
	5.912E-01
	2.375E-01
	2.039E-01
	7.926E-02
	2.354E-01
	8.316E-02

	5
	5.670E-01
	2.578E-01
	
	
	
	

	6
	
	
	3.009E-01
	3.217E-01
	4.863E-01
	7.606E-02



    Table 5.  Maximum east-west change in radiance (mW/[m2-sr-cm-1]).  Cross-hatching indicates that         that channel is absent in that Imager.  See text for explanation of shadings.










Figure 7.  Radiance changes along the east west line from calibrations with laboratory emissivity and with on-orbit emissivity, specification relative accuracy, and actual single-sample noise, for the infrared channels of the GOES-11 Imager. 






Figure 8.  As in Figure 7, except for the GOES-12 Imager.  This Imager lacks channel 5.




Figure 9.  As in Figure 8, except for the GOES-13 Imager.


The calibration with the on-orbit emissivities has many more instances (channels, satellites) in which the east-west radiance variation is less than the actual noise and satisfies the relative accuracy specification.  For GOES-13, the calibration with on-orbit emissivities satisfies both criteria in all channels except channel 4 (in which the radiance variation is slightly higher than the actual noise), whereas the calibration with the laboratory emissivities fails to satisfy either criterion in channels 4 and 6.

	We cannot say that we understand why calibration with scan-mirror emissivities measured on orbit is superior to the calibration with emissivities measured in the laboratory, but we can offer some suggestions.  First, it should be noted that the laboratory measurements are performed on witness samples of the flight mirrors, not on the flight mirrors themselves.  There are certain to be some differences in emissivities between a flight mirror and a witness sample.  Second, there are experimental errors in the laboratory measurements, which may vary from satellite to satellite.  For example, Table 5 and Figures 7-9 suggest that the laboratory emissivity measurements for GOES-11 may have larger experimental errors than those for the two later satellites.  If this is in fact the case, the lesson to be learned is that great care must be taken in performing the measurements.   Finally, there may be a fundamental reason that on-orbit measurements are superior.  The dependence of emissivity on scan angle is a result of polarization of the incoming radiation by the scan mirrors.  Because of that, the instrument’s throughput will also depend on the polarization characteristics of its interior optics, and that is not accounted for in the laboratory measurements. 

CONCLUSION 

	We have examined the east-west variations of the infrared radiances of space produced by the Imagers aboard GOES-11, -12, and -13 with calibration procedures that used scan-mirror emissivities from two different sources—laboratory measurements, and measurements made on orbit.   We found in almost all cases that the radiances from the calibration that used emissivities from the on-orbit measurements were superior to those from the calibration that used emissivities from laboratory measurements, because their values were closer to the known radiance of space (essentially zero), and they varied less in the east-west direction, enabling them more often to satisfy the GOES I-M and N-P specifications for relative accuracy.  These results are consistent with the findings of the 2006 study (Han and Weinreb, 2006).

	These results have implications for the GOES-R ABI.   Current plans are to use laboratory measurements of the emissivities of the ABI’s two scan mirrors.  If the on-orbit emissivities in the current GOES system are superior because a full-system measurement is required to account for all the physical effects that contribute to the emissivity variation, then the ABI should have a full-system measurement, either on orbit or in the laboratory, to optimize the calibration.  If the inferior performance of the calibration that used laboratory emissivities is simply caused by experimental error or the differences between flight mirrors and their witness samples, then efforts must be made to reduce these errors as much as possible. 
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