LigIRAN[E T 1R ﬂllﬂﬂllrﬂﬁli FHTCE

WUNIVERRITY GF SOLOMAGD AT NOMLOER

Laboratory For Atmospheric and Space Physics

LASP Engineering Division
University of Colorado
Boulder, Colorado

CLARREO Pathfinder
Algorithm Theoretical Basis Document
Document No. 151599

Approvers List

Prepared By Paul Smith

Approved By Peter Pilewskie

Configuration Management

Rev | Change Description By

- Initial Document Paul Smith

A Added Uncertainty Budget Paul Smith
Added Secondary On-orbit calibrations and Pen-ray Calibration with ILS .

B . ; Paul Smith
considerations
Added information on data products, added transmissive diffuser flat field .

C : Paul Smith
sections
Updated version. Added thorough theoretical treatment of instrument. Added

D more information on data products. Added responses to LaRC comments Paul Smith
from previous version.
Updated to include all of the algorithm development that will be used by the Paul Smith,

E science data system flight code. This includes all the new information from the | Michael Gerrity,
characterization and calibration test campaign. Removed all old information Tony Barsic
from pre-calibration. Re-organized to mimic the flow of the flight data pipeline.

E Updated instrument equations to reflect newest understanding of Paul Smith

measurement. Added solar zenith angle uncertainty section.




CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page ii

0.1 Table of Contents

0.1 Table Of CONTENTS ..ottt e et e e e e rabeee e ii
0.2 TabIE Of FIGUIES ...ttt et e e e e e nannee s vii
0.3 Reference DOCUMENTS .........uiiiiiiiiie et e s e rabe e e XV
0.4 ACTONYMS/ADDIEVIAtIONS ....cccciiiee e a e e Xvii
1.0 Yoo o= TSRS RP P 1
20 INEFOTUCTION ..t e e e e et e e e e e e e e s b et e e e e e e e e nn e e e s ene e e e ennes 1
2.1 Purpose of this DOCUMENT ... e e e e e e e e e rae e e e e e e e eanraees 1
2.2 (0] 01171 010 {1 e [ AT | (o] £ SRR PPPRPR 1
3.0 AlGOrithm DESCIIPLON ..o 1
3.1 Conversion from the Instrument Signal to Sl-traceable Data Product .............cccceeiiiiiinins 1
3.1.1  HySICS Measurement OVEIVIEW.........ccoiiiiii ittt ettt e et e et e e rabe e e e s aneeeeeaaee 7
3.1.1.1 HySICS Measurement EQUAtION...........coiiiiiiiiiiii e 7

R P I ¥ Lo 1= T o= PP PP 8

3.1.1.3  REFIECIANCE ... s 8

3.1.2 Dependence on Solar Zenith ANGIE ........c.ueiiiiiiiiiiie e 9
3.1.3 HySICS Measurement: Detailed EQUALIONS ............ccoeeeiiiiiiiiiiiie e 10
3.1.3.1 Detector EQUAtiON ........cooeeeeeeeeeeeeee s 10

3.1.3.2 Radiometric EQUAtioN ... 11

3.1.3.3 Flat Field Measurement EQUAtiONS ...........coooiiiiiie i 13

3.1.3.4  Solar Spectral Irradiance Measurement EQUatioNs............ccccccooeeeiiiiiiie e, 15

3.1.3.5  Attenuation Ratio Measurement EQUAatioNS ............oooiiiiiiiiiiiiie e 18

3.1.3.6  Reflectance Measurement EQUAtiONS.........coo oo 18

3.1.3.7 Radiance Measurement EQUALIONS ...........ooiiiiiiiiiiii e 19

4.0 Data ProdUCES .......eoiiiiiiie ettt bttt ettt 20
4.1 Data Product TErmiNOIOQY ........ocuueiiiiiiiiie ittt e e sb e e e s srneeeeeaaee 20
T I e N 10T To = T PSPPSR 20
o A ©70 o o] o Lo 71 (=Y 1 4 =T [ PR OPPPPRPPR 21
TG T T | o O O SO PP PU PP OUSPR PP 22
A4 DatACUDE ... e 22

4.2 Level 0 Data ProdUCT ...........oooi i 23
4.3 Level TA Data ProdUCT...........oooiiiii et 24
4.3.1 Level 1A Data Processing Steps: Science Data ..........cccceeeeeiiiiiiiiiiie e, 27
4.3.1.1 Conversion to Reflectance Data Product ..............ccooiiiiiiiiii e 29

4.3.1.2  Conversion to Radiance Data Product ... 30

4.3.2 Level 1A Data Processing Steps: Calibration Data............cccccooiiiiiiiiiini e 31

4.3.2.1 Dark Image Calibration Data Product..............occeeiiiiiiiiiie e 31



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division

Document No. 151599revE Page iii
4.3.2.2  Flat Field Scan Calibration Data Product .............cocuiiiiiiiiii e 33
4.3.2.3  Pen-ray Measurement Calibration Data Product...............cccoouiiiiiiiiiiiiiccee, 34
4324 Solar Spectral Irradiance Scan Calibration Data Product ... 34

4.4 Level 1B Data ProUCT..........cooo it 35
441  Geolocation AlGOTTNM ........oeiiii e e e e e e e e e e e e e snraereeaaeaanns 38
5.0 On-orbit Reflectance and Radiance Acquisition and Processing .........cccccoeecuvvieeeeeiiicciieeeeee e 40
5.1 On-orbit Science Measurement DeSCHPLION ...........coiiiiiiiiiiiiiiie e 41
5.1 EAIN SCONES ... 41
5.1.1.1 Earth Scene Data-Cubes.........ccciiiiiiiiiiii e 42
5.1.1.2  CPRS Throughput CalCulations.............cooiiiiiiiiiiiie e 43
5.1.1.3  Random Noise in Ground Measurements ............cccooiueieiniiie e 45
5.1.1.4  Ground Measurement Wavelength Scale..............cccoceiiiiiiiiii e 47
5.1.1.5  CPRS Polarization SensitiVity...........oociiiiiiiiiii e 48
5.1.2  Lunar Reflectance SCaN ........ooouiiiiiii e 51
5.1.3 Reflectance Algorithm DesCriptioN ..........c.oiiiiiiiiiii e 53
5.1.3.1 Bad PiXel COMECHON .....c.eiiiiiiiiii e 53
5.1.3.2  TWO-TOW COMECHION .....etiiiiiiiee ettt et e e e e e e e e 55
5.1.3.3  True Dark COrMECHON .......cuuiiiiie ittt 56
5.1.3.4  Row-wise Dark Pedestal Shift Correction............c.ccceoiiiiiiiiiiiine e 57
5.1.3.5  Full-frame Dark Pedestal Shift Correction ...........c.ccccoviiiiiiiiiiieniec e 58
5.1.3.6  FPA Thermal COrreCtioN ..........cooiiiiiiiiiii ettt 60
5.1.3.7  Linearity COrECHON. .......uiiiiiiiie e 62
5.1.3.8  FPE Thermal CorreCtioN .........cooiiiiiiiiiiiie et 66
5.1.3.9  Blackbody Radiation COrreCtion ............cccoiiiiiiiiiie i 67
5.1.3.10 Dark Image CorreCtion ..........ooiuiiiiiiiiie e 69
5.1.3.11 Dark Field (or Blank Aperture or Cold Sky) Measurement...........cccccceeeeiiiieeniiienens 70
5.1.3.12 Flat Field AIGOTthIM .........ooiiii e 71
5.1.3.13 Aperture Temperature COorreCtion ..........cvveviiieiieiiiieeiee e 72
5.1.3.14 F-Number Thermal CorreCtion ............ceoiiiieiiie i 73
5.1.3.15 Integration Time COrreCON ..........ciiii i e 74
5.1.3.16 Solar Temporal Variation CorreCtion............ccccviiiiieeiiiciiiiice e 75
5.1.3.17 Reflectance CalCulation............cooiiiiiiiiiii e 76
5.1.3.18 Radiance CalCulation ..o 76
5.1.3.19 3-PiXEl AVEIAGING ...ceiiiitiiiiiiiiii ettt 78

5.2 IN-Flight Calibration ........coo e 79
521 Solar Irradi@nNee SCAN.........uiiiiiiiie ettt s 80
5211 Solar Irradiance Scan Integration Algorithm Implementation.............ccccooiiiiieee 84
52.1.2  Aperture AHENUALION ... ... e e e 86



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division

Document No. 151599revE Page iv
52.1.3  Diffraction EffECtS......coouiiii e 87
5214  SatUrated SCANS .....ooiiiiiiiiii e 88
5215  Unit CoNVErsioN FACIOr.......c.eiiiiiiiii e 90
5.2.1.6  High-speed Fine Sun Sensor (HFSS) .......cooiiiiiiiiei e 95

5.2.2 Instrument Flat Field ..ot 95
5.2.2.1 Small Aperture Flat Field Scan Description (Solar Flat Field)..........cccccoeiiiiiiiiieeeenns 95
5.2.2.2  Large Aperture Flat Field Scan Description (Transmissive Diffuser Flat Field) ........... 97
5223 Flat Field SCaN ANAIYSIS ....cciiiiiiiiiiiee et e e e e e e e e e e eae s 99
5.2.2.4  Spectral Distortion COrreCON..........ccuuviiiiiie e a e 101
5225 0.5 mmFlat Field AlGOrithm ... 102
52.26 20 mm Flat Field Algorithm Implementation..............ccooiiiiii s 104
5.2.2.7 0.5 mm Flat Field Pointing Requirements (Solar Flat Field)............cccccceeviiieiiiiennnns 105
5.2.2.8 20 mm Flat Field Pointing Requirements (Transmissive Diffuser Flat Field) ............. 107
52.29  Miscellaneous Transmissive Diffuser NOtes..........cccoiiiiiiiiiiiiice e 107

5.2.3  Pen-Ray Calibration ............ooo i s 108
5.2.3.1 Selection of Atomic Lines for ANAlYSiS..........ccvuiiiiie i 109
5.2.3.2  AIGOrithm SUMMAIY .....cccoiiiiiiiiiie et e e e et e e e e e s s e reaae e s 110
5.2.3.3  AlIGOrithm DetailS..........uuuuuiiiiiiiiiiiiiiiiiiiie ettt ee e e e e e e e e e ee e e e e aeteaaaaaaaaaaaaaaaaaaeas 110
5.2.3.4  Calculation of Linear AdjUSIMENTS ..........ccceeiiiiiiiiiiiiiee e 117
5.2.3.5  Calculation of Non-Linear Adjustments ...........cccceeiieie i 120

5.2.4 Cold Sky (or Blank Aperture Correction or Dark Field Correction) .........cccccccevvvvvveeeeeeeennns 123
5241 Cold Sky Correction Implementation ... 124

5.3 Secondary On-Orbit Calibrations..........c.eeiiiiiii e 124

5.3.1  Lunar or Solar LimMb SCaN.......cccuuiiiiiiii e e 124

5.3.2 Degradation MeasSUrEmMENT..........ooi ittt 125

5.3.3  Linearity MeasUrEmMeNt.........cooiiiiiiiiii e 126

5.3.4 Aperture Ratio Measurement — DiagnostiC SCaN ...........coovvciiiiiiie i 127

6.0 (0 T aTot=Tu =1 ) 420 = 10 T o = SRR 128

6.1 Uncertainty List: Image Acquisition Contributors............ccceeeiiiiiiiiii e 129
6.2 Uncertainty List: Pipeline Correction Algorithm Contributors ..........c.ccoooiiiiiiiiiiiis 132
6.3 Uncertainty List: Scan Specific and Systematic Contributors................occvvviiiiiiiiicieiee s 137
6.4 Uncertainty BUudget PIOtS ......cooeiiiiiiiieeeeeeeee e 139
6.5 Uncertainty Contributors: Image ACQUISItION .........ccoiiiiiiiiiiiii e 140

6.5.1  REAUA NOISE ...ttt 140
6.5.1.1 Dark Read Noise Ground Image Uncertainty ............ccccooieiiiiiiiniine e 141
6.5.1.2  SSl Integrated Read Noise Uncertainty..........cccooeeiiiiiiiiiiiieieee e 141

6.5.2  SNOEINOISE ....eiiiiiiii ittt ettt 142

6.5.2.1 Dark Shot Noise Ground Image Uncertainty ...........cccooiiiiiiininee e 143



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division

Document No. 151599revE Page v
6.5.2.2  SSl Integrated Shot Noise Uncertainty..........ccccocueeeiiiiiiiiiiiiei e 143
6.5.3  QUANIZAION NOISE ......eiiiiiiii ettt e 144
6.5.4 Sensor After Image UNCErtainty ...........cooueiiiiiiiiii e 144
6.5.5 Line Driver Crosstalk UnCertainty..........c.uveiiiiiiiiiiiiies e 144
6.6 Uncertainty Contributors: Correction Algorithms ............cooiiiiiiiiiiii e 145
6.6.1 Bad Pixel Correction Uncertainty [algorithm 1A]........coooriiiiiie e 145
6.6.2 Two-Row Correction Uncertainty [algorithm 1B].......ccccccooiiiiiiiiiie e 145
6.6.3 True Dark Image Correction Uncertainty [algorithm 1C]..........cccccooviiiiiiiiie e, 146
6.6.4 Row-wise Dark Pedestal Shift Correction Uncertainty [algorithm 1D] ...........cooecvviiieeennnns 146
6.6.5 Background Level Uncertainty (Dark pedestal shift correction uncertainty) [algorithm 1E] 146
6.6.6 FPA Thermal Variation Uncertainty [algorithm 2A] .........cccooiiiiii e 147
6.6.7 FPA Linearity Uncertainty [algorithm 2B] .........coooiiiiiii e 147
6.6.8 FPE Thermal Variation Uncertainty [algorithm 2C] ..........ccccooiiiiiii e 147
6.6.9 Blackbody Radiation Correction Uncertainty [algorithm 3A] .........ccoiiiiiis 148
6.6.10 Dark Subtraction Uncertainty [algorithm 3B]..........coocuiiiiiiiiii e 148
6.6.11 Blank Aperture Subtraction Uncertainty [algorithm 3CJ ..........coocoiiiiiiiiiceee e, 149
6.6.12 Flat Field Correction Uncertainty [algorithm 4A]........cceiiiiiiiiieee e 149
6.6.13 Aperture Thermal Correction Uncertainty [algorithm 2D].........cccccceeiviiiiiiie e, 149
6.6.14 F-Number Thermal Correction Uncertainty [algorithm 2E] .........cccccccoeeiiiiiiieeeeeeice 149
6.6.15 Integration Time Ratio Uncertainty [algorithm B5A]........ccoooiiiiiiis 150
6.6.16 Aperture Ratio Uncertainty [algorithm 5B] ........coooi oo 150
6.6.16.1 Aperture Ratio Attenuation Uncertainty Contributors.............ccccovviiiiiiiiiienne 150
6.7 Uncertainty Contributors: Scan Specific and Systematic ............ccccooeiiiiiii s 155
6.7.1  Solar Temporal Variation Uncertainty [algorithm 6A] ... 156
6.7.2  SSI Ratio Uncertainty [algorithm BB]...........cooiuiiiiiiiiie e 156
6.7.3  Unit Conversion Factor Generation Uncertainty [algorithm 6C]...........ccocoeviiiiiiiiniiee e, 156
6.7.3.1 External SSI UNCEMaINtY.........cooiiiiiiiiiie e e e e e e e e 158
6.7.4  3-Pixel Binning [AlgOrithm AF] .....ee et e e e e e e eeeeeeeeeeeeees 158
6.7.5 Wavelength Position UNCErtainty ..............euuuiiiiiiiiiiiiiiiiieeeeiieeeeeeeeeeeee e ee e a e e e e e e e e e e 158
6.7.6  Aperture Position Repeatability (Large and Small Apertures) ..........ccccvveeeeeiiiicciieeeeeeeeees 158
6.7.7  Polarization UNCEIMAINTY ............uuuuiiiiiiiiiiiiiiiiiiiiiie et ee e e e e e e e e ereeeeeeeeeeeeaaaaaaaaaaaaaaaaaaaees 159
6.7.8 OSF Leakage SSI and Ground Measurement Uncertainty ............ccoccuvvvevieeiiiiiiiieeeeee e, 161
6.7.9 Point Spread Function UNCertainty..............ccoiiiiiiiiiii e 162
6.7.10 Camera Electronic Timing Uncertainty ..o 164
6.7.11 Scatter UNCErtaiNnty........eoiiiiiie e 166
6.7.12 I:gr Pixel Scan Rate Uncertainty (previously called pointing uncertainty) [algorithm 7A]
7

6.7.13 Along slit Pixel FOV Uncertainty [algorithm 7A].........coooiiiiiiiieee e 168



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division

Document No. 151599revE Page vi
6.7.14 Integration Along or Across Columns [algorithm 7B and 7CJ ........cccccoviieiiiiiieeiiiieeens 168
6.7.15 Acquisition Period Uncertainty [algorithm 7D] ..o 168
6.7.16 Spectral Distortion Correction Uncertainty [algorithm 8B] ..........ccccciviiiiiiiiiiiee 169
6.7.17 BTDF Correction Uncertainty [algorithm 8B] ..........cooociiiiiiiiiiieee e 169
6.7.18 Creation of Flat Field [algorithm 8B] ..........cooiiiiiiiiie et 169
6.7.19 (€111 QLU o Tor=T o =11 | Y2 SO PPRPRN 169
6.7.20 Peak Alignment Uncertainty [algorithm 8A] ..., 170
6.7.21 Transmissive Diffuser Comparison Uncertainty............cocccuviieeieiiiiiiiieeeee e 170
6.7.22 Pointing UNCertainty .........oooviiiiiiii s 172
6.7.23 Creation of Blank Aperture Image [algorithm 9A] ..., 172



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page vii

0.2 Table of Figures
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Figure 21. Level 1B data product schematic representation............ceeeeveercueeercieeeiveesereeesveeennens 36

Figure 22. Level 1B spatial gridding representation. The upper left plot shows the flight
geometry, with the slit perpendicular to the scan direction. The upper right plot shows the
gridding onto latitude and longitude coordinates. The lower left plot shows the temporal map,
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where all pixels within the slit at any single instant have the same acquisition time. The lower
right image shows the resulting data cube, with rectilinear coordinates in the spatial directions.37

Figure 23. CLARREO Pathfinder geolocation algorithm flow chart. ............cccooeeeiiiiiiinnnnnen. 40

Figure 24. Uncalibrated ground scenes from the HySICS balloon flight. The image on the left is
of a desert scene with a few clouds near the bottom of the field of view, and the image on the
right is of a thick ice cloud scene. The color scale is in DN......cocooviiiiiiiiiiiiiniiiiececes 42

Figure 25. Calibrated ice cloud scene irradiance from HySICS balloon flight. The color scale is
TN W/(INZ X I oottt ettt e e eeeaes 42

Figure 26. HySICS-balloon flight data-cube assembled from 4200 images. Top face is an RGB
image taken from red, green, and blUue SICES. .......ccoevviiiiieniiiiiiieeece e 43

Figure 27. Full CPRS system efficiency. This plot shows the efficiency for a single aluminum
mirror, seven aluminum mirrors with the expected reflection angles, the grating, and the total
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Figure 28. Expected radiance levels from Sun, Moon, bright clouds, and a dark ocean scene. ... 44

Figure 29. Expected signal at the FPA. This plot includes the photon flux for a solar scene, with
the 0.5 mm aperture, and lunar, and two types of cloud scenes. ..........cccceeevvevieniieciienieniieienne, 45

Figure 30. Number of photoelectrons at the FPA. This plot also includes a cloud scene from the
HySICS balloon flight for COMPATISON. ....c..eeiuiiiiieiiieiieiie et 45

Figure 31. Expected signal-to-noise ratio. This figure shows the SNRs for bright cloud scenes,
dark ocean scenes, and a comparison SNR from the HySICS balloon flight. It includes all
common random noise sources, read noise, shot noise, dark current shot noise, and blackbody
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Figure 32. Expected uncertainty. This figure shows the associated uncertainty given the previous
SNRs, and accounting for read noise, shot noise, dark current shot noise, and blackbody shot
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Figure 33. Estimated wavelength uncertainty. This plot shows the wavelength uncertainty given
the best estimate of wavelength scale from the HySICS balloon flights, and a simulated cloud
spectrum. Note that the uncertainty is less than 1000 ppm for most of the spectrum, but can be
above 5000 ppm where there is a high gradient, such as at the edges of the water absorption
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Figure 34. TE and TM polarization reflection efficiency for full system of aluminum mirrors. . 49
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from 350 NM t0 1600 NIM. ...couiiiiiiiiiieiieeee ettt sttt 50
Figure 38. A) Lunar reflectance scan motion, B) with apparent lunar motion. Projected slit is
shown as green rectangles that move across lunar disk. ..........ccoocveriiiiiiiniiniieniieee, 51

Figure 39. HySICS-balloon flight lunar irradiance at 1233 NM.......c.cceccveevciieeniieeieeeee e, 52
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Figure 40. Bad pixel image from HySICS balloon flight. This image includes all pixels that had
a variation larger than five standard deviations above the average variation during a dark image
ACGUISTEION. 1.eevvieeerieetteeeteeeeteeeetteeeteeesteeessaeeessaeessseeessseeessseesssaeeasseeansseesnsseessseesasseesnsseesnseeensseesns 54

Figure 41. The frame-to-frame jitter due do to the inconsistent time interval between frames. The
mean pixel value of the full FPA is plotted by frame timestamp for ~150 frames looking at a
temperature stabilized target. The peak-valley noise approaches 3,000 DN...........cccceeerieneenene 55

Figure 42. The measured row level dark pedestal shift, with the summed row counts on the x-
axis, and the measured dark pedestal shift on the y-axis, for six data sets, each in a different
color. The effect is linear up until a saturation point, after which there is no further depression. 57
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Figure 44. FPA behavior versus temperature for various signal levels. The signal level is
GEOUPEA DY COLOT. .ttt ettt ettt e et e et eseaeebeesaeessbeensaesaaeenseesnens 60

Figure 45. The signal vs integration time for a variety of data sets used for the linearity
correction, following all of the initial COTTECTIONS. .......cccvieriiieiieriieiieeieee e 62

Figure 46. The general linearity profile plotted against the corrected signal level for the warm
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Figure 47. The uncertainty in the linearity correction. The left two plots show the magnitude of
the linearity factor fit residuals as a function of signal level in both units of the linearity factor
(DN/DN) and in ppm. A selection of pixels are shown in purple, and the mean of the whole FPA
in black. The right two plots show the uncertainty in the corrected signal as a function of signal
level, using only read noise and shot noise for the uncertainty in the signal. Again individual
pixels are shown in purple, and the mean of the whole FPA in black. On the far right, the red line
indicates the noise floor from read noise and ShOt NOISE. ......ccueeriiiiiiiiiiiiiiiieeee e, 64

Figure 48. A simulated 30% Lambertian scene (left), and the associated total uncertainty (right)
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Figure 49. The total uncertainty as a function of wavelength for a 30% Lambertian scene
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Figure 50. The eight transfer curves of the FPE ADCs at a single temperature (left) and the
transfer curve of ADC 1 over several temperatures from 30 °C to 36 °C (right). The shown plots
are linear fits of the measured ValUues. .........cooeiiiiiiiiiiii e 66

Figure 51. ADC offset and gain values versus temperature for all 8 ADCs........cccccocevvereenennens 67
Figure 52. Blackbody radiation proportionality slope for each pixel. The colors are in DN/°C. 68

Figure 53. Nominal dark image from the HySICS balloon flight, taken with optical bench at 3
degrees C. This dark image consists of blackbody radiation from the instrument, including the

blank aperture, and dark current and fixed pattern noise from the FPA.............ccccoiininiinnnns 70
Figure 54. Aperture areal ratio versus increase in temperature on solar-viewing aperture. ......... 72
Figure 55. Light variation due to thermal changes in the 4MA, shown in ppm. ........ccceecvrennenee. 74

Figure 56. Conceptual diagram of solar irradiance scan. Slit width and height are not to scale in
either image. 2a. shows conceptually how the slit moves across the solar disk. Since the 4AMA
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Sun that makes it through the slit. 2b. shows the full range of the scan compared to the size of
the solar disk. The scan will start 3 solar diameters (1.5 degrees) from the center of the disk, and
end 3 solar diameters on the other side. The range of the scan is chosen to collect as much
diffracted light as possible at the edges of the scan. .........ccccoecvieriiiiiiiiiiniiceee e, 80
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signal in inefficient regions of the measured spectrum, which can greatly reduce the uncertainty
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1.0 Scope

This version of the ATBD contains the information for the measurement equation, data products,
and result on-orbit calibrations, algorithms, and uncertainties. For details about the optical
system and layout, see [1, 3, 15]. For details about the payload ground characterization and
calibration, see [2].

2.0 Introduction

2.1 Purpose of this Document

This Algorithm Theoretical Basis Document (ATBD) describes the algorithms used to produce
all data levels of solar and Earth-viewing irradiance for the Climate Absolute Radiance and
Refractivity Observatory (CLARREO) Pathfinder mission Hyperspectral Instrument for Climate
Science (HySICS) instrument. The ATBD is not meant to be the sole reference for the HySICS
instruments, data and algorithms. Other documents will be generated to explain, in much greater
detail than presented here, instrument design and operation [15], instrument calibration [2], and
the ground data system [19]. These related documents should be consulted to complement the
information contained here. This ATBD provides one step towards insuring proper data
stewardship of measurements Earth-viewing irradiance since a well-documented calibration
history will allow for the comparison and evaluation of the HySICS instrument to its future
analogs.

2.2  Contributing Authors

Paul Smith, Calibration Scientist

3.0 Algorithm Description
3.1 Conversion from the Instrument Signal to Sl-traceable Data Product

The intent of the HySICS instrument is to measure both the solar irradiance and the Earth
reflected radiance with the same instrument, thereby eliminating instrument common-mode
variations [9]. The ratio of the two measurements is purely relative, and, if measured at nearly
the same time, can be used to represent the reflectivity of the Earth scene. When coupled with an
external measurement of the solar spectral irradiance, the HySICS instrument can be used to
determine the reflected radiance of the measured Earth scene.

Figure 1 shows a high level flowchart of the entire process for converting a HySICS
measurement of an object, either the Earth or the Moon, into the final data product, radiance, or
reflectance. Every portion of this chart will be discussed in sections 3.0, describing the
measurement equation and the dark green fields in this chart, and section 5.1.3, describing all the
image conditioning steps, the gain corrections, and the dark corrections.

There are multiple on-orbit calibrations, implicitly used throughout the reflectance and radiance
pipeline. Figure 2 shows a similar high level flowchart of the SSI (solar spectral irradiance)
measurement. Figure 3 is a flat field flowchart, Figure 4 is a blank aperture flowchart, and
Figure 5 is a Pen-ray flowchart. Note that all of the flowcharts are identical through the image
conditioning, gain, and partially through the dark correction steps.
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Input Science Data (Includes pre-and post-darkimages)
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Bad Pixel Correction (1A)

Uses surrounding “good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map

2-Row Correction (1B)

Uses information from two dark rows on FPA (focal plane array) to adjust to proper signal “zero” level

Image Conditioning

Gain corrections

True Dark Correction (1C)
Removes the FPN (fixed pattern noise) from the images

Row-wise Dark Pedestal Shift Correction (1D)
Removes the “zero” level shift due to signal on each row

Full-frame Dark Pedestal Shift Correction (1E)
Removes the “zero” level shift due to signal on the full image

FPA Thermal Correction (2A)

Adjusts the signal to what would be seen if the FPA were at 152.5 K

Linearity Correction (2B)

Per-Pixel adjustmentto compensate for FPA measurementnon-linearity

Adjusts the signal to what would be seen if the FPE were at 31 °C

FPE (focal plane electronics) Thermal Correction (2C)

Thermal Blackbody Subtraction (3A)

Removes the extra blackbody radiation signalaccumulated from thermal variation not captured by the dark images during a scan

Dark Subtraction (3B)

Separates the pre- and post-darkimages, interpolates them through the scan, and subtracts them from each image

Dark
Corrections

Gain and
Thermal
Corrections

Attenuation
Ratio
Radiometric
Calculations

Dark Space Subtraction (Cold sky or blank aperture subtraction) (3C)

Removes the added blackbody radiation from the blank aperture

Flat Field Correction (20 mm aperture) (4A)

Uses on-orbit measuredflat field to correct for gain variation in the system

Aperture Thermal Correction (2D)
Adjusts the signal due to thermal variation of the aperture area

F/# Thermal Correction (2E)
Adjusts the signal due to thermal variations in the optical system

Adjusts the signal to the level it would be at unit acquisition time

Integration-Time Ratio Application (5A)

Solar Temporal Variation Correction (6A)

Corrects the solar signal based on the Sun’s variations between the SSI and Science data scans

Reflectance Calculation (6B)
Calculates ratio of science data and SSI scans to obtain
reflectance

Radiance Calculation (6C)
Generates unit conversion factor from SSI scan vs. absolute SSI
and applies to science data scan

Bad Pixel Correction (repeat) (1A)

Uses surrounding “good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map

Image
ioning

Condit

3-Pixel Binning (1F)
Averages every 3 spatial pixels together

Figure 1. High level flowchart of the CPRS measurement to data product flow. Light green represents the
image conditioning steps, used to turn the FPA’s native output into a scientific product, red represents the
gain steps, which also containing FPA corrections, but also thermal and flat field corrections, light blue
represents the dark corrections, orange is the flat field, and dark green are the radiometric corrections and

output.
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Image Conditioning

- Gain corrections

Input SSI Data (Includes pre-and post-darkimages)

Bad Pixel Correction (1A)
Uses surrounding “good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map

2-Row Correction (1B)
Uses information from two dark rows on FPA (focal plane array) to adjustto proper signal “zero” level

True Dark Correction (1C)
Removes the FPN (fixed pattern noise) from the images

Row-wise Dark Pedestal Shift Correction (1D)
Removes the “zero” level shift due to signal on each row

Full-frame Dark Pedestal Shift Correction (1E)
Removes the “zero” level shift due to signal on the full image

FPA Thermal Correction (2A)
Adjusts the signal to what would be seen if the FPA were at 152.5 K

Linearity Correction (2B)
Per-Pixel adjustment to compensate for FPA measurementnon-linearity

FPE (focal plane electronics) Thermal Correction (2C)
Adjusts the signal to what would be seen if the FPE were at 31 °C

Thermal Blackbody Subtraction (3A)

Removes the extra blackbody radiation signal accumulated from thermal variation not captured by the dark images during a scan

Dark Subtraction (3B)

Separates the pre- and post-darkimages, interpolates them through the scan, and subtracts them from each image

Dark
‘Corrections

Gain

SSI
Integration

Thermal

SSI

I ntegrat Ion Apply integration scaling factors (part 2) (7D)
Applythe acquisition period scaling factor required for solar integration
Integration-Time Ratio Application (5A)
Atte nuat | on Adjusts the signal to the level it would be at unit acquisition time
Ratio Aperture Ratio Application (5B)

Dark Space Subtraction (Cold sky or blank aperture subtraction) (3C)
Removes the added blackbody radiation from the blank aperture

Flat Field Correction (0.5 mm aperture) (4B)
Uses on-orbitmeasuredflat field to correct for gain variation in the system

Apply integration scaling factors (7A)
Applythe per-pixel scan rate and field-of-view scaling factors required for solar integration

Bad Pixel Correction (repeat) (1A)
Uses surrounding “good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map

Integration along spatial columns (7B)
First step of integrating the measuredsolar signalinto irradiance

Aperture Thermal Correction (2D)
Adjusts the signal due to thermal variation of the aperture area

F/# Thermal Correction (2E)
Adjusts the signal due to thermal variations in the optical system

Integration across scan images (7C)
Second step of integrating the measured solar signalintoirradiance

Adjusts the signal level to what it would be with the large aperture

Image
Conditioning

Figure 2. The SSI (solar spectral irradiance) data flow chart. This data product is used for both the
reflectance and radiance SI-traceable products described in the previous flowchart. The SSI integration
steps are in bright yellow.
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Input Flat Field Data (Includes pre- and post-darkimages)

Bad Pixel Correction (1A)
Uses surrounding “good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map

2-Row Correction (1B)
Uses information from two dark rows on FPA (focal plane array) to adjustto propersignal “zero” level

True Dark Correction (1C)
Removes the FPN (fixed pattern noise) from the images

Row-wise Dark Pedestal Shift Correction (1D)
Removes the “zero” level shift due to signal on each row

Image Conditioning

Full-frame Dark Pedestal Shift Correction (1E)
Removes the “zero” level shift due to signal on the full image

FPA Thermal Correction (2A)
Adjusts the signal to what would be seen if the FPA were at 152.5 K

Linearity Correction (2B)
Per-Pixel adjustmentto compensate for FPA measurement non-linearity

FPE (focal plane electronics) Thermal Correction (2C)
Adjusts the signal to what would be seen if the FPE were at 31 °C

Gain corrections

Thermal Blackbody Subtraction (3A)
Removes the extra blackbody radiation signal accumulated from thermal variation not captured by the dark images during a scan

Dark Subtraction (3B)
Separates the pre- and post-darkimages, interpolates them through the scan, and subtracts them from each image

Dark Space Subtraction (Cold sky or blank aperture subtraction) (3C)
Removes the added blackbody radiation from the blank aperture

Dark
Corrections

Aperture Thermal Correction (2D)
Adjusts the signal due to thermal variation of the aperture area

F/# Thermal Correction (2E)
Adjusts the signal due to thermal variationsin the optical system

Thermal

Bad Pixel Correction (repeat) (1A) Image

Obtain Solar Disk Position and Flat Field Range (8A)
Using either image data or HFSS (Hi-speed Fine Sun Sensor) data, compute the solar disk position with respect to field angles

CreateFlat Field (8B)
Flat f|e|d Obtain spatial gain variations for all pixels within each spectral bin
Apply BTDF correction to large aperture (transmissive diffuser) data set

Figure 3. The flat field data flowchart. The data output from this path is used in the reflectance, radiance
and SSI pipelines. The flat field creation steps are in bright yellow.
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| Input Cold Sky (a.k.a. Blank Aperture) Data (Includes pre- and post-darkimages) I

Bad Pixel Correction (1A)
Uses surrounding “good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map

oo

=

c 2-Row Correction (1B)

9 Uses information from two dark rows on FPA (focal plane array) to adjust to propersignal “zero” level
—
©

c True Dark Correction (1C)

8 Removes the FPN (fixed pattern noise) from the images

)

eT0] Row-wise Dark Pedestal Shift Correction (1D)

g Removes the “zero” level shift due to signal on each row

Full-frame Dark Pedestal Shift Correction (1E)
Removes the “zero” level shift due to signal on the full image

g FPA Thermal Correction (2A)

e Adjusts the signal to what would be seen if the FPA were at 152.5 K
(S

Q " -

= Linearity Correction (2B)

o Per-Pixel adjustmentto compensate for FPA measurement non-linearity
(&)

c . .
‘® FPE (focal plane electronics) Thermal Correction (2C)
L) Adjusts the signal to what would be seen if the FPE were at 31 °C

Thermal Blackbody Subtraction (3A)
Removes the extra blackbody radiation signal accumulated from thermal variation notcaptured by the dark images during a scan

Dark Subtraction (3B)
Separates the pre- and post-darkimages, interpolates them through the scan, and subtracts them from each image

Bad Pixel Correction (repeat) (1A) Image
good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map Conditioning

‘,

Uses surrounding “

Dark
Corrections

Create Blank Aperture Image (9A)
Obtainimage of blackbody radiation from blank aperture

Blank Aperture

Figure 4. The cold sky (blank aperture) flowchart. This data is used in all of the above flowcharts to subtract
off blackbody radiation generated by the blank aperture.
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I Input Pen-ray Data (Includes pre- and post-darkimages) I

Bad Pixel Correction (1A)
Uses surrounding “good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map

2-Row Correction (1B)
Uses information from two dark rows on FPA (focal plane array) to adjustto proper signal “zero” level

True Dark Correction (1C)
Removes the FPN (fixed pattern noise) from the images

Row-wise Dark Pedestal Shift Correction (1D)
Removes the “zero” level shift due to signal on each row

Image Conditioning

Full-frame Dark Pedestal Shift Correction (1E)
Removes the “zero” level shift due to signal on the fullimage

FPA Thermal Correction (2A)
Adjusts the signal to what would be seen if the FPA were at 152.5 K

Linearity Correction (2B)
Per-Pixel adjustmentto compensate for FPA measurementnon-linearity

FPE (focal plane electronics) Thermal Correction (2C)
Adjusts the signal to what would be seen if the FPE were at 31 °C

Gain corrections

Thermal Blackbody Subtraction (3A)
Removes the extra blackbody radiation signal accumulated from thermal variation not captured by the dark images during a scan

Dark Subtraction (3B)
Separates the pre- and post-darkimages, interpolates them through the scan, and subtracts them from each image

Dark Space Subtraction (Cold sky or blank aperture subtraction) (3C)
Removes the added blackbody radiation from the blankaperture

Dark
Corrections

Bad Pixel Correction (repeat) (1A) Image
Uses surrounding “good” pixels to correct for hot/dead/stuck/noisy pixels identified in bad pixel map Conditioning

WaVEIength Calculate Wavelength Scale (10A)

Sca I e Create the per-row wavelength scale map from the scan

Figure 5. The Pen-ray wavelength scale calculation flow chart. The data from this process provides the
knowledge of the spectral axis of all HySICS measurements.

The five primary flowcharts presented here detail every step in all the calibration data processing
flows as well as every step in the level 1A data product with a reflectance or radiance output.
The uncertainties associated with these processing steps will be addressed in section 6.0. Many
of the processing steps in these pipelines are identical, and will only be discussed a single time in
this document. To help the reader orient themselves with respect to the algorithms, the boxes
have been labeled with an identifier number (1-10) and letter (A-F). The identifiers are identical
on different pipelines if the algorithm does not change between each of the pipelines. These
algorithm identifiers are interspersed throughout this document to identify where in the pipelines
the text is referring to.
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3.1.1 HySICS Measurement Overview

The next several sections will describe the HySICS measurements from an overview. At a high-
level, the measurements are separated into a reflectance measurement and a radiance
measurement. These sections are meant to provide a framework to orient the reader to the
HySICS measurement. The full measurement mathematical model is described in detail in
section 3.1.3. The primary measurement of the HySICS instrument is of surface reflectance and
the uncertainty goals are defined for reflectance, although radiance values and uncertainties are
provided as well.

The HySICS instrument measures the outgoing spectral radiance from an object, such as the
Earth or Moon, and the incoming irradiance from the Sun. The spectral range is from 350 to
2300 nm, with approximately 3 nm sampling (6 nm resolution). The spatial field of view is 10
degrees, with 480 pixel measurements, or 75 arcsec per pixel. From the nominal 400 km altitude
of the international space station (ISS) [13], each pixel covers 145 m on an Earth-viewing scene
at nadir. Science measurements made by the instrument will average groups of every three
pixels, making the coverage 435 m per super-pixel. In the cross-track direction, the ISS will
sweep across 500 m during the acquisition period, making the spatial image pixels approximately
435 x 500 m on the ground.

The instrument takes pictures through a narrow slit, approximately 75 arcsec wide to match the
pixel angular width. The slit is parallel to columns of the detector and therefore also the spatial
dimension of each detector image. Light that enters through the slit is dispersed in the spectral
direction, perpendicular to the along-slit (spatial) direction. Since the slit and the detector are
matched in angular space, the slit can be thought of as being filled by a single pixel across (75
arcsec) and 480 pixels along (10 degrees) to create the full field of view. Images taken by the
instrument appear as very narrow, but long patches of ground. However, every column in the
detector represents a different wavelength of that same patch of ground. Each column is
sometimes referred to as a wavelength bin. The images can be assembled into composite images
of the ground, which will appear to be normal camera images at different wavelengths.

3.1.1.1 HySICS Measurement Equation

Being a relative measurement, the instrument measurement equation can be couched as a ratio
between the SI-traceable reflected radiance and the measured scene:

Lopj(1) =S"5pj(A) - CA) - a(A) 1

where L, (4) is the Sl-traceable reflected radiance (usually given in W/(m? - sr - nm)), and
Sopj(A) is the instrument measured scene, given in instrument data numbers (DN) [3]. C(4)
[mzv-]:lm]
[DN][sT]
scans described in section 5.2, and a (1) represents the unitless instrument attenuation factor
[algorithm 5A — 5B], measured in a laboratory before the CPRS flight, and described in more
detail in section 5.1.2. The attenuation factor is dependent on the area of the input apertures and
the integration times used while observing the Sun and the Earth, and on the full instrument
optical path, which varies slightly for each pixel in an image. While not explicitly written in
equation 1, the attenuation factor is different for each pixel in a measurement, which could be

represents the unit conversion factor, given in , measured on-orbit through the calibration
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specified as a (A, n) where n represents the pixel number. Note that the attenuation factors will
be measured in a laboratory before flight, and that these measurements are described in detail in

[2].

The unit conversion factor term is given by:

ESun,t:tl (/1) 2

C(A) B 85un,t=t1(l)

where Esy,;, ¢=¢1(4) is the solar spectral irradiance, given by the TSIS SIM measurement or a
solar model, and generally in the units of W/(m? - nm). Eg,p, r=¢1(4) is the instrument
measurement of the spectral solar irradiance, in DN - sr, and given by the full solar disk
integration at all wavelengths, as described in section 5.2.1. The solid angle units, sr, are implicit
in the integration of irradiance over the solar disk. Ideally, both the HySICS solar spectral
irradiance measurement and the TSIS SIM solar spectral irradiance measurement should occur
at, or close to, the same time, shown by the t = t; subscript.

In all the equation terms, wavelength, or 2, is the independent quantity, and can be given in any
of the usual wavelength units, including nm. It is important to note that neither the dispersion
scale, nor the instrument line shape of each instrument will be equivalent and a conversion
between the two instruments is required, as outlined in Section 5.2.1.4.1.

3.1.1.2 Radiance

The scaling of the instrument measurement, natively in DN, to SI-traceable radiance units
[algorithm 6C], equation 1 is directly followed. The unit conversion factor, C()A), is dependent
on the integration of the radiance of the Sun, and therefore on the instrument pixel solid angle,
given in steradians. The pixel solid angle varies for each pixel and will be measured in the
laboratory before flight, described in [2]. The detailed treatment of the pixel solid angle is
described in 3.1.3.4, where it will be shown that the across-slit dimension of the pixel solid angle
can be incorporated into the HySICS SSI measurement.

3.1.1.3 Reflectance

The HySICS instrument fundamentally makes a measurement of the reflected solar radiance
from the surface of either the Moon or the Earth [algorithm 6B]. Using the common radiometric
definition for reflectance as a ratio of radiance to irradiance, the HySICS instrument equation is:

Lopjt=t2 @) 3

Rop; (1) = m—L==2
obJ ESun,t:tZ (/1)

where L,pj t=r2 (1) is the spectral radiance of the measured object, as described in the previous
section, and Es,, ;=¢ (4) is the solar spectral irradiance, as described in section 5.2.1. The factor
of  is from the common reflectance definition, and is present to provide a uniform solid angle
over which the radiance is taken, making the reflectance unitless. Ideally, the solar irradiance
and object radiance should be measured simultaneously, as indicated by the t = t, subscript,
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although it does not need to happen at the same time as the previously mentioned Sg;, ¢=¢1 (1),
which is required for the instrument calibration.

Substituting the equations for L, r=r2(4) and C (1), the reflectance becomes:

S’obj,t=t2 (/1) .
85un,t=t1 (A)

ESun,t:tl (/1) 4

Ol(ﬂ.) e —
ESun,t:tZ (A)

Ropj(1) =

which has been rearranged to highlight the ratios involved. The first term is a pure ratio of the
HySICS- measured object radiance, in DN, to the HySICS-measured solar spectral irradiance, in
DN - sr. These two measurements cannot occur physically at the same time, since the same
instrument is used to make both, as indicated by the t; and t, subscripts. The attenuation factor,
a(A) is still required, since the instrument changes its attenuation configuration between the two
measurements. The final term, Egyp, ¢=¢1(4)/Esyn t=¢2(4), is a ratio of solar spectral irradiances,
measured simultaneously with the instrument solar spectral irradiance measurement (t = t;) and
the instrument object measurement (t = t,) [algorithm 6A]. The reflectance measurement has
units of 1/sr.

The value of the reflectance terminology is that if the solar spectral irradiance has not changed
between the HySICS SSI measurement and HySICS object measurement, the final term of the
reflectance equation, and associated uncertainties, drop out. The reflectance becomes a ratio
between the HySICS object and HySICS SSI measurements, with some additional
proportionality constants. This is a particularly powerful observation in the visible and IR
portions of the spectrum, where the solar spectral irradiance is likely quite stable for long periods
of time. Because of the lack of uncertainties associated with the solar spectral irradiance (from
the TSIS SIM measurement, and the spectral matching between the two instruments), the
reflectance formulation of the HySICS output has a lower uncertainty than the radiance
formulation.

3.1.2 Dependence on Solar Zenith Angle

In the above equations, the solar spectral irradiance is measured by the instrument on-orbit. The
light used in the reflectance ratio must be reduced due to the geometry of the land surface where
the reflected signal is being measured. The oblique solar incidence angle is given by the solar
zenith angle, 85,4, and the signal is reduced by cos 8s54. With this update, the full reflectance
equation becomes:

S,Obj,t=t2 (/1)

. . ESun,t:tl (/1) 5
Esunt=t1 (4) - cos Osz4

ESun,t:tz (A)

Ropj(A) = a(d) -m

The dependence on the solar zenith angle is applied to the reflectance in [algorithm 6B]. Further
equations in this document will assume the solar zenith angle without explicitly including the
term to highlight the ratios involved.
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3.1.3 HySICS Measurement: Detailed Equations

The following section is meant to elaborate on the high-level overview of section 3.1.1. It begins
with the detector equation and radiometry equations for the instrument to show that the
fundamental value measured by the HySICS instrument is radiance. It also investigates the on-
orbit calibration approach and describes the flat fielding techniques and the solar irradiance
measurement and the attenuation factor from a radiometric perspective. Ultimately, it shows
how to apply the solar irradiance measurement to the Earth- or lunar-measurement to create the
reflectance ratio and a radiance value. The steps detailed in this section are expanded to the
expected measurement techniques described in section 5.0. When applicable throughout this
section, the uncertainties associated with each step are noted, which informs the full uncertainty
description in section 6.0.

3.1.3.1 Detector Equation

The HySICS instrument uses a two-dimensional HgCdTe pixel array. Each pixel has the
physical description of a common detector pixel, given by equation 6 [6].

S = Py QE; Nppa " 0y " Appa - Arpg * Aapc 6

Where S is the measured value, chosen to use the same notation as equation 1, and is in the raw
camera units, DN (digital number) sometimes known as “counts”. Py represents the number of
photons incident on the pixel. The classic detector quantum efficiency (in electrons/photon) is
the combination of the next two terms, QFE; - ngp4, Which represent the interacting photons, and
the quantum yield, in photons/photon, and electrons/photon respectively. The next four terms
are all measurements of the detector gain, the sensitivity, a,,, in volts/electron, the FPA and FPE
gain terms, Appy * Appg, both in volts/volt, and the analog-to-digital conversion, A4pc, in
DN/volt. The unit equation is:

om = tpotons)- [z [ B B B
[DN] = orons Photon | |Photonl le~

The detector outputs a digital value that is proportional to the number of photons that are incident
on it. The proportionality constant, also called the pixel gain, is different for every pixel,
depending on microscopic differences in the pixel, which can affect the quantum efficiency, and

variations in the electronic chain that amplifies and produces a digital signal. The pixel gain is
shown in equation 7:

Gp = QF "Nppa 0y~ Appa " Arpe * Aapc 8

And the output value of a single pixel is given by:
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Sy = Gy~ Py 9

Several of the most important uncertainty contributions are manifested in the detector equation.
The incoming number of photons is inherently a noisy process, since the photons do not arrive at
even time intervals. The noise, commonly known as shot noise, becomes an equivalent noise
when converted to electrons. It can be inferred either directly from the number of photons, if
that quantity is known, but is usually calculated based on the number of electrons, as described in
section 6.5.2.2. In addition, all the gain terms add electronic noise, together known as read
noise. The read noise is the noise present in a measurement with no incoming photons, at an
infinitely short exposure time, to also eliminate the dark current and dark current shot noise
(section 6.5.1.2). It can be estimated for each pixel by removing all sources of light and using
the shortest exposure possible with a very cold detector to reduce the dark current. The dark
current itself is not a noise source, as it does not change from image to image, and can be
subtracted via dark image subtraction (section 5.1.3.10), but it adds a second contribution of shot
noise, called dark current shot noise. Finally, because the signal is digitized, there is a
quantization noise contribution. For a high-resolution detector, this noise source tends to be a
small total contribution, and is described in section 6.5.3.

All these noise sources are purely random, independent noise sources. They can always be
summed in quadrature to determine the total amount of random noise present on each pixel in an
image. In addition to the random noise sources, there are systematic uncertainties that can be
present in a detector measurement. These sources include sensor non-linearity, either in the
camera integration time, the gain, or electronic digital conversion of the signal (addressed in
sections 5.1.3.7, and 6.7.11), dark pedestal shift (described in section 5.1.3.5).

3.1.3.2 Radiometric Equation

Given that the output of the detector is dependent on the number of incident photons, it is
necessary to determine the number of photons that travel through the optical system to a single
pixel on the detector. This value can be found using equation 10, the radiometric equation for a
pixel-based spectrometer.

A 10
P, = L-(AycosB) -0, -A-n-—-t

hc
Where P# is again the number of photons incident on a single pixel, L is the object radiance, 4
is the input aperture area, 6 is the tilt of the input aperture, (2,, is the pixel solid angle (changed
from the previous (2,;x¢; to indicate that the solid angle is potentially different for every pixel), 4

is the spectral line width, 7 is the instrument efficiency, s the inverse of photon energy, and t

is the integration time. All of the units for each of these terms are shown in equation 11, written
in the same order as the radiometric equation:
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[ w
m?2-sr-nm

Photons] [Photon] 11

[Photons] = Photon [s]

m?] - [sr] - fam] - |
The object being measured is assumed to have a spectral radiance of L, given in SI units. This
object can be the Earth, the Sun, or the Moon for the HySICS instrument. Although the Sun is
generally discussed as an irradiance source, each small point on the surface of the solar disk
outputs a radiance. The total irradiance is the integral of all the radiance point sources across the
disk, and will be discussed in section 3.1.3.4.

The amount of light that enters the instrument is determined by the total area of the input
aperture, scaled by the reduction in area due to aperture tilt, Aycosf. For solar observations, the
input aperture is 0.5 mm in diameter, and for Earth and lunar views, the input aperture is 20 mm
in diameter. If the instrument is pointed directly at a target, the center pixel in the slit will have 0
degrees of tilt in the aperture, while the two edge pixels will have -5 and +5 degrees of aperture
tilt respectively.

The pixel solid angle, £2,,, is a description of how much radiance each pixel sees on the source
object. It is approximately 75 x 75 arcsec square, although each pixel projection is convolved by
the instrument point spread function. This term is expected to be different, and not perfectly
square, for every pixel. It is measured for each pixel over the full operating temperature range,
as discussed in [2].

The light that enters into the instrument is reflected off 7 different aluminum mirrors, an
aluminum-coated grating, and transmitted through an order sorting filter before being incident on
the detector. All of these reflections and transmissions reduce the instrument efficiency, 1. This
term is a description of the fraction of light that reaches the detector for each pixel. Like the
solid angle and the aperture tilt, it is expected to be different for each pixel.

The light that reaches the detector has been spectrally dispersed in the across-slit direction by the
grating. Each pixel column only sees the amount of light that is spectrally available at the
column location, with a spectral width defined by A. From a unit-analysis perspective, this term
is used to cancel the “per-nm” present in the input radiance term. It represents an integral due to
convolving the pixel spectral width with the instrument line shape (ILS), in a similar way as the
pixel solid angle is convolved with the instrument point spread function. Like the previous
terms, it can also be different for each pixel, simply due to slight variations in the optical system
and grating efficiency for each pixel.

yl . . . .
The - term is the number of photons per joule, or the inverse of the energy per photon. It is
used to transform the power in the input radiance to number of photons at the detector.

The final term in transforming power to number of photons is the integration time, ¢, which must
be present to define the amount of time that photons are collected by the detector.

It is now possible, through a combination of equations 9 and 10, to describe the pixel response
based on the input radiance, integration time, and aperture area, as shown in equations 12.

LA
Sy = Gn-<ﬁ-t-A0>-.(2n-/1n-nn-coan

12
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Where the dependent terms, L, t, and A,, have been grouped for clarity. All the other terms are
assumed to be different for every pixel, and have been assigned the subscript n to indicate this
variability. In addition, the pixel solid angle and the spectral line width terms could be replaced
by their integrals to indicate that they are spatially and spectrally varying terms respectively.

The uncertainties in the radiometric equation are all as expected: uncertainty in the aperture area
and tilt, uncertainty in the pixel solid angle, spectral line width, instrument efficiency, center
wavelength of each pixel, and integration time. Many of these uncertainty quantities drop out of
the analysis because of the common-mode measurement made by the HySICS instrument, or are
directly measured as part of the instrument attenuation factor, as will be described in the next
several sections.

3.1.3.3 Flat Field Measurement Equations

The expected variation in all the pixels, shown by all the terms with the n subscript in equation
12, will be measured and calibrated out of the science measurements. The on-orbit calibrations
used to achieve this measurement is called the flat field, and consists of putting the same amount
of light on each pixel within the slit [algorithms 8A - 8B]. This concept implies that a constant
source is scanned along the slit. The technique and algorithm are described in section 5.2.2. The
idea is that if the same amount of light (radiance) is put on each pixel, then variations in response
from pixel to pixel are due to variations in the gain, solid angle, spectral line width, instrument
efficiency and input tilt.

The amount of light on each pixel is given by a variation of equation 12:

13

LoA

Sp = G".(hc t-A0>-.(2n-/ln-nn-cos€n

Where the input radiance has been replaced by a constant radiance, Ly. All the terms in
parenthesis are expected to be constant for every pixel in the slit during a flat field scan.

The object of the flat field scan is to determine the variations in each pixel response compared to
an average pixel response for the whole column of pixels, in each column on the detector. The
flat field correction to pixel n is given by equation 14:

— 1 14
Sn _ NZnSn

[ =

Se  Sq

Where ff, is the nth pixel correction factor, and the bar notation indicates an average response
over all N pixels in a column. This correction factor will be used to scale the measurement value
on the pixel in question. If the pixel has a lower response than average, the correction factor is
larger than unity. If the pixel has a higher response than average, the correction factor is less
than unity. The average flat field correction factor for every column will, by definition, be unity.

The expanded form of the flat field correction factor is given by equation 15:
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ff= L
G, (f?c t- A)-.Qn-/ln-nn-cosen
Gcol

- Gn -2, A, -1, cosO,
Where G, 1s the average “gain” of a column:

16

1
Geor = N (Gn Ay My COSQn)
n

. o DN —
The units of G.,; are [ ] - sr -nm. Note that G,,; is a constant for each column of the

Photon
detector. In addition, note that this term is constant even if the pixel solid angle and spectral line

width are replaced by their integrals.
To apply the flat field to a single pixel, equation 17 is used:

—_— LA 17
S Geor " Gn (hC t-A ) Ay Ay Ny cost, _ (L/l LA )
[ Sn= Gp 0y - Ay 1y, - COSO, — el \pe 0

The unit analysis is shown in equation 18:

[DN] = [Pfifon ST nm] . ([mz ':':-nm ' P};(;t.():s] “[s]- [mz]) 18

After combining constants G, and 1nt0 a single constant, G o= Gcol Equatlon 17 can be

re-written as equation 19:
ffn'Sn:G,col'L'AO't 19

This is a convenient notation, since it codifies an output level for each pixel based on an average
gain value for the whole column, an input radiance, aperture area, and integration time. As
described in section 5.2.2, the instrument is designed to perform two flat field measurements:
one for the larger, Earth-viewing aperture, and one for the smaller, solar-viewing aperture. The
two flat fields will produce different flat field corrections, depending on the aperture used. They
are mathematically identical, although the constants are different for both, as shown in equation
20 and 21:

ob] ff obj = G’col ' Lobj " Ao "ty 20

Sun ff 05 “Ssun = H,col *Lgyn ~Aos " tos 21
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The two gain terms, G',,; and H',,;, are for the Earth-viewing aperture and solar viewing
aperture respectively, and the following terms indicate the radiance source, the aperture area, and
the integration time.

The flat field measurement contains all the uncertainties from the radiometric equation combined
in the gain terms, as can be seen in equation 16. There is a hidden uncertainty in the flat field
measurement, though, in the L, term in equation 15. This is the term that indicates the same
radiance is incident on each pixel. If, however, there is not the same radiance, any variation will
be mistaken as gain variation in the pixel response. Many of the uncertainties contributors
pertaining to the flat field measurement are an attempt to quantify this variation, including
pointing errors during the scan, aligning the scan data peaks on each pixel, as described in
section 6.7.21, and spectral distortions in the optical system. In addition, all the uncertainties
associated with acquiring FPA images are present in the flat field measurement.

3.1.3.4 Solar Spectral Irradiance Measurement Equations

Since both the radiance and reflectance observations are dependent on the incoming solar
irradiance, described in equations 2 and 4, it is necessary to also determine the HySICS
measurement of solar spectral irradiance [algorithms 7A - 7D]. To obtain the irradiance of an
object is obtained by integrating the radiance measurement over all solid angles, shown in
equation 22:

22
Esun(1) = f Loun(hy 2)09

Osun

Where Eg,,,, (1) is the solar spectral irradiance, and fg,,,, is the full solid angle subtended by the
solar disk. For a digitized version of the integral, equation 23 is used:

_ 23
ESun,Imager = Z Z LSun,n,i ' Qn,i
n i

Where the Egyn imager indicates the irradiance measured by an imaging instrument, shown
schematically in Figure 6:

0, ; (Pixel solid angle)

v

1

Figure 6. Schematic representation of digitized integral over solid angle of the Sun.
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The HySICS imager spatial direction is parallel to the slit, and represented by n, the pixel
number within a column. The orthogonal direction, composed of images taken while the slit is
scanned across the Sun, is indexed by i, indicating an image number. Each pixel in the image
covers a solid angle denoted by 2, ;.

The HySICS instrument grid spacing is nearly regular in the n direction, but consists of quite a
bit of overlap and irregularity in the i direction due to the acquisition cadence and 2-axis
pointing system (see section 5.2.1). Instead, the images are acquired as shown in Figure 7:

I Qi Pushbroom
E || " NEE ' Scan Direction
Ne] IR f“' i L] |
El - il
= ||
E [ .
5 Measurement Oversampling
o ||
o [ -
gl | i
e i (image number)
HySICS Slit i (imag )

Figure 7. HySICS instrument solar scan with pixel overlap in the across-slit direction due to acquisition
cadence and scan rate.

The amount of overlap between neighboring images is given by equation 24:

0 0 24
Y=y 7170,

Where v is called the overlap, or oversampling, factor, (2, is the across-slit field-of-view for each
pixel in radians, r is the scan rate, given in radians per second, T is the acquisition cadence, set
to 1/15" of a second for CLARREO HySICS, and £2,, is the across-slit angular motion of the slit.
For the general case of arcing scans the oversampling factor varies for each pixel along the slit,
and must be considered separately for each pixel.

For the HySICS instrument, the total digitized integral of the solar irradiance is scaled by this
overlap factor, as shown in equation 25:

Erot S's i , 25
Esun = > = Z Z . -Qn,i = Z Z S Sunn,i’ 'QM,n,i ! 'Qll,n,i
)4 —l & Yn -

n 2

Where S'g,5 nysics indicates the HySICS-based pixel measurement of the ideal Sun
measurement, S’g,,,,, and ¥, is the n™ pixel overlap factor. In words, if all the pixels from all the
images of a solar scan were summed, the total irradiance would be larger than the real irradiance
by the overlap factor, and would need to be reduced by that factor.

The pixel solid angle is separated into its perpendicular component in equation 24 to enable a
combination with the oversampling factor. The small-angle approximation of the pixel
oversampling factor is shown in equation 25:
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.Q%.QJ_'.Q" 26

Where (2, and (2, are the perpendicular and parallel field-of-views, in radians. For small angles
of 75 arcsec, the pixel angular width and height, the error in the approximation is 0.077 ppm,
calculated using the exact square solid angle from [16]. This amount of error is ignored in the
uncertainty budget.

When combined with the oversampling factor, the pixel solid angle can be written:
This becomes a convenient representation for the HySICS instrument because it directly ties the

measurement to the observation values of the scan rate and acquisition cadence. This is also the
final component to describing the full HySICS solar spectral irradiance (SSI), with the steps

shown in equations 28 to 31.
28
Egyn = Z Z LSun,n,i ' Qn,i
n i

S sunni 29
ESun:ZZH’_ un,n,i i
n l

col *Aos * tos

1 , 30
Esun = — ’ Z Z Ssunni'V T T Quni
H o1 " Ags " tos P

1 , 31
Egyn = = ) Z Z S Sunn,i " 'QM,n,i ) 'Qll.n,i
H'cop - Ags " tos 444

Where equation 28 begins with the definition shown in equation 23. Equation 29 adds the
measured value based on flat-field corrected radiance from equation 21 [algorithm 4B].
Equation 30 converts the solid angle into measurable components from equation 27 [algorithms
7A, 7D] . And equation 31 indicates that the HySICS measurement is being used, from equation
25.

In words, this equation indicates that the solar irradiance is dependent on the gain of each
column, the aperture area and the integration time. It also consists of the sum of all pixels in the
solar irradiance scan, both in the along-slit direction and for every image in the scan. The
measured pixel values are scaled by the scan rate and acquisition cadence and the along-slit
component of the pixel solid angle. The scan rate and the along-slit scan angle can vary for
every pixel. It should be noted that the average gain of the columns, H',;, is still an unknown
quantity, and this equation does not give an SI-traceable solar spectral irradiance. The precise
scan rate per pixel will be very well known, however, from the pointing platform.

The uncertainties present in the solar spectral irradiance measurement are still the same
radiometric quantities hidden in the gain term, and the FPA image uncertainties. The newly
present uncertainties include errors in the measurement of the scan rate, determined by the fine
sun sensor, described in section 6.7.13, the acquisition cadence, which is dependent on a highly
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stable electronic oscillator, and uncertainty in the along-slit pixel field-of-view, which is
measured in the lab, and described in the characterization and calibration plan [2].

3.1.3.5 Attenuation Ratio Measurement Equations

As shown in equation 1, the attenuation ratio is of equal importance as the solar spectral
irradiance for both the reflectance and radiance measurements. The attenuation ratio will be
measured in the lab over the full operating temperature range, as described in the
characterization and calibration plan, [2]. That measurement consists of placing a bright,
uniform radiance source with high spectral and temporal stability in front of the instrument and
measuring the instrument response with the large aperture and small apertures. With the
formalism introduced here, this measurement can be described with the following equations:

ffO = Sos =H'co1" Lo Ags " tos 32
ff2° 80 =G'cor" Lo~ Azg -t 33

Where the radiance term is L, the laboratory radiance source. The attenuation is a ratio of these
two quantities:

o= H' o1+ Lo~ Ags " tos  H'cor* Ags " tos 34
G'eor Lo Az tag  G'or Az tao

By using the ratio of the two measurements, the intricacies of the average column gain terms are
folded into a single measurement. This attenuation factor represents the ratio between the
average gain of the columns with the 20 mm aperture and the average gain of the columns with
the 0.5 mm aperture. When combined with the two flat field measurements, the attenuation ratio
describes how the response of each pixel changes for the two configurations of the HySICS
instrument [algorithms 5A — 5B].

The attenuation factor uncertainties include the common contributors from the FPA image
uncertainties. The complicated radiometric uncertainties are converted into a single measurable,
unitless quantity: the ratio of the instrument response for the two apertures. This indicates that
uncertainties in the measurement, such as temporal uncertainty in the light source radiance, L,
and spatial non-uniformity in the radiance between the large aperture and small aperture
measurements must be included.

3.1.3.6 Reflectance Measurement Equations

Starting with the definition of reflectance:

Lobj 35

ESun

Rob]' =T

This formalism can now describe the HySICS measurement of each part of this equation. The
object radiance is generated from equation 20:
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S' b, 36

G'cor " Az tao

Lobj =

And the solar irradiance is re-written here, although the HySICS measurement subscript is
assumed:

1 37
Esun = — ’ Z Z S,Sun,n,i T Dy
H'cor " Aos “ tos P
The reflectance is then the ratio of these quantities:
R —r. S'onj H'cor - Ags " tos 38
_
o 2n2iS sunmi Cumi  Lini G ot Azo " tao
Where the attenuation factor can be directly substituted:
S obj 39

Robj = (04

" b
1A . . ‘ !
Zn Zi S sun,n,i JzM,n,i II,n,i

This is a per-pixel calculation of the reflectance of an object, either the Sun or Moon, based on
the HySICS measurement, S',,; [algorithm 6B]. The appropriate flat field correction has been
applied to each measurement: either the object radiance or the solar irradiance. The attenuation
factor, a, is dependent on the wavelength, as indicated by the col subscripts in the gain terms.
The scan rate and along-slit solid angle are both functions of the pixel location within the slit,
and the image cadence, T, is constant for all pixels. Equation 39 is a completely defined
equation, with all terms known, and provides the reflectance in SI units of sr”!. It is important to
note that the across-slit solid angle component drops out of this equation. The reason it does not
need to be included is that the HySICS measurement of the solar irradiance is physically scaled
by the across-slit solid angle term.

The uncertainties of each of the components of equation 39 have been addressed in earlier
sections.

3.1.3.7 Radiance Measurement Equations

In order to convert reflectance to radiance in SI-units, the known solar irradiance term is must be
applied. Rather than deriving the radiance equation, it is easier to use a ratio technique that
builds off the definition for reflectance equation 35, and the HySICS-measured quantity in
equation 39. This yields the equation 40;

Lobj _ S,obj 40

Vs =T1" a
/ . .
ESun Zn Zi \) Sun,n,i -QM,n,i -Qll,n,i

Where the left-hand side is a ratio of quantities in SI-units, and the right-hand side is the
previously derived reflectance, a ratio in native instrument DNs. In this case, E,,,, is the same



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 20

irradiance used in equation 2, and can be taken from another instrument, such as TSIS SIM.
Rearranging terms gives the radiance in SI-units, equation 41 [algorithm 6C]:

!
L B S obj 0 E 41
obj — - - @ Esun
ZnZiS’Sun,n,i QM,n,i -Qll,n,i

The methodology for using another instrument’s irradiance data is described in section 5.2.1.5.
Note that all the terms from equation 1 are now present in this formulation. The unit conversion
factor is given by:

_ ESun _ ESun 42
C= - ’
ESun Zn Zi S sunn,i -QM,n,i ' -Qll,n,i

And the HySICS-measurement of the object, S',p;, and the attenuation factor, a, are in the

expected locations. This derivation is for each pixel, n, which each have a known, fixed
wavelength, so the wavelength dependence of equation 1 is omitted from this equation.

The uncertainty in the radiance measurement must include the uncertainty in the solar spectral
irradiance measurement in SI-units. This is dependent on the uncertainty of another instrument,
such as TSIS SIM, and can have a large increase in the overall uncertainty value when compared
to the reflectance measurement. This contribution is not addressed in this document but can be
found at [5]. In addition, matching uncertainty to ensure that the two solar spectra are directly
comparable is necessary.

4.0 Data Products

The data products generated by the HySICS instrument will be stored as described in [19] with
the goal of providing enough information for the inter-calibration of other on-orbit instruments
[8]. There are three levels of data products to be generated by HySICS. Level 0 contains the
unprocessed instrument, telemetry, and ancillary data. Level 1A contains the ground and lunar
scan data converted to radiance and reflectance units and associated calibration data products.
Level 1B contains the ground and lunar scan data converted to the radiometrically-calibrated
data cubes gridded on desired spatial and spectral scales.

4.1 Data Product Terminology

To facilitate discussions of the data products, the terminology laid out here will be used in this
document.

4.1.1 FPA Image

An FPA image is used to represent the spatial/spectral image generated by the FPA (focal plane
array). An example FPA image is shown in Figure 8. In general, if the ambiguous term “image”
is used, it will be referencing an FPA image. All data values in an FPA image are in DNs.
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The FPA image in the data product will consist of 160 rows of data in the spatial dimension. The
detector outputs 480 rows, but every 3 rows are averaged into a single pixel for an FPA image.
The spectral dimension consists of 638 columns of data. The detector itself outputs 640 columns
of data, but the first two columns of data are dark image information, will not contain any signal
from the object or calibration scene.

<10% 5 5
2
815
1
0.5
0

Spectral (0:637)

Figure 8. An FPA image.

Spatial (0:159)

4.1.2 Composite Image

A composite image is used to represent a spatial/spatial (or spatial/temporal) image. This is an
image that is generated by taking a slice from multiple images of an across-slit scan (most likely
an Earth or lunar scene) and combining them into an image. The image can be a single
wavelength, at any available wavelength bin, or an RGB (red, green, blue) image where any
wavelength can be used for each of the three colors. An example composite image is shown in
Figure 9.

A composite image uses the spatial scale from the FPA image, and so still has 160 pixels in one
dimension. The other spatial dimension depends on the number of images used in the composite.
For example, if all images in a 2000 image scan are used, there will be 2000 pixels in the second
dimension.
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Figure 9. A composite image.

4.1.3 Scan

A scan is a sequence of FPA images. The number of images can be as small as 1 to as large as
thousands.

4.1.4 Datacube

A datacube is a spatial/spatial/spectral data set. It could also be defined as
spatial/temporal/spectral data set. In data-space, it represents FPA images that are stacked
vertically like slices of bread in a loaf. It also represents composite images that are placed on top
of each other. An example datacube is shown in Figure 10. In this representation, the vertical
dimension is spectral, with 638 pixels, the narrow dimension is spatial, with 160 pixels, and the
wide dimension is spatial (or temporal) with the same number of pixels as images in a scan. The
image on the top face of the datacube is an RGB composite image used to visually identify the
contents of the datacube, and would not be present in the data set itself.
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Figure 10. A datacube representation.

4.2 Level 0 Data Product

The level 0 data product is meant to contain all of the science and telemetered data in the most
unprocessed form available, the raw images, represented in DN, taken by the sensor, and the
telemetry data associated with them. The data transmitted to the ground has already undergone a
minor amount of post-processing, however, in order to reduce the data size and enable more
efficient data collection. The raw flight data must be compressed using a lossless JPEG
compression engine and transmitted to the ground in its compressed form. To achieve adequate
compression, the data must also have the constant sensor variation, or FPN (fixed pattern noise),
subtracted from the images, and to ensure that the resulting FPN subtracted images do not have
any negative values, since all sensor data is represented by a 16-bit positive value, a known

offset is added to each image. The flight processing data processing flow chart is shown in
Figure 11.

Known offset to
prevent negative data

[
FPN J ‘ Lossless JPEG | ‘ :
Raw Im age Subtraction + N compression Downlink

Figure 11. On-orbit processing flow chart for the image data.

Once on the ground, the data will be reconfigured to its original form. It will be uncompressed
using the complimentary JPEG uncompression algorithm, the offset will be removed, and FPN
will be added back into the images. This series of processing steps is shown in Figure 12. The
resulting image data is exactly the same image data that was acquired by the instrument. In
addition, the original, compressed images will not be saved to minimize storage capacity.
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Figure 12. Processing steps to convert image data back to unprocessed values. The resulting images are in the
level 0 data format.

The primary level 0 data set contains a series of these individual FPA (focal plane array) images.
It will contain all science scans of the Sun, the Moon, and the ground, which will be interspersed
with calibration scans of the Sun and the Moon, and internal calibration scans, including the Pen-
ray and dark images. Additionally, every image will be time-tagged so that it can be put in
sequence with telemetry data and location information from the ISS. The telemetry data will
consist of all instrument temperatures, pointing information from the HPS (HySICS pointing
system), and pointing and location information from the ISS, and also have associated timing
information.

4.3 Level 1A Data Product

The level 1A data product consists of all the ground and lunar scan data converted to calibrated
reflectance and radiance units, sr~1 and W/ (m2 - sr - nm) respectively. Both these products

are available and stored separately. At this level, all the calibration data has been applied to the
image data, and is stored in an accessible form as well. The image data consists of sets of all
contiguous ground scans, which may be part of a nadir scan, an inter-calibration scan, or a
vicarious calibration site, and lunar cross-slit scans. The calibration data will be stored and
processed separately. In addition, the corresponding uncertainties, separated into systematic and
random, are available for both reflectance and radiance data products. The uncertainties contain
a single value for each pixel of every image, representing the fractional uncertainty present in
that pixel’s measurement data. A schematic representation of the level 1A data product is shown
in Figure 13. In this figure, the two dimensional data is shown as a sheet, and one dimensional
data is shown as arrows. The sizes of each are intended to show a representation of the amount
of data stored for different parts of the data product.
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Figure 13. Schematic representation of the level 1A data product

The images in each scan are grouped together in the level 1A data, and labeled with scan type
and notes which may include data quality or imaged features. Scan type can include nadir,
intercal, or lunar, and may include a “preliminary” tag if they are produced before the data

product release date.

All the image data in this product is again time-tagged so it can be sequenced with other events,
such as pointing and temperature telemetry. This effectively creates a vector with one element
per image of the scan. The time value will likely be in UTC (Coordinated Universal Time).

Each pixel within the slit will be geolocated, producing a pair of geolocation vectors for each
image. The vectors will have 160 elements, the same as the number of pixels in an FPA image
column. The vectors will contain latitude and longitude coordinates for Earth scenes, and RA

(Right Ascension and Declination) for lunar scenes.

In order to compute the geolocation data for each pixel in the level 1B data product, all
geolocation data will also need to be computed in the level 1A data product. This information
will be available in the level 1A for users to grid data on a different grid spacing than the level
1B data if they desire. There is a small uncertainty associated with gridding the data, and doing
it twice (re-gridding after the level 1B data has already been gridded) will likely increase the
measurement uncertainty. If the user intends to re-grid the data, it may have slightly lower
uncertainty if they start directly from the level 1A data set. The geolocation algorithm is

discussed in section 4.4.1.
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Two field angle vectors will be provided with each image. The field angle vectors represents the
angular position, in inclination and azimuth (TBR), of the center of each pixel in the slit.

Two solar zenith angle vectors will be provided for each scan as well, with one element per
image within the scan. They represent the solar direction during the image acquisition.

In addition, three instrument location vectors, using GPS coordinates, will be provided with each
scan, again with one element per image. The combination of GPS coordinates, geolocation, and
field angles is redundant, since the third value can be found if the other two are known. The
three are provided for convenience.

Each scan also contains a wavelength image, a two-dimensional map of the center wavelength of
each pixel on the detector, provided in nm. The wavelength scale may shift due to thermal
variations while on orbit. This shift will be measured via a Pen-ray measurement (see section
5.2.3). Additionally, optical distortions will cause the wavelength to shift slightly for different
pixels within the slit, which will also be apparent in the Pen-ray measurement. The wavelength
scale will be measured periodically to monitor the thermal shifts and optical distortion, and
determine the wavelength of each pixel in an FPA image.

Lastly, a vector containing the solar spectral irradiance, in SI-units, at the time of the scan, or the
closest available one, will be provided. Every reflectance and radiance value must be corrected
for any temporal changes that occur in the solar spectrum between the HySICS SSI measurement
and the science measurement. This correction relies on knowledge of the SSI at the time of the
scan, as indicated in equation 4. The full version of the SSI data is stored with each scan rather
than a single pointer to ensure that the relevant SSI data set, which would otherwise not be part
of the CLARREO data product, is not lost or changed.

Pointers to the HySICS-measured calibration data sets will be provided to enable re-computation
of each scan. These pointers will specify the flat field, dark images, SSI scan, thermal
corrections, Pen-ray measurement, and lab data associated with each scan. It is important to note
that each of these calibration data sets will also point to the calibrations used with them, creating
a dependency tree shown in Figure 14.
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Figure 14. Level 1A data product dependency tree. Primary branches are color-coated to assist in
visualization of tree.

Both radiometric products will also have an associated uncertainty for every pixel. The
uncertainty value will be given as a fractional uncertainty of the total signal measured by that
pixel. It will also be separated into two independent terms: the random and the systematic
uncertainty for each pixel, 0rgngom and Osystematic- The random uncertainty will be reducible
through averaging multiple pixels together, and will reduce as the square root of the number of
pixels used. The systematic uncertainty will never reduce through averaging. The total
uncertainty of a pixel is found by summing the two terms in quadrature: o;y¢q; =

\/ aszystematic + 0% ndom- This total uncertainty is not stored with each image, but left for the

data consumer to calculate, and adjust based on the number of averaged pixels, if desired.

4.3.1 Level 1A Data Processing Steps: Science Data

The level 0 data product must undergo multiple steps before conversion to reflectance or
radiance values. The data type is either calibration data (solar scans, flat fields, or Pen-ray sets)
or science data (ground or lunar scans), and must be processed accordingly, although many of
the steps required by both data types are similar. A representative flow chart of the level 1A data
processing for science data is shown in Figure 15 (the full version is shown in Figure 1).
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Figure 15. Level 1A abridged science data processing flow chart.

The zero-level of the FPA has been observed to have a slight variation, called the dark-pedestal
shift, which occurs in two ways: on each row, and dependent on the total signal within that row,
and for the full sensor, and dependent on the total signal on the sensor itself. The full-sensor
correction, also called the background level correction (section 5.1.3.5corrects for the change in
background level based on total power on the sensor. The correction is an adjustment of the zero
DN level which may have a small decrease that is proportional to total detected power.
Algorithms 1B, 1D, and 1E all address this shift. In addition, a convenient correction, the true-
dark correction [algorithm 1C], is also applied in this step. It represents a subtraction of the
fixed pattern noise, the expected signal at an integration time of zero. This subtraction enables
many of the following corrections and uncertainty estimations to naturally reduce to zero at a
zero signal, instead of an arbitrary offset. Note that the true-dark signal is also present in the
dark images, and gets properly re-introduced in the dark subtraction step.

Electronic temperature corrections, including both the FPA and FPE thermal corrections, are due
to electronic components that slightly change their response due to temperature changes
[algorithms 2A, 2C]. For example, the FPE’s temperature sensitive components include the
analog to digital converters and amplifiers. The FPA’s temperature sensitive components are the
line-driver amplifiers on each pixel column output. As a result, the signal offset and gain can
vary a small amount due to FPA and FPE thermal variation. This variation is quantified and
used to correct the signals during these steps of the processing.

The FPA linearity will be measured on the ground [2], and a correction will be applied to the
data if necessary (section 5.1.3.7) [algorithm 2B]. This correction is primarily dependent on the
signal level of each pixel on the sensor, and serves to linearize the sensor dynamic range. It will
be a pixel-by-pixel correction, but will be applied in the same way for every image in a scan, and
likely for every image during the entire mission.

If the temperature of the instrument changes during the course of the scan, however, there is an
additional signal contribution due to blackbody radiation (section 5.1.3.9). The baseline level of
blackbody radiation is captured by dark images, and removed during the dark image subtraction
step, but this cannot account for changes in the blackbody background signal. This signal is
studied at different temperatures whenever a dark image is acquired, and the amount of
blackbody background will be correlated with instrument temperatures in order to predict its
contribution for every image of a scan [algorithm 3A].
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Every image will have an associated dark image (section 5.1.3.10), which represents the zero DN
reference level with the instrument in the same configuration as for the science data scan.
Ideally, when the dark image is subtracted from the image data, a zero DN signal represents no
light on a pixel [algorithm 3B].

The blank aperture correction (section 5.1.3.11) to the dark image is a measurement of how
much extra light the blank aperture itself is adding to the dark image. The dark images must be
corrected for this additional light, which is measured during a dark-space observation [algorithm
3CI.

The 20 mm flat field correction (section 5.2.2) is applied at this point. The flat field itself is
measured on-orbit, and must be generated prior to this application. The flat field is a
measurement of the variation in the pixel gain for each pixel, and is used as a pixel-by-pixel
multiplier on the image data. Every image in a data set will use the same flat field correction
[algorithm 4A].

The instrument also has additional physical changes due to thermal variations, including the
aperture area changing size, and the f/# of the input telescope (the 4MA), changing slightly
[algorithm 2D, 2E]. Both the physical area of the input aperture, and the radius of curvature and
position of the telescope mirrors, changes based on the CTE of aluminum. Both corrections are
full-image corrections on all pixels of the FPA.

The data must be properly scaled by the attenuation ratio in order to compare solar
measurements and nadir science measurements. There are two attenuation factors that HySICS
uses to be able to observe the Sun: a shorter integration time, and a smaller aperture. Both, or
either of these factors can be applied to the reflectance data or to the SSI data. To reduce passing
of telemetry between different pipelines, the integration time attenuation is applied to both the
reflectance data and the SSI data sets. They are both scaled to the signal expected at an
integration time of 1 RT (row time) [algorithm 5A]. This scaling effectively divides the
measured signal by its integration time, changing it to a measurement of total flux. The aperture
ratio is only applied to the SSI scan, effectively changing it to the signal that would have been
measured had the large aperture been used.

Although not a correction, it is important to determine the wavelength scale of each image based
on Pen-ray data (section 5.2.3). The wavelength scale is expected to make small movements due
to thermal variations during the flight. Both the reflectance and radiance are dependent on
wavelength, and require an accurate wavelength scale to be converted from DN to SI units
[algorithm 10A].

It is also important to collect the co-temporal TSIS SIM SSI data set while the pipeline is being
processed [algorithm 6A]. This data is necessary to calculate the temporal variation described in
equation 5.1.3.16.

4.3.1.1 Conversion to Reflectance Data Product

After the steps outlined in section 4.3.1 are completed, the data must be converted to the final
data product output, the reflectance and the radiance [algorithm 6A, 6B]. The reflectance data
product flow is shown in Figure 16.
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Figure 16. The reflectance data product flow.

The input to this stage is assumed to already have been conditioned via the steps outlined in
Figure 15. At this point, the steps indicated in equations 4 and 39 are followed. The attenuation
ratio was already applied to the data in the form of the integration time scaling to a unit value.
The aperture ratio is applied to the SSI data set. Both of these quantities are measured in the
laboratory before launch [2]. The application of the attenuation factor allows the solar
measurement data to be directly compared to the science object measurement data. The solar
temporal ratio scales the reflectance data by the ratio of the TSIS SIM SSI taken simultaneously
with the reflectance data and the TSIS SIM SSI taken simultaneously with the HySICS SSI scan
[algorithm 6A].

The ratio with solar irradiance occurs next [algorithm 6B], and must be scaled by the solid angle,
which occurs implicitly in the SSI data product. As described in equation 39, the solid angle
scaling reduces to the along-slit field-of-view for each pixel, the acquisition cadence, and the
scan rate, or per image motion of the instrument [algorithms 7A, 7C]. The result is scaled by the
temporal solar variation, to account for solar spectral changes between the time when the SSI
was measured and the time of the science object measurement (equation 4).

Binning (averaging) every three pixels in the spatial direction (section 5.1.3.19) occurs after the
final calculation of reflectivity. This step changes the image size from a 480x640 pixel image to
a 160x640 pixel image. The binned spatial pixels will be close to the desired 500 m width from
the ISS when pointing nadir. One of the primary benefits of this step is the data volume
reduction, but it also helps reduce the some of the random image uncertainties by a bit [algorithm
1F].

4.3.1.2 Conversion to Radiance Data Product

The radiance data product flow is shown in Figure 17, based on equation 41.

N ~ 7~
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|—> —
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Ratio of two different From ratio of TSIS
TSIS SIM data sets SIM SSI and
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Figure 17. The radiance data production flow.

It also assumes that the input data has been conditioned as described in Figure 15, and contains
the same steps as the reflectance data product, including the application of the attenuation ratio in
the form of the integration time, which occurs in the previous Level-1A flowchart, and aperture
ratios, which occurs in the SSI data product. The ratio of the TSIS SIM solar spectral irradiance
with the HySICS solar spectral irradiance, again with the solid angle applied, determines the unit
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conversion factor from equation 42. The unit conversion factor is a calibration of the instrument,
and represents a conversion from the native DN to irradiance units. As such, the solar spectral
irradiance variation between SSI and science object measurements is not needed for the radiance
data product, unlike for the reflectance data product.

4.3.2 Level 1A Data Processing Steps: Calibration Data

The calibration data required to convert the ground and lunar scans into reflectance and radiance
values will also be available in the level 1A data product. This calibration data consists of solar
irradiance scans (section 5.2.1), both types of flat field scans (sections 5.2.2.4 and 5.2.2.6), dark
field measurements (section 5.1.3.11), and Pen-ray acquisitions (section 5.2.3). There will also
be some infrequent calibration or verification activities that may fall into this category, including
linearity measurements (section 5.3.3), aperture ratio measurements (section 5.3.4), lunar or solar
limb scans (section 5.3.1), and degradation measurements (section 5.3.2).

The SSI scans require all of the same steps as the nominal science data, and also include the
integration steps detailed in section 5.2.1.1. In addition, the aperture ratio attenuation factor is
applied to the SSI data [algorithm 5B], which transforms the SSI data to what it would be if it
had been taken with the large aperture. The integration time is similarly scaled to a value of one
[algorithm 5A]. The flat field scans follow the same steps up to the application of the flat field,
where they deviate and the data is used to generate the flat field correction. Similarly, the Pen-
ray measurements contain all of the corrections, including the flat field correction, but not the
application of the attenuation factors. The dark sky calibration sets do not include the flat field
application, since it is a correction used on images that have light. In addition, the SSI and flat
field scans can be generated using two sets of acquisitions: a nominal unsaturated scan of the
Sun, and a saturated scan of the Sun, where spectral regions that did not contain as much power
are stronger. These flat fields are merged, creating a single, completely unsaturated scan that has
higher signal strength across the full spectrum (section 5.2.1.4).

4.3.2.1 Dark Image Calibration Data Product

Dark image subtraction is an important component to all science data processing and calibration
data processing (section 5.1.3.10). All dark images will undergo the same processing steps, and
incur the same types of uncertainty contributions as the science acquisition images. 250 dark
images will be acquired both pre-and post- scan for every scan run by the instrument. By
obtaining this number of dark images, the independent noise sources, including read noise,
thermal shot noise, dark current shot noise, and quantization noise can all be reduced through
averaging. In order to apply the dark image subtraction to a data set, the dark image will be
interpolated temporally over the full acquisition time. Ideally, there are no trends to the dark
image, which would mean that the dark image associated with every FPA image is identical, and
equivalent to the average of all 500 dark images acquired. If there is a trend, the dark image
interpolation will estimate the true dark image value for each image within a data set, but still
contain some amount of averaging depending on the fit function.

In addition to the 500 dark images, every image will also contain two rows of dark data, which
have purposefully been blacked out to observe dark trends during the scan acquisition period.
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The correction that uses these two rows is called the two-row correction [algorithm 1B], see
section 5.1.3.2. Most electronic trends or noise will be present on these rows, and provide a way
to make a correction for electronic variations. In particular, the sensor, being on an independent
clock, can have a timing jitter associated with the start acquisition signal arrival time. The dark
row value addresses this source of noise.

The schematic of the dark images is shown in Figure 18. The level 0 data product, represented
by the stack of images on the left, contains all the measurement scans, color-coded to represent
different types of scans. For every one of these scans, there are 500 dark images, represented by
the gray images before and after the expanded scan (green). The dark rows are represented by
the two black lines on the side of each image in the scan. The center cartoon indicates that the
dark images are interpolated through the scan set temporally, generating a dark image associated
with every FPA image of the scan.

Also shown in Figure 18 is a blank aperture correction data set (section 5.1.3.11). The blank
aperture correction is a small correction to each dark image based on the temperature of the
blank aperture and measured amount of light that the blank aperture adds to the instrument. The
creation of the blank aperture image occurs in algorithm 9A, and the steps are described in
section 5.1.3.11. The blank aperture correction will be a single image, possibly scaled based on
temperature trends and flight data from the dark sky (also known as dark field, cold sky or blank
aperture) scan that is subtracted from each dark image.

The level 1A data set for the dark image calibration associated with each scan will contain the
interpolation equations for each pixel and the timing of each image of the scan. It will also
contain a pointer to the dark sky scan used for the blank aperture correction. There will be
enough data to reconstruct the dark images used for each data set at each FPA acquisition.



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 33

250 Dark  Science Scan (Intercal, 250 Dark
Level 0 Data Product Images Nadir, Lunar) Images
:"ZZ%
== T
2

Pixel-by-pixel Interpolation

“pirArdrdch-hArdric e hch-h A dr ic -
(or Averaging)

Dark Subtraction

&

Blank Aperture Correction
il il '

Figure 18. Dark image subtraction calibration data product.

4.3.2.2 Flat Field Scan Calibration Data Product

The flat field scans consist of images that show the response of each row of pixels to the same
radiance input, described in section 5.2.2.3. The goal of the data processing it to determine the
response, or gain, of each pixel compared to the average response of all pixels within its column.
The complete flat field processing steps are shown in Figure 3. There are two types of flat field
scans, the 0.5 mm aperture flat field, and the 20 mm flat field. For the 20 mm flat field, there is
an additional step of applying a correction for the transmissive diffuser BTDF (section 5.2.2.2).
The BTDF is measured in the lab and is represented by a single correction value for each pixel
row of a raw FPA image, before the 3-pixel binning. It will contain 480 values that will be used
to directly scale the amount of light on each pixel row.

The result of each flat field scan is a single image that represents the flat field scaling for each
pixel in an image. It will have 480 x 638 values, and each pixel in an FPA image will be
multiplied by the corresponding flat field correction value [algorithm 8A, 8B]. The flat field
map will be stored in the level 1A calibration data set. The flat field data products will also have
calibration data sets associated with them, including dark images and their associated blank
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aperture correction, thermal corrections, and will use lab data, such as the FPA non-linearity
correction, and the corrections for the aperture and FPE.

4.3.2.3 Pen-ray Measurement Calibration Data Product

The Pen-ray calibration (section 5.2.3) is the primary method for determining the HySICS
dispersion. It uses the known atomic spectrum from a Pen-ray lamp and compares it to the
measured spectrum from the scan. The scan will consist of 500 dark images, and 1 minute of
Pen-ray images. The Pen-ray images will be dark image corrected and corrected for blackbody
radiation trends, but do not need to go through many of the other corrections since a precision
power level is not required for the Pen-ray analysis.

The atomic spectrum of the Pen-ray slowly changes from argon lines, when it is cold, to mercury
lines, when it is hot, and it transitions over the course of approximately 45 seconds. The required
lines come from both species, which means that images will be used from different acquisition
times during the measurement. Several images will be averaged together for each portion of the
acquisition used.

Ideally, the wavelength of each column is equal, but in a real optical system, there is usually a
small amount of distortion that changes the wavelength scale on different rows. As a result, a
wavelength map is necessary to determine the wavelength at each pixel. This map will be a 160
x 638 pixel image, and will be stored with each of the level 1A science data scans [algorithm
10A]. While many scans may use the same Pen-ray dispersion map, it is integral to every
science image that HySICS acquires, making the storage redundancy worthwhile. It must be
used by every consumer of the HySICS data, while all the other calibration data sets do not need
to be used unless one is re-calculating or confirming the radiance or reflectance data.

4.3.2.4 Solar Spectral Irradiance Scan Calibration Data Product

The solar spectral irradiance (section 5.2.1) is a fundamental part of both the reflectance and
radiance data products (equations 39 and 41). Its data processing is very similar to the science
data processing steps, and is shown in Figure 19. One difference, however, is the combination of
a saturated and unsaturated scan (sections 5.2.1.4) into a single scan. The combination occurs on
a per-column basis. For example, from one scan columns 3 through 200 may be used, and from
the other scan, columns 201 through 638 may be used. The partial images will be stitched into a
single image with 638 columns. (The actual columns will be determined by observing their
saturated content, and choosing the scan that has the highest signal level without saturation.)
There will be a different integration time ratio depending on which part of the combined image is
being used. The equations 39 and 41 are for each pixel on the detector considered separately, so
the spectral variation in integration time does not affect the resulting data product.

The schematic for the calibration data product is shown in Figure 20. There are three integration
steps added compared to the reflectance data pipeline: the integration scaling factors [algorithm
7A, 7D], the column-wise integration [algorithm 7B], and the across-image integration
[algorithm 7C]. The integration is split into two steps to make the uncertainty calculation
through integration process easier. Both unsaturated and saturated corrected scans will be stored
in the level 1A calibration data product for future reference. The integrated, HySICS-measured
solar spectral irradiance will also be stored, along with the corresponding TSIS SIM solar
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spectral irradiance. For the reflectance science data product, the HySICS SSI will be used as the
reflectance denominator, and the TSIS SIM SSI will be used for temporal corrections to SSI, and
for the radiance data product, the HySICS SSI and the TSIS SIM SSI will both be used for the
unit conversion factor ratio.
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Figure 19. Flow chart for HySICS SSI calibration data.
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Figure 20. SSI calibration data product schematic.

44 Level 1B Data Product

The level 1B data product contains the radiometrically calibrated data cubes for ground and lunar
scans on known spatial and spectral scales. The primary differences between level 1A and level
1B are that the data is now gridded to the desired spatial and spectral scales, the ground scene
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data is still associated with geolocation information (section 4.4.1). Only the nadir scans will be
transformed into level 1B data. The inter-calibration and lunar scans will only exist in the level
1A data. The axes of the data cubes will have a regular spacing, in latitude and longitude (or RA
and dec) on the two spatial axes, and in nm on the spectral axis. To achieve the regular spacing,
the data will be interpolated in both in the spatial and spectral dimensions. This requirement
implies interpolation both in the acquisition time and in the pointing direction of every pixel.
The interpolation will add a small additional amount of uncertainty to each pixel on top of the
level 1A uncertainties. The added uncertainty is likely dependent on a statistical analysis of the
data set, to be addressed in future versions of this document. A representation of the level 1B

data product is shown in Figure 21.
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Figure 21. Level 1B data product schematic representation.

There are many similarities to the level 1A data product, such as including both reflectivity and
radiance data cubes, and per-pixel random and systematic uncertainties for each. Again, it will
be the data consumer’s responsibility to combine the uncertainties into a total uncertainty
depending on the number of pixels averaged.

The level 1B data cube now has spatial images along the horizontal axes, and the spectral
information along the vertical axis, like a stack of pictures all taken at a different wavelength,
similar to the data cube shown in section 4.1.4. This orientation means that the data has been
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rotated 90 degrees from that shown in level 1A, where the horizontal axes are spatial and
spectral, the same as an FPA image. The two horizontal axes represent latitude and longitude (or
RA and dec for lunar data cubes) and have a grid spacing of 500 m. The vertical axis is the same
for all level 1B data cubes, and contains 638 wavelength values, in nm and spaced by
approximately 3.1 nm from around 350 nm to around 2300 nm. The ideal spectral grid will be
determined after instrument alignment. Because the spectrum is expected to shift over the course
of the mission, the two dimensional map of the pixel center wavelengths will be interpolated
along each row to the ideal spectral grid. An example of the flight geometry, the spatial
gridding, and a data cube representation is shown in Figure 22.

The acquisition time of each pixel will be available as a map with the same number of pixels as a
spatial slice of the data cube. The acquisition time will pertain to each pixel, and will be
interpolated to match the spatial gridding. As in the level 1A case, the times will be given in
UTC. An example of the acquisition time map is shown in Figure 22, where the color scale
represents a time. All portions of the map with the same color were acquired simultaneously.
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Figure 22. Level 1B spatial gridding representation. The upper left plot shows the flight geometry, with the
slit perpendicular to the scan direction. The upper right plot shows the gridding onto latitude and longitude
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coordinates. The lower left plot shows the temporal map, where all pixels within the slit at any single instant
have the same acquisition time. The lower right image shows the resulting data cube, with rectilinear
coordinates in the spatial directions.

As seen in Figure 22, the composite scan image will usually not lie on rectilinear coordinates,
and there will be gaps in the data set if it is placed on a normal coordinate system. Although the
composite scan image is represented by a rectangle in this example, it is likely to not be
rectangular as well, especially when the instrument is slewing during an intercal scan. The data
gaps will likely need to be filled with something that indicates there is no data present, such as a
-9999 (invalid number).

The interpolated viewing angle of each pixel is also provided as two maps: an azimuth map and
an inclination map. These maps are the same size as the acquisition time map, determined by the
spatial slice of the data cube.

As in the level 1A case, there will be metadata to aid in searching, which will include the scene
type (ground scan, lunar scan, vicarious calibration site, or inter-calibration observation), notes
on data quality and look directions. Unlike the level 1A data product, there will be no calibration
data sets stored in the level 1B product.

4.4.1 Geolocation Algorithm

Geolocation from the ISS is a problem that has been addressed in previous papers [4]. For a
more complete description of the algorithm, see Agile #181253 [21]. For CPRSP, the geolocated
position on the WGS84 ellipsoid of each HySICS pixel will be calculated as described in the
algorithm below:

1. Calculate HySICS boresight vector in CTRS (WGS84) coordinate frame
a. HySICS boresight vector in the instrument frame is: [0 0 1]

i.  Note that the camera function will map all of the pixels as individual
vectors based on their angle about the X-axis in the instrument frame, so
the same geolocation algorithm can be applied to each individual camera
pixel vector as will be shown for the primary boresight vector of [0 0 1].

b. Boresight vector can be expressed in the CPRS baseplate frame through a series
of transformations that are dictated by static misalignments and the gimbal angles.

1. The static misalignments will be measured several times during the I&T
phase of the program.

ii.  The gimbal angles will be reported in telemetry.

c. Boresight vector can be expressed in the ECI (J2000) frame by application of the
baseplate to ECI coordinate transformation that is reported by the star tracker

d. Boresight vector can be expressed in the CTRS (WGS84) coordinate frame by
application of the ECI to CTRS coordinate transformation that is provided in the
BAD packet: [CDT_PS PDCTRSAt®tQO CDT PS PDCTRSAttQI
CDT_PS PDCTRSAttQ2 CDT PS PDCTRSALttQ3]
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2. Calculate CPRS position in CTRS (WGS84) coordinate frame
a. CPRS nominal position in ISS body frame is known as: [10.8" -999.9" 267.6"]

b. CPRS position can be expressed in the CTRS frame by application of two
coordinate transformations:

1. ISS body to ECI (J2000) transform; provided in BAD packet:
[CDT_PS PDInertAttQ0 CDT PS PDInertAttQ1
CDT_PS PDInertAttQ2 CDT _PS_PDInertAttQ3]

ii.  ECI (J2000) to CTRS (WGS84) transform; provided in BAD packet:
[CDT_PS_PDCTRSAttQ0 CDT_PS_PDCTRSAttQ1
CDT_PS PDCTRSALttQ2 CDT PS PDCTRSALttQ3]

c. Absolute position of CPRS in CTRS frame can be obtained by adding it to the ISS
position in CTRS frame; provided in BAD packet: [CDT_PS PDCTRSPosX
CDT_PS PDCTRSPosY CDT _PS PDCTRSPosZ]

3. Calculate intersection of HySICS boresight vector with WGS84 ellipsoid

a. Given the CPRS position and unit vector in the CTRS frame, the intersection
(XYZ position) with the WGS84 ellipsoid is easily calculated as the closed-form
solution to a quadratic equation.

4. Calculate lat/lon based on XYZ position, which is a closed-form solution when altitude =
0.

This algorithm follows the flow chart shown in Figure 23.
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Figure 23. CLARREO Pathfinder geolocation algorithm flow chart.

5.0 On-orbit Reflectance and Radiance Acquisition and Processing

The fundamental measurement that the HySICS instrument makes is a radiance per pixel, in un-
calibrated units of DN, and across the full 350 — 2300 nm spectral range. As described in the
instrument equations of section 3.1.1.2, it is necessary to either ratio the radiance measurement
with a comparable spectral irradiance measurement of the Sun, in order to compute reflectance
of each pixel, or scale the measured, un-calibrated values by an instrument calibration, called the
unit conversion factor, to compute an SI-traceable radiance.
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This section is meant to describe the possible on-orbit measurements, and give more thorough
descriptions of the algorithms used to convert the raw data into reflectance and radiance. It also
describes the on-orbit calibration measurements that are used in the reflectance and radiance
calculations. The section will still refer back to Figure 1 — Figure 5, to provide the reader with a
sense of where in each pipeline the algorithms are used.

5.1  On-orbit Science Measurement Description

The primary goal of the CPRS instrument is to make hyperspectral measurements of the Earth
surface. These measurements will be used for benchmarking data, inter-calibrations with other
on-orbit instruments, and calibrations of vicarious sites, including desert scenes and water
scenes. A secondary goal is to measure the lunar irradiance. Many on-orbit instruments are
capable of viewing the Moon, and may be able to cross-calibrate off the lunar surface. This
measurement is similar to the solar irradiance scan, but uses the large aperture and the longest
exposure time.

5.1.1 Earth Scenes

The nominal Earth scene collection scenario is to merely point the instrument at nadir and begin
taking data with the 20 mm aperture in place, at the maximum exposure time. Two
representative, un-calibrated ground images of a desert scene and a cloud scene from the
HySICS balloon flight are shown in Figure 24. The Sl-traceable, calibrated irradiance of the
cloud scene is shown in Figure 25, with all the calibrations discussed in previous sections and
following the irradiance measurement equation from section 3.1.1. Note that while irradiance is
shown (because it was available at the time of writing) this image would normally be converted
to reflectance or radiance. The ideal field-of-view for the instrument is 10 degrees, although it
was measured at 10.147 degrees for the HySICS-balloon instrument. It will be similar for the
CPRSP instrument. The per-pixel angular size is therefore 0.021 degrees, or 76.1 arcsec. The
along-slit angular size of each pixel will be carefully measured in the laboratory, as per [2].
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Figure 24. Uncalibrated ground scenes from the HySICS balloon flight. The image on the left is of a desert
scene with a few clouds near the bottom of the field of view, and the image on the right is of a thick ice cloud
scene. The color scale is in DN.
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Figure 25. Calibrated ice cloud scene irradiance from HySICS balloon flight. The color scale is in W/(m? x
nm).

5.1.1.1 Earth Scene Data-Cubes

As the instrument takes nadir data at 15 Hz, assuming that the ISS direction of travel is
perpendicular to the slit, the images can be used to assemble a radiance or reflectance data-cube,
which will be the final result of the level 1B data product (section 4.4). The data-cubes are made
by stacking all the images figuratively together like slices of bread in a loaf. A representative
data-cube is shown in Figure 26. There are two spatial axes in the cube, the two horizontal axes
in the figure, and one spectral axis, the vertical axis in the figure. Every vertical slice in the data-
cube represents an image of the ground scene that was over-flown at a different wavelength. The
UV slice is at the top of the data-cube in the figure, although it could be on either side. The
image on the top is a RGB image assembled from three compiled images at approximately 570,
540, and 440 nm. The data-cube is made from 4200 images. The left-side horizontal axis is 480
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pixels (will be 160 pixels for CPRSP), the vertical axis is 640 pixels, and the second horizontal
axis is 4200 pixels.

Figure 26. HySICS-balloon flight data-cube assembled from 4200 images. Top face is an RGB image taken
from red, green, and blue slices.

5.1.1.2 CPRS Throughput Calculations

The total system efficiency of the CPRS instrument is determined using the reflectivity of the
aluminum mirrors, incorporating the seven bounces in the optical path and the incident and
reflection angles of each, and the simulated grating efficiency, provided by Zeiss. The resulting
system efficiency is shown in Figure 27.
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Figure 27. Full CPRS system efficiency. This plot shows the efficiency for a single aluminum mirror, seven
aluminum mirrors with the expected reflection angles, the grating, and the total efficiency.

Given the simulated radiance levels shown in Figure 28, and the full system efficiency, it is
possible to estimate the radiance and signal at the FPA, as shown in Figure 29 and Figure 30. At
the highest integration time, and with the 20 mm aperture, the highest signal level, in
photoelectrons, is expected to be just below the full well of the FPA pixels. This operating point
is convenient because it provides the highest signal, and therefore best signal-to-noise ratio, but
still allows for a reduced integration time it is found that the signals start to saturate.
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Figure 28. Expected radiance levels from Sun, Moon, bright clouds, and a dark ocean scene.
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Figure 29. Expected signal at the FPA. This plot includes the photon flux for a solar scene, with the 0.5 mm
aperture, and lunar, and two types of cloud scenes.
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Figure 30. Number of photoelectrons at the FPA. This plot also includes a cloud scene from the HySICS

balloon flight for comparison.

5.1.1.3 Random Noise in Ground Measurements

All camera measurements have several well-understood noise sources (also described in section
3.1.3.1) that reduce the signal-to-noise ratio in an image. The most common of these are sensor
read noise, photon shot noise, and dark current shot noise. In addition, for an instrument that

measures into the IR, blackbody shot noise must be included.

Read noise is the random noise generated by the camera electronics. For the HySICS balloon
instrument, this noise level was measured for every pixel, with an average of just over 8§ DN.
This noise is the same regardless of signal level, so the fractional noise due to read noise is
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reduced for higher signal. Shot noise is the noise due to the quantization of photons in a
measurement. This noise increases as the square root of the total number of photons (or
electrons, but the two are related by FPA quantum efficiency). Therefore, for a higher number of
photons, the fractional noise due to shot noise is reduced.

Dark current shot noise is the noise generated by the electron shot noise from dark current. The
actual dark current signal is removed from the measurement by dark subtraction, but the shot
noise associated with it is not. For the HySICS balloon sensor, the dark current was less than the
ADC quantization limit, and therefore unmeasurable unless the sensor temperature was
increased. The shot noise is also extremely small.

The blackbody radiation background from the instrument is also mostly removed from the image
during the dark image subtraction, with the exception of the blackbody radiation from the blank
aperture. Since this signal also has associated shot noise, it is important to characterize this
subtracted signal and include its shot noise into the measurement uncertainty.

If all these noise sources are included in the measurement, the expected signal-to-noise ratio,
given the signals in the previous section, is shown in Figure 31, with the associated uncertainty
shown in Figure 32. This figure also assumes a 3-pixel averaging, which gives a 0.5 km ground
size. It should be noted that these uncertainties can only be determined, and validated, from real
ground measurements. Therefore, in addition to being the primary science data, ground
measurements are also important to validate the measurement itself.
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Figure 31. Expected signal-to-noise ratio. This figure shows the SNRs for bright cloud scenes, dark ocean

scenes, and a comparison SNR from the HySICS balloon flight. It includes all common random noise
sources, read noise, shot noise, dark current shot noise, and blackbody shot noise.
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Figure 32. Expected uncertainty. This figure shows the associated uncertainty given the previous SNRs, and
accounting for read noise, shot noise, dark current shot noise, and blackbody shot noise.

5.1.1.4 Ground Measurement Wavelength Scale

As described in section 5.2.3, a Pen-Ray lamp is used to set the wavelength scale of the
instrument. The amount of uncertainty due to uncertainty in this scale is determined by the
gradient of the measured ground spectrum. In regions with high gradient, a small amount of
wavelength uncertainty translates into high measurement uncertainty. For the simulated cloud
spectrum in Figure 30, given the wavelength scale uncertainty described in section 5.2.3.2 the
resulting measurement uncertainty is shown in Figure 33. Similar to the read noise and all types
of shot noise, the verification of the wavelength uncertainty relies on having a measured ground
spectrum.
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Figure 33. Estimated wavelength uncertainty. This plot shows the wavelength uncertainty given the best
estimate of wavelength scale from the HySICS balloon flights, and a simulated cloud spectrum. Note that the
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uncertainty is less than 1000 ppm for most of the spectrum, but can be above 5000 ppm where there is a high
gradient, such as at the edges of the water absorption bands.

5.1.1.5 CPRS Polarization Sensitivity

It has been shown that inter-calibrations with other on-orbit instruments is sensitive to
polarization uncertainty [7]. For an instrument that is insensitive to polarization, a highly
polarized scene will be measured the same regardless of instrument orientation. For an
instrument that is sensitive to polarization, however, different signal levels will be measured for
90 degree rotations around boresight of the instrument.

Given the desire to reduce polarization sensitivity, the instrument is designed compensate for
polarization sensitivity introduced from reflections off the aluminum mirrors. The compensation
is accomplished through including four bounces off the 4MA mirrors in the vertical plane, where
the TE polarization is less sensitive, and four bounces off the Offner mirrors, where the TM
polarization is less sensitive. The final instrument efficiency ultimately becomes the same for
both polarizations, as shown in Figure 34.

The seventh bounce in the system, is off the grating, not an aluminum mirror, and causes the
system to pick up the polarization sensitivity of the grating, shown in Figure 35. If this
efficiency is used instead of the aluminum mirror for the seventh bounce, the full instrument
efficiency is shown in Figure 36.

The common measurement for grating sensitivity is diattenuation, a measurement of contrast
between the two polarizations:

Diattenuation = u 43
P, + P,

where P; and P, are the efficiencies of the TE and TM polarizations respectively. The
diattenuation of the grating and the full system are shown in Figure 37. The full system
diattenuation is less than 0.5% from 350 nm to 1600 nm, and less than 2% over the full
wavelength range.
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Figure 35. TE and TM efficiencies of the grating.
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Figure 36. Full system efficiency including Zeiss grating. The polarization sensitivity is slightly increased in
the IR region of the eighth bounce.
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5.1.2 Lunar Reflectance Scan

The second type of on-orbit science measurement is the lunar reflectance scan, which is similar
to the solar irradiance scan (section 5.2.1), except it uses the 20 mm aperture and the longest
integration time. The goal of the scan is to both measure the reflectance of different parts of the
lunar surface and also integrate all the light coming from the Moon for different phases and
libration positions. The lunar irradiance, a measurement of the total integrated power, can be
used for other on-orbit instruments to cross-calibrate themselves. The lunar phase will be
measured at least from -90 degrees to +90 degrees (waxing half-moon to waning half-moon), and
possibly using even smaller crescents, although the full range will depend on the lunar
availability at the time of flight.

The scan will go from -0.5 degrees to +0.5 degrees around the center of the lunar disk, with an
imaging frame rate of 15 Hz, and a nominal scan rate of 0.156 deg/sec, with a scan time of 13.6
seconds. The most general lunar reflectance scan motion is shown in Figure 38. As in the solar
scan case, the two-axis gimbal will usually scan the lunar disk along an arc (Figure 38a). In
addition, the Moon will appear to be rotating due to the motion of the ISS around the Earth
(Figure 38b). The projection of the slit (not to scale) is shown as the series of green rectangles
across the lunar crescent, and will overlap other images based on the motion of the slit, the frame
rate, and the location along the slit. The integrated irradiance summation will take into account
the oversampling factor to properly integrate all the lunar light.

(a) (b)

Figure 38. A) Lunar reflectance scan motion, B) with apparent lunar motion. Projected slit is shown as green
rectangles that move across lunar disk.

Like the ground images measured at nadir, the lunar irradiance scan can be combined into an
image data-cube, with spatial scales along two axes, and the spectral scale along the third. One
wavelength, 1233 nm, of a lunar data-cube from the HySICS-balloon flight is shown in Figure
39. The color-scale in the image is the corrected irradiance value, in W/(m? nm). The phase of
the Moon during the flight was slightly less than -90 degrees.
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Figure 39. HySICS-balloon flight lunar irradiance at 1233 nm.

The lunar irradiance data will be treated similarly to the ground measurements, and will be stored
as raw data in the level 0 data product, as un-gridded, but corrected, data in the level 1A data
product, and as gridded and corrected data in the level 1B data product (see Section 4.0 for more
information). The level 1A data product will also contain uncertainty estimations for every pixel
in the scan. Coordinates of each pixel on the Moon will be given in right ascension and
declination coordinates, rather than as geolocated coordinates. Since the Moon is moving
throughout the scan, the coordinates will be temporally dependent. The handling of the lunar
movement is left for future discussion.

The per-pixel lunar irradiance values are determined through the exact same series of
calibrations used on the Earth scenes. In section 3.0, the obj subscript in equations 1 — 4 is left
ambiguous because it can be used for either Earth or lunar images.

In order to integrate the lunar spectral irradiance into a single value, a similar procedure as the
solar irradiance is used. This procedure is outlined in the following table.

Step | Description

1 For Nth image: Determine oversampling factor based on scan geometry and FSS
pointing
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Step | Description

2 Expand oversampling factor into matrix that can be directly multiplied pixel-by-pixel
with image

3 Multiply each pixel by required oversampling factor

4 Add resulting image to cumulative summation image
5 Repeat from step 1 on next image
6 Sum cumulative image in spatial dimension. This creates a lunar spectral irradiance

vector, 640 elements long.

7 To use spectral irradiance vector for inter-calibration, integrate over desired bandwidth.
Some ILS manipulation may be required, depending on the inter-calibration instrument.

5.1.3 Reflectance Algorithm Description

This section details all the algorithms that are used for the L1A reflectance data pipeline. Many
of these algorithms are also used in calibration data pipelines.

5.1.3.1 Bad Pixel Correction

The first correction that is performed on every image is the hot/dead/noisy pixel correction,
called the bad pixel correction [algorithm 1A]. Every FPA has a small percentage of pixels that
do not function properly. These pixels fall into one of three types: hot pixels, which are always
stuck at the same level, although not necessarily the maximum level, dead pixels, which never
turned on, or extremely noisy pixels. All three of these types of pixels can be identified from a
pixel by pixel standard deviation of the dark images. If a pixel is either hot or dead, it has a
standard deviation of 0, and if it is noisy, it has a very high standard deviation. On HySICS,
noisy pixels are identified as those with a standard deviation greater than 5 over the average
standard deviation of all pixels. Once the hot/dead/noisy pixels are identified, they are mapped
and replaced by the average of all normal surrounding pixels. The replacement algorithm looks
for a minimum number of “good” pixels (initially set at 8, but can be increased if necessary at a
later date) in the surrounding pixels. If the nearest ring of pixels does not contain enough to
achieve the minimum number, the next ring of pixels is examined. The sequence continues until
the minimum number have been identified. A HySICS balloon flight bad pixel map is shown in
Figure 40.
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Figure 40. Bad pixel image from HySICS balloon flight. This image includes all pixels that had a variation
larger than five standard deviations above the average variation during a dark image acquisition.

The bad pixel correction algorithm is performed twice during all pipelines, as the first algorithm
and the last algorithm prior to a final computation with the data. The first time removes bad
pixels so that they will not adversely affect summations and averages that will be performed later
on the images. However, the rest of the algorithm is run on pixels that are the mean of the raw
values surrounding them, and may end up being slightly different than the values that would be
found from the second application of the algorithm, after all the corrections have been performed
on the neighboring pixels.

5.1.3.1.1 Bad Pixel Correction Implementation

Step | Description

1 Run through all bad pixels in previously computed map

2 On first pixel, identify list of all surrounding pixels in nearest ring of pixels

3 Ignore all pixels in list that are also on the bad pixel map

4 Count number of remaining pixels on list

5 If number of pixels on list is fewer than the minimum number threshold, expand search
to next wider ring of pixels, and repeat from step 3

6 Once enough pixels have been identified, average all pixels in list and assign that value
to the bad pixel

7 Repeat on next bad pixel
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5.1.3.2 Two-row correction

Calibration testing revealed several undesired FPA behaviors that must be accounted for in the
image processing. The first effect is a periodic frame-to-frame jitter in the measured signal level
which develops at high integration times, which is ultimately caused by the interplay of the two
clock on the FPE which runs the FPA and the clock on the HISIE which generates the trigger
signal for the FPA. These clocks run independently, and both models and lab measurements
show that this leads to an inconsistent time interval between frames which will jump between
two values in a periodic manner. At the highest integration times, there is insufficient time for
the FPA to fully reset following a frame before the next integration period starts, and this leads to
the FPA developing a frame-to-frame memory, which ultimately manifests as jitter in the
measured signal level, the magnitude of which can approach ~3,000 DN at the highest
integration times, as seen in Figure 41.
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Figure 41. The frame-to-frame jitter due do to the inconsistent time interval between frames. The mean pixel
value of the full FPA is plotted by frame timestamp for ~150 frames looking at a temperature stabilized
target. The peak-valley noise approaches 3,000 DN.

The second and third effect are related, and both referred to as ‘dark pedestal shifts’. Generally,
this is an observed depression in the detector baseline level in response to light hitting the
detector. The first of these is a full frame effect, where light hitting any part of the detector
depresses the baseline level for the entire detector. Additionally, there is a further effect which
occur on a row by row basis, where light hitting one part of a row depresses the baseline level for
all of the pixels in that row.

These three effects are dealt with via a series of corrections. The first correction in the chain is
the ‘two-row correction’, which takes advantage of two ‘extra’ rows on the FPA. While these
rows are not exactly dark rows — i.e. rows which simply do not see light but are otherwise
identical to the rest of the FPA — they are close enough that we can make use of them with some
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limitations. Importantly testing showed these rows can be used to almost entirely correct for the
frame-to-frame jitter, and to address most of the full frame dark pedestal shift as well.

The general strategy is that, while these extra rows are not identical to the rest of the FPA,
because they also see the timing jitter and full frame dark pedestal shift, but are not sensitive to
light, they can be used a proxy to measure the sum of these undesired effects on a frame by
frame basis and thus be used to correct for these effects. A simple version of this would be to
simply take the mean of all the pixels in the two extra rows, and subtract this value from each
pixel in the FPA, and this is observed to work pretty well. However, we found we can do better
by taking advantage of the fact that the pixels in the extra rows are not all identical to one
another, but are rather grouped into regions with different capacitances, ranging between 0 and
70 fF. These regions all have slightly different sensitivities to the timing jitter and full frame dark
pedestal shifts, and therefore rather than using the simple mean, we can instead see how well
each different capacitance region individually corrects for these effects. This can be further
extended to arbitrary capacitance levels via a linear least squares fit of signal vs capacitance on a
frame by a frame basis. Ground testing and analysis found that the frame-to-frame timing jitter is
minimized when we correct it using an effective capacitance of 54.2 fF.

5.1.3.2.1 Two-row correction Implementation

Step | Description

1 Loop through every image

2 Average the extra rows, grouped by capacitance

3 Do a linear OLS fit of signal vs capacitance

4 Use the fit to calculate the expected signal from a 54.2 fF capacitance region
5 Subtract the expected signal from the image

5.1.3.3 True Dark Correction

Following the two row correction we do a true dark subtraction. The true dark images are images
taken in ground calibration during the cold target test, and are ideally images where absolutely
no light is hitting the FPA. We have separate true dark image for each integration time, and the
two row correction has been applied to them as well. By subtracting off a true dark image the
output image represents an image measured relative to what the detector would measure with
absolutely no light. This is done because two of the corrections — the row dark pedestal and
linearity — depend on the absolute signal level, and it is convenient to have these the signal level
scale, and thus the corrections, go to zero for a true dark image.
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5.1.3.3.1 True Dark Correction Implementation

Step | Description

1 Load the appropriate two-row corrected dark image for the integration times

2 Subtract the dark image from each image in the scan

5.1.3.4 Row-wise Dark Pedestal Shift Correction

Next is a correction for the row level dark pedestal shift. Testing showed that for this effect the
baseline level depression is linearly proportional to the total signal in a row, up to a saturation
point, at which point there is no further depression (see Figure 42). This correction works by
summing each row, thresholding that value at the saturation point, and multiplying it by the
measured effect slope in DN/DN to get the predicted depression for each row, and adding these
values to the image on a row-wise basis.

Six Halogen Int Ramps
T

Row Level Dark Pedestal Shift (DN)

1 1 1 1 1
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2-Row Corrected Summed Row Counts above Dark (DN) «10°

Figure 42. The measured row level dark pedestal shift, with the summed row counts on the x-axis, and the
measured dark pedestal shift on the y-axis, for six data sets, each in a different color. The effect is linear up
until a saturation point, after which there is no further depression.

5.1.3.4.1 Row-wise Dark Pedestal Shift Correction Implementation

Step | Description

1 Loop through every image

2 Take the sum of each row in the scan from columns 3 - 640

3 Threshold each row sum at the saturation point
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Step | Description

4 Multiply each row sum by the row dark pedestal slope

5 For each row, subtract the result from each pixel

5.1.3.5 Full-frame Dark Pedestal Shift Correction

After dealing with the row level dark pedestal shift is a correction address what is left of the full
frame dark pedestal shift after the two row correction. The calibration testing showed the
residual depression after the two row correction depends linearly on the total signal on the
detector. However, the proportionality constant is observed to vary both with integration time,
and with pixel, and is determined in a two-step process making use of many different data sets.

The first step combines several data sets where light illuminated one region of the detector, along
with dark images without light taken under identical conditions. The depression can be observed
in a non-illuminated region of the detector, and correlated with the total signal at a variety of
integration times. Importantly, because we cannot measure the effect over the full detector, but
only in a region which is not illuminated, this does not allow for a pixel by pixel measurement of
the slope, but only of the total slope for a large region of the detector. This gives us an initial
estimate of the dark pedestal slope vs integration time.

The second step allows us to finely measure the slope of the dark pedestal shift vs integration
time, but only at high integration times. To do this, we use a series of four data sets taken in the
warm target tests, where the detector looked a constant scene while images were taken over the
whole range of integration times. In each data set, the detector looked at a temperature stabilized
blackbody source, which was held at different temperatures in each data set.

This process begins by applying a preliminary dark pedestal correction based on the one
generated in the first step. For each data point, in each data set, we sum the total counts in the
detector, multiply the slope estimate for that particular integration time, and add that much signal
to every pixel in the detector.

If we consider a single pixel, for each data set we can make a plot of signal vs integration time.
These are very nearly linear, with the slope depending on the temperature of the blackbody
source. If we take each data point in a data set, and divide by the integration time it was taken at,
we can generate a second plot of DN/sec vs DN, again getting a curve for each data set. If the
detector were perfectly linear in response these would be flat lines. Each curve can then be
normalized by the maximum value it attains, so the four curves overlap. This produces a set of
curves like those shown in Figure 43.
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Figure 43. The linearity profiles for the full detector from the four warm target data sets.

Here we see four individual measurements of the detector nonlinearity, plotted against measured
signal. This is a plot of the mean signal for the full FPA, but in the actual analysis this is done for
every pixel. The important thing in this plot are the deviations seen in the purple, yellow, and red
curves at high signal levels away from the other curves. These deviations are caused by the
changing dark pedestal slope with integration time. Because the four data sets had four different
temperature blackbody scenes, they each reached a given signal level at a different integration
time. At the highest integration times (those above 500 row times) the slopes of the full frame
dark pedestal shift increases rapidly, and this rapid change in the slope causes an integration time
dependent signal change away from the overall linearity trend, resulting in these deviation.

By characterizing the magnitude of these deviations from the main trend, we can see, for each
pixel and integration time, how additional signal is missing because of the full frame dark
pedestal shift, which tells us how much the actual full frame dark pedestal shift slope deviates
from our initial estimate.

We characterize this deviation by first generating a smoothed linearity curve for each pixel,
using only the data acquired with an integration time below 500 row times. Then, we loop
through each data point in each data set. For each data point, we determine how much additional
signal needs to be added to make that data point to fall on the general trend. This gives us a
measurement of the magnitude of the residual full frame dark pedestal shift, for each pixel, at
each integration time. By dividing these by the total signal in the frame, we build a map of
residual full frame dark pedestal slope for each pixel and each integration time, and this is what
we use for the correction.

To apply the full frame dark pedestal correction, we start with the map of slope vs pixel for each
every integration time. For low integration times the value is the same for all pixels, but above
500 row times we have different values for each pixel. The total counts in the detector are
summed, and by multiplying this sum by the slope map for the appropriate integration time we
determine how much additional signal must be added to each pixel to correct for the residual full
frame dark pedestal shift.
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5.1.3.5.1 Full-frame Dark Pedestal Shift Correction Implementation

Step | Description

1 Load the appropriate map of full frame dark pedestal slopes for the integration time

2 Loop through each image

3 Sum the full FPA, from rows 1 — 478 and columns 3 - 640

4 Multiply the slope map by the total summed counts

5 Subtract the resulting image from the input image

5.1.3.6 FPA Thermal Correction

The FPA output varies slightly depending on the temperature of the FPA and on the signal level,
and must be corrected to a center temperature, chosen to be 152.5 K [algorithm 2A]. This effect
was measured during the cold target test [2] where the blackbody target was held at a very
constant temperature while the FPA was warmed from its nominal low temperature of 147.5 K.
During the warmup, the signal level was varied by changing the integration time, and data was
acquired at 21 different signal levels, from almost no signal to nearly saturated. The resulting
data set is shown in Figure 44.
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Figure 44. FPA behavior versus temperature for various signal levels. The signal level is grouped by color.
For all of the signals, the measured value decreases slightly as the temperature is increased until

the temperature deviation is 40 — 60 degrees above the nominal operating temperature. At this
point, the signal level sharply increases.
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The physics of the temperature behavior is not well understood. The sharp increase in signal
level for higher temperatures is believed to be the expected exponential increase in dark current,
which eventually dominates the signal. The decrease in signal level is quite gradual, and may be
due to thermal stresses on the FPA or internal electronic circuitry changing operation slightly.

The gradual decrease is consistent, and can be modeled around the FPE operational temperature
range, from 150 K to 155 K. Several models, dependent on both FPA temperature and signal
level, have been studied. The one that models the behavior best is has the form:

Out(T,S) = A(S) - In(T — Tref) + B(S) - (T — Tyes) + C(S) 44
Where
A(S) = Ay -exp(Ay-S) + A, 45
B(S) =B, S*+B;-S+ B 46
C(S)=C,"S+C, 47

And the A, B, and C coefficients are constants given by:

Ap=-421.066, A; = -8.4165¢e-5, A>=-73.132, B> =2.89¢-8, B; =-0.0037, By =35.14, C; = 1.00,
Co=703.67, and T,.,s= 143.5. There has been some work to make these coefficients also
dependent on the column, but they do not vary much from the values shown.

It is important to note that the variation in FPA temperature over the course of a scan is
extremely small. It has been measured at better than 0.014 °C over 12 hours. This indicates that
the correction is also small, and sometimes negligible.

5.1.3.6.1 FPA Thermal Correction Algorithm Implementation

Step | Description

1 Repeat for all images in scan

2 On the image, for every pixel, compute the expected signal given the measured signal
and FPA temperature

3 On the image, for every pixel, compute the expected signal given the measured signal

and the nominal FPA temperature (152.5 K)

4 Compute the delta between the two calculations

5 Subtract delta from the measured signal
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5.1.3.7 Linearity Correction

The linearity correction is used to correct for observed nonlinearity in the detector response that
depend only on the measured signal level. The linearity correction is generated from a number of
data sets taken in the cold target test campaign. In each data set, the FPA was temperature
stabilized, and then ramped through its range of integration times, each time taking ~150 images
of a stabilized, constant scene. In some of the tests the scene was provided by a temperature
stabilized blackbody source. In these tests by adjusting the blackbody temperature we could
adjust the light flux. In other tests it was provided by an LED, and the flux could be adjusted by
adjusting the LED drive current. Additionally, a test were done where the FPA looked at a
blackbody source cryogenically cooled to 135K to provide ‘true dark’ images — that is, images as
close as possible to what the FPA sees with no light upon it. Several of the linearity data sets are
shown in Figure 45.

For each test, we apply the initial bad pixel correction, two row correction, true dark subtraction,
and row dark pedestal shift correction, the full frame dark pedestal shift correction, as well as a
quasi-correction for the cursed row phenomena (see Appendix B). With this, we generate a
linearity profile for each data set. This is done by dividing the measured signal at each point by
the true integration time. The true integration time is the integration time register setting, plus an
offset determined to be equal to 0.965 row times. In a perfect detector, this would be a constant
quantity through the entirety of each data set, giving you a measure of total flux in units of DN /
(row time). Nonlinearities in the response cause this quantity to vary over the acquisition. This
quantity is normalized by the maximum value for each individual data set, and this can then be
plotted against the signal level to generate a plot of nonlinearity vs. signal level (see Figure 46).
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Figure 45. The signal vs integration time for a variety of data sets used for the linearity correction, following
all of the initial corrections.
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Figure 46. The general linearity profile plotted against the corrected signal level for the warm target data
sets.

Such a profile is generated for each pixel on the detector. Then, a full linearity curve is fit by
dividing the signal range into a number of bins, and for each bin finding the mean of all the data
points within that bin. This gives us images of the linearity factor vs signal level for the entire
FPA. The correction is applied on a per pixel basis. The pixel’s signal level is used to determine
a linearity correction factor by interpolating that signal level onto the curve of linearity factor vs
signal level for that specific pixel. Then, the pixel’s signal is divided by this linearity factor

sig 48

StGcorr = ]

The uncertainty in the linearity correction can be calculated with standard error propagation.

Oci =
sty corr

. . 2 49
(aSlgcorr)Z 0_2. + aSl.gcorr 0_2
asig /) Y aly b

1\° sig 2
— 2 2
oircn= () i () <

Here, sig is the measured signal after all the preceding corrections, and oy is the associated
uncertainty. This is driven by read noise and shot noise, as well as any uncertainty from the
previous corrections. The uncertainty in the linearity factor, lr, comes from the residuals from

generating the curve of linearity factor vs signal level, which are used calculate the uncertainty in
the mean of the correction factor at that signal level.
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Figure 47. The uncertainty in the linearity correction. The left two plots show the magnitude of the linearity
factor fit residuals as a function of signal level in both units of the linearity factor (DN/DN) and in ppm. A
selection of pixels are shown in purple, and the mean of the whole FPA in black. The right two plots show the
uncertainty in the corrected signal as a function of signal level, using only read noise and shot noise for the
uncertainty in the signal. Again individual pixels are shown in purple, and the mean of the whole FPA in
black. On the far right, the red line indicates the noise floor from read noise and shot noise.

The uncertainty is calculated for each pixel, and this is shown in the left two plots in Figure 47,
in units of the linearity scaling factor on the far left (DN/DN), and ppm next to it. Each purple
line shows the uncertainty for an individual pixel (~600 total pixels are plotted), and the black
line shows the FPA mean. The right two plots calculate the total uncertainty in the corrected
signal as a function of signal level, using only read noise and shot for the uncertainty in the
signal, which are calculated from the read noise and gain values on a per pixel basis from the
photon transfer curves found in the cold target test campaign. This is shown in both DN (center
right plot) and ppm (right most plot). In the right most plot, the red line shows the noise floor
from the read noise and shot noise.

This can be extended to calculate the noise as a function of wavelength, using a simulated 30%
Lambertian scene, shown in Figure 48. The simulated scene gives a per pixel signal estimate,
from which the per pixel total noise can be calculated, allowing for the calculation of the total
uncertainty following the linearity correction.
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Figure 48. A simulated 30% Lambertian scene (left), and the associated total uncertainty (right) after the
linearity correction.

By averaging along columns of the uncertainty image, we can arrive at the total uncertainty as a
function of wavelength, shown in Figure 49. The purple curve shows the net total uncertainty for
this scene as a function of wavelength (again, using only read and shot noise for the uncertainty
in the signal), while the red shows an ‘effective linearity correction uncertainty’, found by
subtracting the signal uncertainty from the total uncertainty in quadrature, which gives a measure
of how much uncertainty the linearity correction can be expected to add in isolation for this type
of scene.
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Figure 49. The total uncertainty as a function of wavelength for a 30% Lambertian scene following the
linearity correction, and an ‘effective linearity correction uncertainty’ for the linearity correction in red.
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5.1.3.7.1 Linearity Correction Implementation

Step | Description

1 Load the linearity factor vs signal level data file

2 Loop through each image

3 Loop through each pixel

4 Interpolate the linearity factor vs signal level curve for that pixel for the actual signal

level
5 Divide the signal level by the interpolated linearity factor.

5.1.3.8 FPE Thermal Correction

Like the FPA, the FPE also experiences small changes based on the temperature of the electronic
components, and must be corrected to an ideal temperature, chosen to be 31 °C [algorithm 2C].
The FPE is thermally stabilized during flight to minimize the temperature variations. The
components that vary output based on their temperature are expected to be the eight ADCs, and
their input amplifiers. During the testing, the output of each of the ADC channels was carefully
measured over a very wide temperature range of nearly 50 °C given a known input voltage. The
eight resulting curves are shown in Figure 50.
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Figure 50. The eight transfer curves of the FPE ADCs at a single temperature (left) and the transfer curve of
ADC 1 over several temperatures from 30 °C to 36 °C (right). The shown plots are linear fits of the measured

values.
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The ADCs are so similar that it is difficult to discern the differences from this figure, however,
the linear fit offset and gain over temperature show the differences in Figure 51.
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Figure 51. ADC offset and gain values versus temperature for all 8 ADCs.

The ADC fits themselves are quite linear over the 50 °C measurement range, and can themselves
be fit to generate 32 coefficients (the offset-slope, offset-intercept, gain-slope, and gain-
intercept) for each ADC.

Given a measured value for each ADC, at a known temperature, it is possible to calculate the
ADC input voltage. With the voltage, it is then possible to estimate what the response would
have been at a different temperature, such as the ideal 31 °C temperature. Like for the FPA, the
thermal swings are extremely small for the FPA, measured at better than 0.004 °C, making this
correction very small.

5.1.3.8.1 FPE Thermal Correction Implementation

Step | Description

1 Repeat for all images in scan

2 On the image, for every pixel on each ADC, compute the ADC voltage given the
measured signal and measured temperature.

3 Compute the expected output for each ADC given the voltage.

4 Calculate the delta between the two measurements.

5 Subtract the delta from the measured signal.

5.1.3.9 Blackbody Radiation Correction

Any error in the zero reference level (measured by a dark image) of every pixel becomes a
systematic error in the measurement, which is the reason that so much effort is put into making
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an accurate dark image subtraction. Much of the system variability in the dark image acquisition
will be quantified by the pre- and post-scan dark images. This technique, however, only captures
the linear variation in the dark images. If the instrument temperature varies non-linearly during a
scan, its blackbody radiation contribution will not be observed in the dark images, and will
therefore cause an error in the scan data.

It is unlikely that the instrument temperatures will change very rapidly, or in a particularly non-
linear fashion. However, if they do, they will be tracked by a host of thermistors continuously
monitoring the instrument temperatures at multiple locations. During the commissioning period,
the temperatures during dark image acquisitions will be monitored. If the dark images change
appreciably with a temperature variation, it will be measured, and used to build up a correlation
table of dark image values versus temperature. This correlation data will be used to correct for
non-linear temperature variation, and therefore non-linear blackbody radiation variation, during
the science and calibration scans.

This algorithm has been studied and created for the temperatures and gradients present in a
laboratory environment [algorithm 3A]. The measurement is a relatively simple one: take
images of the blank aperture while slowly varying the temperature of the instrument enclosure
and monitor all thermistors. It was found that the signal in the dark images was directly
proportional to the temperature of the order sorting filter thermistor. This thermistor is quite
close to the FPA, on the mount holding the OSF within 1 mm of the FPA. The proportionality
slope is slightly different for each pixel, and shown in Figure 52, where the color represents the
added blackbody signal due to temperature change, in DN/°C at the second longest integration
time (537 RT).

Like the other temperature corrections discussed earlier, the blackbody correction is used to
estimate what the signal would have been at a nominal temperature, set to 12.15 °C for the order
sorting filter thermistor. The temperature difference is calculated, corresponding to a variation in
the signal, given by the blackbody slope map, and that variation is subtracted from the measured
signal.
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Figure 52. Blackbody radiation proportionality slope for each pixel. The colors are in DN/°C.
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5.1.3.9.1 Blackbody Correction Implementation

Step | Description

1 Loop through every image

2 Estimate the temperature change from the order sorting filter thermistor

3 Multiply the blackbody radiation correction slope map by the temperature difference

4 Subtract the result from the measured signal

5.1.3.10 Dark Image Correction

Every image taken with the instrument will contain artifacts from the sensor array, electronics,
and optical system. These artifacts include sensor fixed pattern noise (FPN), dark current, and
blackbody radiation from the optical bench. To measure their contribution, 250 dark images are
taken before and after every instrument measurement scan. A blank aperture, coated with a low
reflectivity surface on the instrument-facing side, is used to block all incoming light from the
scene. The resulting image, a dark image, contains only the unwanted, background sources, and
can be subtracted from all images in the measurement [algorithm 3B]. A dark image from the
HySICS balloon flight, with the optical bench temperature at around 3 degrees C, is shown in
Figure 53. Optical bench blackbody radiation, although wavelength dependent, and higher at the
longer wavelengths, will be present over the full image because it is not dispersed by the grating.
The dark image is always taken in close temporal proximity to the actual measurement to
minimize the possibility of background variation, and taken at the same exposure level. To help
eliminate any dark signal trends from the data, the 250 pre-scan and 250 post-scan dark images
are interpolated, on a pixel-by-pixel basis, across the full scan range. It should also be noted that
the dark images undergo all the same corrections as the nadir science images until the application
of the dark image correction. This ensures that the nadir images and dark images are on
equivalent scales.
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Figure 53. Nominal dark image from the HySICS balloon flight, taken with optical bench at 3 degrees C.
This dark image consists of blackbody radiation from the instrument, including the blank aperture, and dark
current and fixed pattern noise from the FPA.

5.1.3.10.1 Dark Image Correction Implementation

The dark image algorithm primarily consists of interpolating the images across the same time
period as the scan. The interpolation will happen on a pixel-by-pixel basis, and fit the pre-scan
and post-scan data with a line. The dark image will be chosen depending on the time of the scan
image it is associated with. A table outlining the algorithm steps is shown below.

Step | Description

1 Compute the average pre-scan dark image, and assign to the average acquisition time.
2 Compute the average post-scan dark image, and assign to the average acquisition time.
3 Linearly interpolate from the pre-scan dark image to the post-scan dark image, creating

a new dark image at each of the nadir image acquisition times.

4 Subtract dark image from associated scan image

5.1.3.11 Dark Field (or Blank Aperture or Cold Sky) Measurement

When the blank aperture is in place, it can introduce a small amount of blackbody radiation into
the dark image that is not present during a measurement scan. This radiation will only be
observed at longer wavelengths, approximately 1900 nm and higher, because it will be imaged
on the slit and dispersed by the grating. To measure this added signal, the instrument will
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occasionally take images of a dark portion of space, without the aperture in place. The
difference between a normal dark image, with the black aperture in place, and the dark field
should be entirely due to added blackbody radiation from the blank aperture [algorithm 3C]. The
temperature of the aperture wheel will be continuously monitored, and used to make the blank
aperture blackbody radiation correction during normal operations.

5.1.3.11.1 Dark Field Measurement Implementation

The blank aperture radiation contribution must be added back into the measurements after being
subtracted off in the dark image subtraction, which may have over-estimated the dark signal by
the amount of light produced by the blank aperture. The algorithm steps are shown in the
following table.

Step | Description

1 Calculate added blank aperture light

la | Average all blank aperture images from one measurement (normally called the dark
images)

Ib | Average all dark field images from one measurement (images of a dark section of
space)

lc | Subtract dark field measurement from blank aperture measurement = Blank aperture
contribution

2 Subtract blank aperture contribution from all dark images (Equivalent of adding blank
aperture contribution to all dark subtracted images)

5.1.3.12 Flat Field Algorithm

To correct for optical and FPA gain variations in the spatial dimension, a multiplicative
correction is applied to every pixel, called the flat field correction [algorithm 4A]. The creation
of the flat field is covered in section 5.2.2. The flat field is specified to be a multiplication,
which is easier to implement in the on-board FPGA rather than a more common division. A new
flat field for both the solar viewing and Earth viewing apertures will be created periodically
throughout the mission. The application is as simple as multiplying each image pixel by the flat
field correction.
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Step | Description

1 Loop through every image

2 Multiply the image pixel-by-pixel by the corresponding flat field (large or small

aperture, closest in time to nadir data acquisition)

5.1.3.13 Aperture Temperature Correction

If the temperature of the apertures change, they will expand or contract based on the CTE of
aluminum, approximately 23.6 ppm/degree C. The aperture temperature correction scales all
images to their signal at that temperature [algorithm 2D]. In principle, this expansion can change
the aperture ratio if the solar SSI and ground measurements are made at different temperatures,
although this tends to be a very small effect for the temperature changes likely to be observed
during the mission. If, for example, the temperature of the large aperture is 23 degrees during a
nadir measurement, and the temperature of the small aperture is 33 degrees during the
corresponding solar calibration measurement, then the effective aperture ratio is 1599.23, rather
than the ideal 1600 if there were no thermal change. This amounts to a 480 ppm change in the
signal, which is small, but still a sizable fraction of the required mission uncertainty. The
aperture ratio variation versus a higher temperature on the small aperture is shown in Figure 54.
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Figure 54. Aperture areal ratio versus increase in temperature on solar-viewing aperture.
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5.1.3.13.1 Aperture Temperature Correction Implementation

Step | Description

1 Calculate temperature from on board thermistors (there are 3 on the aperture wheel)

2 Calculate the change in temperature from the ideal aperture temperature (24 °C)

3 Calculate the change in aperture area from the aluminum CTE (23.6 ppm/°C)

4 Scale every pixel value by the change in aperture area

5.1.3.14 F-Number Thermal Correction

Like the apertures, the mirrors of the entrance telescope (4MA) are made from diamond-turned
aluminum. If there are temperature changes, there is a very small change in the telescope
behavior, slightly changing the focal length, and modeled as an F-number change assuming the
pupil size is constant. This thermal change, linearly dependent on the temperature of the
telescope, effectively changes the scene brightness by a very small amount, as shown in Figure
55.

The ideal temperature of the 4MA is 24.3 °C, and the F-number thermal correction scales all
images to what they would have been at that temperature [algorithm 2E]. Like the other thermal
corrections, the delta between the measured and ideal temperatures is used with the F-number
correction slope, or 366 ppm/°C. Also like the other thermal variation corrections, the 4MA
temperature is not expected to change rapidly during the flight, since it is thermally controlled
with the rest of the enclosure. In vacuum, its thermal variation is measured at 0.04 °C.
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Figure 55. Light variation due to thermal changes in the 4MA, shown in ppm.

5.1.3.14.1 F-Number Thermal Correction Implementation

Step | Description

1 Measure temperature from on board 4MA thermistor

2 Calculate the change in temperature from the ideal aperture temperature (24.3 °C)
3 Calculate the change in signal level from F-number variation

4 Scale every pixel value by the change in signal level

5.1.3.15 Integration Time Correction

After all the image conditioning algorithms have been applied, the attenuation factors are applied
to the data. There are two attenuation factors: the integration time ratio and the aperture ratio.
The aperture ratio is only applied to the SSI scan data, and will be addressed in section 5.2.1.2.
The integration time ratio is intended to be a ratio of the integration time used with the solar
scans versus the nadir scans. To facilitate application of the ratio, given the disperse acquisition
of the two data sets, they are both scaled to their values had they been acquired at 1 RT (or
122.85 us) [algorithm 5A]. During the reflectance or radiance calculation, when the nadir data is
divided by the HySICS SSI, the integration time ratio automatically becomes part of the scaling.

Superficially, the scaling is as simple as dividing the data by the integration time, in row times.
However, laboratory measurements have shown that the FPA has a small zero-offset, of 0.965
RT. In other words, if the FPA integration time is set to 0 RT, it actually acquires for 0.965 RT,



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 75

or 118.55 us. To actually scale the image data to an integration time of 1 RT, this zero-offset
must be added to their integration time.

5.1.3.15.1 Integration Time Correction Implementation

Step | Description

1 Scale all images by 1/(integration time + zero offset)

5.1.3.16 Solar Temporal Variation Correction

As discussed in section 3.1.3.6, a change in the solar spectral irradiance between the SSI
measurement and the nadir science scan, must be properly accounted for in the reflectance
measurement [algorithm 6A]. The solar spectral irradiance is measured twice a day by TSIS
SIM, and in general will have a temporally close enough measurement to be used for the solar
temporal variation.

Similarly to the calculation of the unit conversion factor, discussed in section 5.2.1.5, the
required SSI variation should be the SSI as measured by the HySICS instrument. Since TSIS
SIM cannot directly make a HySICS SSI measurement, the HySICS ILS is convolved with the
TSIS SIM SSI. This convolution is done for both the SIM measurement taken during the nadir
science scan and during the HySICS SSI scan. The ratio of the two SIM measurements, called
the solar temporal SSI ratio, is a slightly smoother version of the ratio than it would be with the
un-convolved SIM measurements. The ratio can be sampled at each spectral bin of HySICS, and
then used to directly scale all spectral components of the nadir data.

5.1.3.16.1 Solar Temporal Variation Correction Implementation

Step | Description

1 Obtain TSIS SIM SSI taken nearly simultaneously as HySICS SSI measurement

2 Convolve TSIS SIM SSI with HySICS ILS (called SSI 1)

3 Obtain TSIS SIM SSI taken nearly simultaneously as HySICS nadir science
measurement

4 Convolve TSIS SIM SSI with HySICS ILS (called SSI 2)

5 Calculate temporal SSI ratio: SSI 1/ SSI 2

6 Scale nadir data by temporal SSI ratio




CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 76

5.1.3.17 Reflectance Calculation

The reflectance calculation, as seen in (eq. 3) is straightforward. The nadir science data is
divided by the HySICS SSI and multiplied by a factor of pi [algorithm 6B].

As discussed in section 5.2.1, however, the SSI scan is performed twice: once with a completely
unsaturated detector, and once that purposefully saturates the brighter spectral portions of the
solar signal in order to increase the signal level of the dimmer parts of the spectrum. These two
scans must be properly merged before being used to calculate the reflectance. Only the brightest,
unsaturated data from either scan is used. Note that these scans have already been scaled to their
respective values at a unit integration time, making them comparable with each other. In
addition, it is possible that these two scans have a small wavelength shift associated with them.
Their respective wavelength maps must also be merged in the same way as the signal data. In
other words, if one column of the merged data comes from the unsaturated SSI, then the merged
wavelength map must also contain that column from the unsaturated SSI wavelength map.

5.1.3.17.1 Reflectance Calculation Implementation

Step | Description

1 Obtain the TSIS SSI scans taken at same time as HySICS unsaturated SSI scan

2 Convolve above TSIS SSI with HySICS ILS

3 Obtain the TSIS SSI scans taken at same time as HySICS saturated SSI scan

4 Convolve above TSIS SSI with HySICS ILS

5 Make a list of the columns with saturated data from the saturated SSI scan

6 Merge those columns from the unsaturated SSI scan with the other columns from the
saturated SSI scan

7 Merge those columns from the unsaturated SSI scan wavelength map with the other
columns from the saturated SSI scan wavelength map

8 Calculate ratio of nadir science data and merged SSI scan

5.1.3.18 Radiance Calculation

The heart of the radiance calculation is generating the unit conversion factor (eq. 1) from the
HySICS measured SSI and the SIM measured SSI [algorithm 6C]. The ratio of these two values
is a measurement of the instrument behavior, and provides a calibration value, in

(W /(m? - sr-nm))/DN. It provides a conversion from the native DN units to SI-traceable
radiance units. Since it is a measurement of the instrument behavior, the measured signal does
not need to be scaled by the solar temporal variation, although, if it is found that it is changing
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appreciably on orbit, it may be interpolated between SSI measurements to provide a more
accurate conversion factor.

Like the reflectance calculation, the radiance calculation, and the unit conversion factor in
particular, uses both the unsaturated and saturated SSI scans, merged in the same way as
described in the reflectance section. In addition, to make the SSI scans comparable, they must be
convolved with the ILS from the other instrument, as described in section 5.2.1.5. That
convolution also smooths out the unit conversion factor across the spectral dimension, as might
be expected, since the SIM ILS is over 20 nm wide in the IR. However, since the unit
conversion factor is already a smooth, slowly varying function over wavelength, the smoothing
does not decrease the instrument spectral bandwidth.

The final step in creating the unit conversion factor is merely finding the ratio of the TSIS SIM
SSI and the HySICS SSI. Note that the conversion factor should be the same for all spatial rows
(or field angles) and any measurement spatial variation is accounted for by the flat field.
However, there is a slight shift in the wavelength scale for different spatial rows, due to the
optical distortions in the system. To account for this, the unit conversion factor is interpolated to
the wavelength scale of the row that it is applied on.

After finding the ratio and interpolating to the proper spectral scale, the radiance is merely the
multiplication of the measured nadir science data and the unit conversion factor on each row.

5.1.3.18.1 Radiance Calculation Implementation

Step | Description

1 Obtain the TSIS SSI scans taken at same time as HySICS unsaturated SSI scan

2 Convolve above TSIS SSI with HySICS ILS

3 Obtain the TSIS SSI scans taken at same time as HySICS saturated SSI scan

4 Convolve above TSIS SSI with HySICS ILS

5 Make a list of the columns with saturated data from the saturated SSI scan

6 Merge those columns from the unsaturated SSI scan with the other columns from the
saturated SSI scan

7 Merge those columns from the unsaturated SSI scan wavelength map with the other
columns from the saturated SSI scan wavelength map

8 Convolve HySICS SSI with TSIS SIM ILS

9 Generate unit conversion factor: divide SIM SSI by HySICS SSI

10 | Interpolate unit conversion factor to nadir science scan wavelength map
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Step | Description

11 | Multiply nadir science scan data by unit conversion factor

5.1.3.19 3-Pixel Averaging

Following the creation of the reflectance and radiance data products for every pixel in a full
image, the measurement on every three pixels is averaged in the spatial dimension, reducing the
size of the data from 480 x 640 pixels to 159 x 640 pixels [algorithm 1F]. This step has the
benefit of not only reducing the size of the images, but also reduces the random noise uncertainty
contributors by the square root of three. The geolocated super-pixel will be specified at the
center of the central pixel in the average. It should be noted that this step must come after all
pixel-level corrections, including the flat field correction (section 5.2.2) and the linearity
correction (section 5.1.3.7).

This step is particularly straightforward for the radiance data product, where the pixels can be
directly averaged since radiance is a primary unit of measurement. For the reflectance case,
however, the proper method is to average the radiance value in the numerator, and the irradiance
value in the denominator, as shown in equations 50and 51.

Ly, opj Ly opj L3 opj 50
B R2 =T B R3 =T
El,Sun 2,5un E3,Sun

R1:T[

51

1
— L _(L1+L2+L3)
R=m 0b1=7r 3

1
Esun 3 (El, sun T E2, sun + E3, Sun)

Where the 1, 2, and 3 in the subscripts indicate the three pixels that are being averaged. The
HySICS measured solar spectral irradiance is a single vector of 640 values that is nearly the
same for every row, or pixel, in this set of equations: E; ¢yn = E3 sun = E3, sun. In this case, the
average reflectance reduces to:

1
§'(L1+L2+L3) 32

_ T
T Ecun 3( 1 2 3)

Which is equivalent to the average of the three reflectance pixels. Therefore, to create the 3-
pixel averaged reflectance image, the average of every three pixels will also be used.

It should be noted that the solar irradiance term actually does change very slightly between the
three pixels due to the spectral distortion, which shifts the spectrum on different rows. However,
this shift amounts to 0.006 nm, or 1/510" of a pixel of shift over the three pixels, and is ignored.



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 79

At 350 nm, this shift is half the step size of the Chkur high-resolution solar spectrum pictured in
Figure 70.

Note that the final row, number 478, is not averaged with the two extra dark rows, which makes
the total number of rows 159 rather than 160.

5.1.3.19.1 3-Pixel Averaging Implementation

Step | Description

1 Loop through every column

2 Average pixels 1, 2, 3 within the column for both radiance and reflectance images, and
place result as pixel 1 in new image

3 Repeat on next set of three pixels, and continue through pixels 475, 476, 477

5.2 In-flight Calibration

In order to calibrate the CPRS instrument, both C(A4) and a(A1) must be determined [3]. C(A) is
completely measured during flight through a series of calibration measurements, consisting of
the solar irradiance scan (section 5.2.1), the 0.5 mm aperture flat field, and the 20 mm aperture
flat field (section 5.2.2). The solar irradiance scan is the previously described measurement of
the total spectral irradiance of the Sun, Sg,,,, =1, and, with some manipulation, can be
comparable to the solar spectral irradiance from a secondary instrument. All images taken with
the instrument must also be corrected for gain variations in each pixel, which due to variations in
the optical surfaces, are different for the 0.5 mm aperture and the 20 mm aperture. As a result, a
measurement of the instrument flat field measurement must be made twice.

The instrument also contains an on-board HgAr Pen-Ray lamp, used during the flight to match
the wavelength scale of across all measurements. The lamp emits fixed atomic spectral lines that
can be used to determine the wavelength scale of the instrument, as described in section 5.2.3. In
addition, the CPRS will have the capability to measure a dark portion of space to determine the
amount of residual blackbody radiation from the blank aperture used for dark images, described
in section 5.2.4. These on-orbit calibrations are described by the flowchart algorithms in Figure
1 - Figure 5.

The instrument attenuation factor, @ (A1), is measured on the ground. There are two primary
components to the attenuation: the sensor integration time, and the 0.5 mm to 20 mm aperture
ratio. Since measurements at various exposure times will be made during the mission, the
linearity of the sensor must be well understood and characterized, as described in [2]. The
aperture ratio, which serves the double purpose of attenuating the measured Sun irradiance and
reducing the UV exposure in the instrument, is also measured in a laboratory over all
wavelengths, also described in [2].
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5.2.1 Solar Irradiance Scan

The solar irradiance scan is a cross-slit scan of the disk of the sun meant to measure the spectral
solar irradiance in native instrument units, DN, described in section 3.1.3.4. When measured by
the HySICS instrument, it represents the Sg,;,, ;=1 (4) term within the unit conversion factor,
C(A). The scan begins -1.5 degrees from the center of the solar disk (which is approximately 0.5
degrees in diameter in the HySICS spectral range), scans the instrument slit perpendicularly
across the disk at 0.079 degrees per second with an acquisition frequency of 15 Hz, and ends at
+1.5 degrees from the center of the solar disk, as shown in Figure 56. At the beginning of the
scan, the solar disk will not be within the instrument field of view, but a small amount of
diffracted light from the edge of the entrance aperture will be visible. As the scan progresses,
and the Sun gets closer to boresight, the amount of visible diffracted light will slowly increase.
When the solar disk comes into view, the amount of light will rapidly increase, reaching a
maximum at the center of the disk, as shown in Figure 57, a solar irradiance scan from the

HySICS balloon flight.
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Figure 56. Conceptual diagram of solar irradiance scan. Slit width and height are not to scale in either
image. 2a. shows conceptually how the slit moves across the solar disk. Since the 4MA telescope images the
sun directly onto the slit plane, the instrument takes a picture of the sliver of Sun that makes it through the

slit. 2b. shows the full range of the scan compared to the size of the solar disk. The scan will start 3 solar
diameters (1.5 degrees) from the center of the disk, and end 3 solar diameters on the other side. The range of
the scan is chosen to collect as much diffracted light as possible at the edges of the scan.
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Figure 57. Total measured power (DN) in a solar irradiance scan from HySICS balloon flight. At the left and
right sides of the scan, only light diffracted off the edges of the input aperture can be seen. In the middle of
the scan, the solar disk comes into the instrument field of view, and the measured power rapidly increases.

Since the HySICS Pointing System (HPS) is an azimuth-elevation gimbal, it is only possible to
scan perpendicularly to the Sun if it is located on the plane perpendicular to the Q1 gimbal axis,
shown in Figure 58. In this specific case, due to the expected mismatch between the acquisition
frequency, the slit angular width, and the scan rate, parts of the sun will be measured multiple
times. If both the scan rate and the acquisition frequency are constant, the oversampling of the
solar disk is also constant. However, in the more general case, the Sun will not be located on the
plane perpendicular to the Q1 gimbal axis, and the scan will arc across the center of the solar
disk, as shown in Figure 59a. When this occurs, the scan geometry is further complicated by the
apparent rotation of the solar disk due to the motion of the ISS around the Earth, shown in Figure
59b. In the general case, the per-pixel scan rate, which is a scaling factor in the SSI integration,
is calculated in ECI (Earth Centered Inertial) coordinates, which removes this disk rotation.

y

az|
Base (I155)
al
Iﬁ 5lit projection
l'u' HySICS Instrument

¥ Plane perpendicular
/ to Q1 gimbal axis

Figure 58. CPRS gimbal orientation and solar disk location for rectilinear scanning. This figure highlights
the specific case when the Sun is located directly on the plane perpendicular to the Q1 gimbal axis. In this
orientation, the Q1 axis will move the slit linearly across the solar disk.
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Figure 59. Generalized slit motion across solar disk. S5a. represents the motion of the slit across the face of the
disk when the Sun is off the plane perpendicular to the Q1 gimbal axis. The arc will have higher curvature
the farther the Sun gets from the plane. In the real case, in Sb, the Sun will also have an apparent roll due to

motion of the ISS around the earth. All of these motions will need to be accounted for to calculate the
oversampling of each point on the Sun.

Knowledge of the instrument pointing and acquisition cadence during the scan acquisition times
is necessary to determine the oversampling factor of each pixel in each image (see equation 24).
Although not used in the SSI calculation, the geometric slit width will also be measured by a
non-contact optical measurement at NIST, Gaithersburg. A similar measurement of the HySICS
balloon flight slit is shown in Figure 60. The HySICS balloon slit width was 28.297 um.
Throughout the scan, HPS and resolver data will provide enough information to convert the pixel
lines of sight into ECI coordinates. This set of angular coordinates is inertial, and includes both
ISS motion in addition to scan motion. The apparent angular scan rate is calculated in ECI
coordinates. On the balloon flight, the HySICS Fine Sun Sensor (FSS) was used to determine
the scan rate. Note that for the CLARREO HySICS gimbal system, the HFSS does not provide
enough information to completely decouple the two pointing axes. However, as an example,
Figure 61a shows the FSS yaw position during a solar irradiance scan. In the simple case of a
linear scan, rather than the more general arc scan, the oversampling of each measurement can be
determined from the slope of the FSS yaw position, shown in Figure 61b as degrees per image.
In post processing, each image is inversely scaled by its oversampling factor in the specific case
of a linear scan, and each pixel is inversely scaled by its oversampling factor in the general case
(equation 31).
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Figure 60. NIST measurement of HySICS balloon slit. An optical, non-contact measurement of the HySICS
balloon slit, which is skewed by the high aspect ratio of the plot (80 pm high by 18 mm wide), shows that the
slit is 28.297 nm wide, corresponding to a 70.7425 arcsec field of view in the across-slit dimension.
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Figure 61. Fine sun sensor yaw position during HySICS balloon flight solar irradiance scan. Figure 61a
shows the position of every image during the scan, and Figure 61b shows the numerical derrivative of the
position, which indicates the instantaneous scan rate at each image. The scan rate is one component of the
oversampling factor for each image in the scan.

After the integration scaling factors (the per-pixel scan rate, per-pixel along-slit FOV, and
acquisition period) have been applied [algorithms 7A and 7D], columns of each image can be
summed, producing a 638 point vector for each image [algorithm 7B]. Only a small range of the
FPA image is used in the along-column integration step, of 1-1.5 degrees, to capture the
diffracted light where it is visible, but not further, which increases the noise in the summation,
since read noise is summed in quadrature for each pixel in the integration (section 6.5.2.2 and
6.5.1.2). The final range of the summation will be determined by on-orbit solar data. Integration
in the other dimension, across images, is accomplished by summing the vectors [algorithm 7C].
This summation produces a plot similar to that shown in Figure 62. This plot represents the total
power detected in the scan for every wavelength bin, and is comparable to plots of the total solar
spectral irradiance from other instruments or models. There are a couple of key features in the
HySICS-measured solar spectral irradiance from the balloon instrument, including the two dips
at 650 nm and 1190 nm, caused by the boundary of the order sorting filter located just in front of
the camera, and the very low efficiency in the UV and visible regions, from 350 — 800 nm, due to
the low relative efficiency of the HySICS grating. A similar dip is expected around 615 nm on
the HySICS instrument, due to an edge in the order sorting filter.
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Figure 62. HySICS-measured solar spectral irradiance (un-calibrated). This plot represents all the light
collected by the HySICS balloon instrument during a solar spectral irradiance scan, in DN. It has been
integrated in both spatial dimensions, and the integration factors for every pixel have been applied.

5.2.1.1 Solar Irradiance Scan Integration Algorithm Implementation

The algorithmic implementation of the solar irradiance scan described thus far includes applying
three integration scaling factors (from equation 31) and an integration of multiple images
[algorithms 7A — 7D]. The multiplication factors are the per-pixel angular scan rate, the per-
pixel along-slit field of view, and the image acquisition period. The angular scan rate and the
acquisition period can also be multiplied together to equivalently give an angular scan distance,
rather than rate. In the most general case both the per-pixel integration factors are applied to
each image as a multiplication factor associated with each row. The multiplication can be
implemented either as each element of a matrix multiplied by another matrix which has constant
rows, as is shown in Figure 63, or as a for-loop where each row is multiplied by the
oversampling factor at the field location of the row. The resulting image is then added to the
cumulative sum of all images in the irradiance scan.
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Figure 63. Solar image scaling by oversampling factor. This multiplication step is performed on every image
in the irradiance scan. The resulting images are summed together.
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In addition, the image acquisition must be synchronized with the gimbal motion. If this is not
the case, then only the images taken while the gimbal is sweeping across the solar disk should be
used, requiring another step in the processing algorithm. The following sections detail each step
of the solar integration algorithms.

5.2.1.1.1 Integration Scaling Factors (Part 1) Implementation

Step | Description

1 Loop through all images

2 For Nth image: Determine per-pixel scan rate based on scan geometry and HPS
pointing

3 Obtain per-pixel along-slit FOV (from laboratory measurements)

4 Expand scan rate and per-pixel along-slit FOV into matrix with constant rows. (Also
may multiply each row individually, depending on how the for-loop is implemented.)

5 Multiply each pixel by scaling factors

5.2.1.1.2 Integration along Spatial Columns Implementation

Step | Description

1 Loop through all images

2 Sum pixels of each column surrounding the solar spectrum, rows 183 — 279 (only use
pixels near the spectrum to avoid adding noise)

5.2.1.1.3 Integration across Scan Images Implementation

Step | Description
1 Loop through all vectors created from previous column-wise summation
2 Sum vectors in the image dimension
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5.2.1.1.4 Integration Scaling Factors (Part 2) Implementation

Step | Description

1 Multiply SSI vector by acquisition period (1/15" of a second)

5.2.1.2 Aperture Attenuation

As noted earlier, the instrument contains a large aperture, 20 mm diameter, for Earth viewing,
and a small aperture, 0.5 mm in diameter, for solar viewing, and the ratio of the two must be
applied in order to be able to properly find the ratio of the two scans [algorithm 5B]. The
aperture is located at the instrument pupil plane, which means that the size of the aperture limits
the amount of light entering the system, rather than causing a vignette, as would occur in any
other plane. Ideally, if the optical path were exactly the same for both apertures, the amount of
light entering the system would be proportional to the area of the aperture. However, there are
components that behave slightly different depending on the size of the light interaction area,
namely the grating, and to a lesser extent, the order sorting filter. To compound the problem, the
grating efficiency changes not only with light interaction area, but also with the wavelength of
light being used. To account for all these optical variations, the instrument aperture attenuation
ratio is measured over the full spectral range [2]. The aperture attenuation ratio from the
HySICS balloon flight is shown in Figure 64.
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Figure 64. HySICS-balloon aperture attenuation ratio versus wavelength.

The ratio shown here is the ratio of the amount of detected light at each wavelength from the
large aperture divided by the amount of detected light at each wavelength from the small
aperture. The areal ratio should be around 1600. The large peak between 400 and 1100 nm is
due to the reduced grating efficiency for the small aperture, which has fewer grating lines of
interaction with the light. Although likely not present in the CPRSP aperture attenuation ratio,
the spikes were caused by the edges of the HySICS balloon instrument order sorting filter.
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The aperture ratio needs to only be applied to either the nadir science data or the SSI scan. If
applied to the nadir science data, the resulting values are reduced by the ratio, as if the nadir data
had been collected with the small aperture instead of the large aperture. If applied to the SSI
scan, the values are increased, as if the SSI scan used the large aperture. These two options are
ultimately equivalent following the reflectance ratio calculation. The aperture ratio is chosen to
be applied to the SSI scan to facilitate internal data transfer between functions of the flight data
pipelines.

5.2.1.2.1 Aperture Attenuation Algorithm Implementation

Step | Description

1 Interpolate aperture attenuation ratio to the pixel wavelength bins in nadir science data
set

2 Divide SSI scan pixel-by-pixel by the aperture attenuation ratio

5.2.1.3 Diffraction Effects

During the solar irradiance scan, the incoming light from the sun will be diffracted by the sharp
edges of the input aperture, shown conceptually in Figure 65. The 0.5 mm aperture, when
coupled with the 4MA imaging telescope, has a resolvable spot diameter of 461 um at a
wavelength of 2300 nm, significantly larger than the width of the slit. Most of the diffracted
light is collected during the course of the scan, as shown in Figure 66, but not all of it. The light
that is diffracted at a higher angle than the scan (> +1.5 degrees) in the plane of the scan, and the
light that is diffracted outside of the slit field of view (> £5 degrees) perpendicular to the scan
will fall outside of the collection window.
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Figure 65. Conceptualization of diffraction from entrance aperture. The collection window is as tall as the
slit, and as wide as the scan, centered on the image of the Sun. Although not shown, if the solar irradiance
scan is arced due to the gimbal pointing, the collection window will also be arced (as shown in Figure 59).
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Figure 66. Total diffracted light collected. The left image is the image resulting from a spatial integration in
the across-slit direction. The streak through the middle represents the spectrum of the integrated solar disk.
Light in the image that falls above and below the center streak represents light that is still collected by the
slit, while light that falls above and below the slit, off the image, is lost. Similarly, the plot on the right
represents the total power collected by each image during the scan. Light that falls outside of the scan range,
off the plot, is lost.

Diffraction effects can be calculated, as described in appendix A. However, during the HySICS
instrument measurement campaign, diffraction was directly measured, as described in [2]. In
addition, the aperture ratio measurement, also described in [2] was set up to represent the solar
field angles as closely as possible, and characterizes all losses through the system, including
diffraction. Therefore, the aperture ratio attenuation factor already includes the effect of
diffraction on the SSI measurement. The ratio will be adjusted to account for small differences
between the solar measurement and the aperture ratio measurement, but these variations are
expected to be small compared to the total light diffracted.

5.2.1.3.1 Diffraction Algorithm Implementation

The effects of diffraction are completely captured by the application of the aperture ratio
attenuation factor in the SSI data pipeline. A second implementation is not necessary.

5.2.1.4 Saturated Scans

The HySICS instrument will measure less light near both edges of its spectral range, at 350 nm
and 2300 nm, due to the combination of solar spectrum, the grating efficiency, and aluminum
mirror reflectance. The reduced light contributes to a higher uncertainty in the measurement
because of the lower signal-to-noise ratio, and is the primary factor driving increased
measurement uncertainty for the solar irradiance scan. By acquiring a second solar irradiance
scan with a higher integration time, the signal-to-noise ratio can be increased in the inefficient
spectral regions. In the second scan, weak spectral regions will have a higher signal level, and
the previously strong regions will be saturated, making them unusable. However, during post
processing, the two scans are stitched together into a single integrated image, using the
inefficient spectral regions from the second scan and the efficient spectral regions from the first
scan. It should be noted that the detector manufacturer, Teledyne, believes that saturation of
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some portion of the detector will not affect the response of the unsaturated pixels. This problem
has been observed in other detector structures, but will not be present in the CHROMA HgCdTe.
An experimental verification of the detector will be used to validate the saturated scan
methodology.

As an example, during the HySICS balloon flight, two spectral irradiance scans were used. The
first one had the entire solar spectrum non-saturated, taken at a 0.67 ms integration time, and the
second one that was saturated from approximately 800 nm and above, taken at 4.28 ms. In post
processing, to determine the system efficiency, the saturated scan was used for the 350 nm to 800
nm range, and the non-saturated scan was used for the 800 nm to 2300 nm range, as shown in
Figure 67. Note that for the balloon flight data, the integration time used on each portion of the
spectrum was tracked, and eventually used as part of the system attenuation factor, a(1). For
CLARREO HySICS, the data from both these scans will be scaled to 1 RT immediately, which
will eliminate the stair-step in the middle of this plot.
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Figure 67. Total integrated light from two stitched solar irradiance scans, a saturated one, and a normal, un-
saturated one. The benefit to using the saturated scan technique is the increased signal in inefficient regions
of the measured spectrum, which can greatly reduce the uncertainty in the measurement.

5.2.1.4.1 Saturated Scan Algorithm Implementation

The steps outlined in the solar irradiance scan integration, section 5.2.1.1, must be executed for
both solar scans, resulting in two solar irradiance vectors, both 640 elements long. The
acceptable wavelength regions for each scan are based on where the spectra is unsaturated and
the signal is maximized. Only wavelength bins that are unsaturated throughout all images of the
scan can be used in the solar irradiance calculation. The expected wavelength region from the
initial scan (unsaturated scan) is from 400-1500 nm, and the expected wavelength region from
the second scan (saturated scan) is from 350-400 nm and again from1500-2300 nm.
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5.2.1.5 Unit Conversion Factor

After correcting for lost light due to diffraction, and integrating the total solar irradiance scans,
the final step to generating the unit conversion factor, C(A) is to determine the ratio of the TSIS
SIM solar spectral irradiance (W/(m? - nm)) to the measured irradiance (DN). An example solar
spectral irradiance used for the comparison is shown in Figure 70. Ideally, the unit conversion
ratio is the SSI measured by an absolute instrument (TSIS SIM) divided by the SSI measured by
HySICS, although it is slightly more complicated when using real instruments. It should be
noted that the inverse of the unit conversion factor is a measurement of the full system
efficiency. As previously mentioned, the solar spectral irradiance is given by either an
instrument flying at the same time as CPRS, such as TSIS SIM [5], or a solar model, as was used
for the HySICS balloon flight [3].

In order to calculate the unit conversion factor, the exact solar spectral irradiance, as it would be
observed by the HySICS instrument, which is different from the TSIS SIM instrument
measurement, must be known. Because these instruments are fundamentally different, the SIM
SSI must be transformed into the HySICS SSI.

From a signal processing viewpoint, the SIM SSI is generated by convolving the real solar
spectral irradiance with the SIM instrument line shape, and then sampled across the spectrum, as
shown graphically in Figure 68. The SIM instrument line shape changes across the spectrum due
to the wavelength dependent dispersion of the glass used in its dispersion element, a prism. It is
narrowest in the UV, and widest in the IR. The sampling periodicity also changes across the
spectrum to match the ILS, with 6-8 measurements per line shape [5]. This amount of sampling
is expected to keep interpolation errors low enough to be inconsequential, and the actual required
sampling versus interpolation error level will be studied by the TSIS SIM team.

SIM ILS SSl .
Sampling

Figure 68. TSIS SIM solar irradiance spectrum from a signal processing viewpoint. The SSI is convolved
with the SIM instrument line shape, and sampled periodically over the spectral range. Although not
represented here, both the ILS and sampling periodicity vary across the spectrum.

Similarly, the HySICS SSI is generated by convolving the solar spectral irradiance with the
HySICS instrument line shape, and then sampling it at each pixel. Pixel sampling is the
equivalent of convolving the spectrum incident on the detector by a rect function set at the
spectral width of a pixel, and then multiplying by a sampling comb function. The full procedure
is shown graphically in Figure 69. The actual ILS measurements from the characterization
campaign [2] already have the pixel rect function convolved with the ILS.
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Figure 69. HySICS solar irradiance spectrum from a signal processing viewpoint. The SSI is convolved with
the HySICS ILS, and incident on the detector. This signal is pixel-sampled via convolution with a pixel
rectangle function and multiplied with a comb sampling function.

In order to match these two solar irradiance spectra, a few mathematical manipulations must be
applied. To generate the same SSI measured by both instruments, the SIM SSI needs to be
convolved with the HySICS ILS, and the HySICS SSI needs to be convolved by the SIM ILS. If
the two instruments both had very high spectral resolution data compared to the spectral width of
the ILS, the result of these two convolutions is identical, and they can be compared without
adding uncertainty.

However, the HySICS spectral sampling frequency is wider than the SIM ILS from 350 nm to
approximately 450 nm. The resulting convolution of the HySICS SSI with the SIM ILS
generates a significant amount of error in this spectral region. To reduce the error, the HySICS
spectrum is interpolated to a high spectral resolution, matching the SIM resolution, using a cubic
piecewise spline. This high resolution HySICS measurement can then be convolved with the
SIM ILS.

A simulation of the SSI comparison process is shown in Figure 70 through Figure 73. To
simulate the measurement of the SIM SSI, a high resolution solar spectrum (the Chkur hires) is
convolved with the SIM ILS, shown in Figure 70. Similarly, to simulate the measurement of the
HySICS SSI, the Chkur hires spectrum is convolved with the measured HySICS ILS. It is also
resampled at the HySICS spectral bins, Figure 71. These two spectra are assumed to be the
measurements from the two instruments. To generate a high resolution version of the HySICS
spectrum, it is interpolated up to the spectral resolution of the SIM spectrum, using a spline
interpolation. Similarly, the SIM spectrum is interpolated to have a constant spectral resolution,
using the step size of the SIM spectrum at around 350 nm. The high resolution HySICS
spectrum is convolved with the SIM ILS, and the SIM spectrum is convolved with the HySICS
ILS in Figure 73. Ideally, these two spectra should be identical. The ratio between the two
spectra is shown in Figure 74. As can be seen, they are within 0.04% of being identical from
around 450 nm and above. Below 450 nm, there is a difference between the two spectra due to
errors in the spline interpolation compared to the true SSI. This difference spikes at high solar
gradient wavelengths, and is as high as 1.5% at approximately 390 nm.

The ramifications of doing this “cross convolution” is that the high-frequency spectral features of
both spectra are smoothed out. Where the spectra were already smooth, there is nearly no
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additional error. The ratio of these two smoothed spectra is the unit conversion factor, which
now also has been smoothed by convolution with the ILSes of both instruments. The unit
conversion factor (also the inverse of the system efficiency) is dependent on the components of
the instrument, specifically the grating spectral efficiency, the aluminum mirror reflectivity, the
order sorting filter transmission, and the detector quantum efficiency. None of the inputs to the
unit conversion factor have high spectral frequency features, which means that the ratio is

expected to be a smooth, slowly varying function, which will be largely unaffected by the
convolution smoothing.
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Figure 70. A high resolution SSI (Chkur hires) convolved with the SIM ILS.
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Figure 71. Chkur hires SSI convolved with SIM ILS and with HySICS ILS.
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Figure 72. HySICS SSI resampled at wavelength bin locations. The yellow line linearly steps between the
sampling locations, causing it to cut off high frequency and curved features.
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ILS (green).
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Figure 74. Percentage error between the two cross-convolved spectra. The errors above 700 nm are less than

0.01% ppm.

5.2.1.5.1 Unit Conversion Factor Algorithm Implementation

The unit conversion factor requires manipulation of both the TSIS SIM and HySICS data sets.
The TSIS SIM data is convolved with the HySICS ILS, and the HySICS data is approximately
convolved with the TSIS SIM ILS. Note that both instrument line shapes must be normalized to
have unity area, but that they are known from ground testing. The steps of the algorithm are
shown in the following table.

Step | Description

1 Convolve TSIS SIM SSI with HySICS ILS

la | Linearly interpolate TSIS SIM SSI to the highest spectral resolution in the SSI

Ib | Interpolate HySICS ILS to same spectral resolution, normalize to unit area, and center
ILS

Ic | Zero-pad shifted-ILS to fill out full spectral region

1d | Multiply interpolated-SIM SSI by ILS from lc

le Sum all values and multiply result by wavelength sampling (Digital integral)

1f | Generate new vector with result placed at first wavelength element

lg | Repeat 1b-1f for all wavelengths in SIM SSI from 1a

2 Interpolate HySICS SSI using cubic spline to SIM SSI wavelength scale
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Step | Description

3 Convolve HySICS SSI with SIM ILS (repeat convolution steps from step 1)

4 Divide Converted TSIS SIM SSI (1g) by converted HySICS SSI (3) = Unit conversion
factor

5 Resample unit conversion factor to HySICS spectral grid

5.2.1.6 High-speed Fine Sun Sensor (HFSS)

During any scan used to observe the sun, the solar spectral irradiance scan and the 0.5 mm flat
field, a High-speed Fine Sun Sensor (HFSS, or sometimes just FSS) will be used to determine
the pointing location with respect to the center of the solar disk. The HFSS consists of a quad
diode placed behind a square aperture and an ND filter stack. If the instrument is pointing
directly at the center of Sun, the amount of power on each quadrant of the diode is the same. If it
is not centered on the Sun, some of the quadrants will measure a higher level than the others.
The relative difference of the HFSS diode can be used to partially determine the pointing, and
will be used to actively stabilize the pointing platform in a solar centric coordinate system.
During the HySICS flight, the stability of the HFSS pointing measurement was better than 0.7
arcsec.

5.2.2 Instrument Flat Field

Although the primary in-flight calibration for determining the unit conversion factor is the solar
spectral irradiance scan, the images in the scan still contain pixel-to-pixel efficiency variations.
Unless corrected, these variations can cause the exact same scan to measure different amounts of
power if a different part of the sensor is used. The flat field scan concept is to place the exact
same amount of light on each pixel in a wavelength bin, and measure the relative efficiency
difference between pixels. Fundamentally, the efficiency variation is due to small changes in the
full-system optical path from one pixel to the next as well as the gain variation in the camera
pixels themselves. Since it is a measurement through the full optical system, the flat field scan
must be performed twice; once with the solar viewing 0.5 mm aperture, and once with the Earth
and lunar viewing 20 mm aperture, described mathematically in section 3.1.3.3. After the pixel-
to-pixel variations are measured, a correction, called the flat field correction, can be applied to
each image. The 0.5 mm flat field correction is applied to every image taken with the 0.5 mm
aperture, while the 20 mm flat field correction is applied to every image taken with the 20 mm
aperture.

5.2.2.1 Small Aperture Flat Field Scan Description (Solar Flat Field)

Flat-fielding the HySICS instrument is a full-system scan, and therefore needs to occur twice:
once using the smaller solar-viewing aperture, and once using the larger Earth-viewing aperture.
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Light passing through the two apertures interacts with different parts of the optical elements in
the instrument, which can have different absorptivity, reflectivity, or efficiency. All of these
variations in the optical train are measured during the flat field calibration scans and
compensated during the post-processing application of the flat field correction.

Although different apertures are used for the two scans, the concept for both is to use a stable
light source that can be swept across every pixel on the sensor, enabling a measurement of the
relative response, or gain, of each. In orbit, the most stable light source is the Sun, which is used
directly for the small aperture and indirectly for the large aperture flat field scans. An equivalent
large aperture will be covered with a transmissive diffuser for the large aperture flat field scan.
In both cases, the solar disk is scanned in the slit direction from the top of the imager, 5 degrees
above bore sight, to the bottom of the imager, 5 degrees below bore sight, while images are
continuously captured at a 15 Hz cadence. In practice, the scan is extended by at least 0.25
degrees on both sides to ensure the full instrument field of view is covered. (The scan is
currently set at -6 degrees to +6 degrees around the center of the Sun in the CONOPS document
[20].) The small aperture scan rate is 285 arcsec/second, and the full scan takes approximately
151 seconds to complete, during which time the light is considered to be stable. The large
aperture scan rate is 1141 arcsec/second, and the full scan takes approximately 38 seconds to
complete. For the small aperture scan, the resulting data is a series of images containing the
solar spectrum stretched across the full sensor in the spectral direction, and moving down the
sensor for each successive image in the spatial direction, as shown in Figure 75.

Sun at top of slit FOV Sun in middle of slit FOV Sun at bottom of slit FOV

Figure 75. Successive images during a solar flat field scan. The left image show the solar spectrum when the
Sun is at one edge of the slit, the center image shows the Sun in the middle of the slit, and the right image
shows the Sun at the other edge. Since the amount of light from the solar disk does not change during the

scan, the gains of each illuminated regions of the camera can be compared to each other. A full-sensor flat
field calibration is generated by illuminating all pixels of each wavelength with the same source.

Similarly to the solar spectral irradiance scan, the motion of the slit field of view due to the
CPRS gimbal system is only on an orthogonal, non-coupled coordinate system only if the solar
disk is in the plane perpendicular to the Q1 axis (Figure 58). In this case, motion of the Q2 axis
moves the instrument bore sight parallel with the slit, and the Q1 axis will track the motion of the
solar disk due to the movement of the ISS. In the general case when the solar disk is off the
plane, the solar disk will rotate due to the motion of the ISS, and both gimbals will be required to
track the sun. It should be noted that in the orthogonal gimbal movement case, every point along
the sun within the slit field of view is scanned along every pixel in the instrument. As a result,
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there is more viable flat field data which can be used to reduce noise through averaging and to
estimate measurement uncertainty. The more the solar disk rotates during the scan, the fewer
points can be used in the data analysis, with the least amount of solar disk data occurring when
only a single point on the sun is scanned along every pixel in the slit. The one notable exception
to this rule occurs when the solar disk is deemed rotationally symmetric in its uniformity,
meaning that there are no spatial features such as Sun spots, and the flat field scan is directly
through the center of the solar disk.

5.2.2.2 Large Aperture Flat Field Scan Description (Transmissive Diffuser Flat Field)

It is more difficult to find a stable, uniform light source on orbit for use with the 20 mm aperture.
Although the Moon can be used in a similar manner as the Sun described in Section 5.2.2.1, it is
not a spatially uniform source, which drives the pointing requirements during the scan to an
unachievable level. Instead, a transmissive diffuser will be placed in front of a duplicate 20 mm
aperture, and the scan will be repeated on the Sun. The transmissive diffuser, shown in Figure
76, is a 100 um thick piece of PTFE (Teflon). This diffuser acts as a nearly Lambertian source
placed at the pupil plane of the 4MA telescope. If it had a perfectly Lambertian BTDF (Bi-
directional Transmissive Distribution Function), the same amount of light would be diffused into
each pixel angle, and no scan would be necessary. However, to account for the non-Lambertian
nature of the BTDF, the Sun will again be scanned, ensuring that every field angle (for each
pixel) has the same incident angle, shown for two field angles in Figure 77. There is also a very
small thickness change in the PTFE, also shown in Figure 77, due to the non-normal incident and
output angles for increasing field angles. In the range of £5 degrees, the equivalent PTFE
thickness changes by 0.4%. The resulting BTDF is expected to also change by a small amount,
causing a variation in the amount of light incident on each pixel. This variation is expected to be
very small, and will be measured during ground testing (see Characterization and Calibration
Plan, Agile #157567 [2]).
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Figure 76. Transmissive diffuser mounted on the HySICS balloon instrument aperture wheel. The diffuser is
a white piece of PTFE placed on top of an equivalent 20 mm aperture.

Scan position #1
P i

éﬁp Scan position #2
§ /
z /
£/

o,

u{&"%i,;;“%
Chp e

O ‘l;

RSP

Pl ;p@%

-

PTFE |

-
Ty

™
~,
MNgle (‘ .

4
/
/
/
)

Dufpw

Edge field

dngle -5 Center field

angle (0%)

Figure 77. Simplified transmissive diffuser scan geometry. The incident and output angles are identical
throughout the scan, which minimizes the amount of BTDF variation, although there is still a small change
due to the equivalent thickness of the PTFE increasing at higher field angles.

The transmissive diffuser is nearly immune to on-orbit degradation by virtue of being placed at

the pupil plane, directly on the aperture. As a result of this placement, all pixels use the exact
same portion of the transmissive diffuser. If there is a mark, or non-uniform degradation on the

diffuser, all pixels see the same mark, and the relative pixel-to-pixel light level is unchanged.
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The light level of the Sun propagating through the diffuser is similar to that of reflected Sun off
thick clouds. The scattering of the incident light nearly evenly into the full output hemisphere
reduces the amount of light traveling along each field angle, and does not saturate the sensor
despite looking at the Sun with the 20 mm aperture.

5.2.2.3 Flat Field Scan Analysis

Along each pixel column on the sensor, which corresponds to a single wavelength bin, variation
in the detected power of the light source is considered to be variation in the response of the
system at each pixel. Each wavelength bin is analyzed separately, since there is unknown
spectral power structure in the light source (the Sun). In an ideal measurement, the system
response would be measured at the peak of the light source as it passes each pixel during the
scan. In practice, the imaging cadence will not be perfectly synchronized with the scan motion,
and therefore the pixel responses cannot be directly compared, but instead must be compared
with an average, super-sampled peak, built up using all pixels in a column. The central image of
the light source as it travels across each pixel is determined from a curve fit and provides sub-
integer accuracy in the location of the peak within the images. The peak from each pixel is
interpolated and lined up with all the other peaks based on its sub-integer location, and used to
generate the average peak. The average peak is defined as the unity gain peak, and all other
peaks, as seen by each pixel, are compared to it, shown in Figure 78. Once the average peak has
been determined, it can be used to more accurately locate the peak center of the light source on
each pixel, iterating on the process and generating a new average peak until it stays constant
from iteration to iteration.
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Figure 78. Measurement across solar disk for all pixels in wavelength bin at 1376 nm. This plot shows 480
separate measurements, one for each pixel in column 300 (1376 nm), and the average of all the measurements,
in a thick, black line superimposed on the other plots. The variation in each pixel measurement is due to
optical variations in the instrument, and gain variations in the camera pixels and electronics.

The usable width of the average peak to compare pixel gains is determined by the number of
points along the Sun that cross every pixel in the column. For a linear scan, with no rotational
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motion of the solar disk, all points along the disk will cross every pixel. At the scan rate used for
the HySICS balloon flight, 31 points across the solar disk were used. Any rotation of the solar
disk or arcing of the scan around a fixed slit location due to gimbal geometry reduces the number
of points that can be used.

Another way to look at the flat field scans is to compare each pixel value with all the other pixels
in the wavelength bin. This comparison can be done as many times as there are points along the
solar or lunar disk that pass through every pixel, or 31 times in the HySICS balloon flight solar
case. Each of these 31 points creates a separate flat field. The average of these 31 flat fields is
defined as the nominal flat field. The standard deviation of these 31 measurements can be taken
as the random component of the uncertainty, and includes read noise and shot noise, since they
are present in every image. The accuracy of both the average and the standard deviation of the
comparisons increases with the number of points that can be used along the solar disk.

The transmissive diffuser flat field scan has the benefit of having a very flat peak moving across
each pixel, and therefore a large number of measurements can be easily used. It is likely that the
number of measurements in this case may be significantly more than for the small aperture (to be
determined during commissioning), rather than just 31 in the solar flat field case. It is also
immune to apparent solar rotation from the movement of the ISS, since all points on the solar
disk are scrambled together via the diffuser.

Once the relative response of every pixel in every column has been determined, a flat field image
can be built up, as shown in Figure 79, for both apertures for the HySICS balloon instrument.

By definition, the average value of these images is unity, since the relative gain of all pixels is
compared to the average gain. It should be noted that the flat field image is actually only a
comparison of the pixel response in the spatial dimension, along each column of the image; there
is no information to compare a pixel response in the spectral dimension, along rows of the
sensor. The flat field image is used to inversely scale every image acquired by the HySICS
instrument. If a pixel has a higher than average response, its measured value is reduced, and the
opposite occurs for a pixel with a lower than average response.
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Figure 79. The HySICS balloon flight flat fields. The left image is the flat field for the 0.5 mm aperture, and
the right image is the flat field for the 20 mm aperture. The colors on these plots represent the relative gain
of each pixel compared to the average of all pixels in the same column. The noisy area on the right edge of
both plots is the most UV portion of the sensor, which is inefficient, and has a very low signal to noise ratio.
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5.2.2.4 Spectral Distortion Correction

Even the most perfectly aligned system will contain slight spectral distortions, such as keystone,
over the full spatial range. The Pen-ray wavelength algorithm (section 5.2.3) identifies the
wavelength for every pixel on the detector, including the distortion. During the flat field
calibration scans, however, distortions mean that there is a slightly different part of the spectrum
used for each row, even if the exact same portion of the solar disk is used in the flat fielding
algorithm.

To correct for the spectral distortion, the spectrum on each row of the detector is interpolated,
using a cubic spline to try to pick up curves in the spectral features, to the wavelength that should
have been seen at each column with no distortion. One version of a measured distortion map,
used to identify the amount of interpolation at each pixel, is shown in Figure 80.
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Figure 80. Measured distortion map, showing distortion, in spectral pixels, relative to the spectrum on the
center row of the detector.

Note that the distortion map may change slightly with temperature, but can be re-analyzed with
each Pen-ray measurement. If it is found to change too much during on-orbit operations, the re-
analysis will be automated.

As might be expected, the distortion causes more error where there are high-gradient spectral
features, and very low error where the spectrum is smooth and flat. The spline interpolation is
more accurate where the spectrum is smooth as well. For the solar spectrum, the majority of the
spectral distortion error will occur below 450 nm, where there are higher gradient features.
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5.2.2.5 0.5 mm Flat Field Algorithm

The flat field is a relative measurement which is fundamentally just a comparison of how each
pixel responds to the same amount of light. The difficulty in the scan algorithm is in choosing
the right image for each pixel [algorithm 8A]. The image choice manifests itself in
understanding exactly when the solar peak passes across each pixel during the scan. It can be
done in two ways: either during post processing using a peak-finding technique, or with the fine
sun sensor or HPS resolver data, if it is shown to be stable enough. For reference, the FSS data
in the HySICS balloon flight was stable to better than 1 arcsec during solar pointing periods. If
properly ascribed to the image data, this would provide better than 1/75" of a pixel of location
accuracy. The first part of the flat field algorithm [algorithm 8A], which choses the proper scan
images to be used for each row, assuming the FSS data will not be used, is outlined in the
following table.

Step | Description

1 Step 1: Locate solar peak

la | Assemble vector from all images of scan of one pixel (at a high-signal wavelength).
Number of elements in vector is same as number of images in scan = pixel peak vector

Ib | Curve fit vector with Gaussian to find initial peak location.

Ic | Repeat 1a — 1b for all pixels in the column

2 Step 2: Generate average solar peak

2a | Resample and interpolate pixel peak vectors to ensure at least 1 arcsec resolution (~20x
higher sampling if the scan rate was ~280 arcsec/sec)

2b | Line up all pixel peak vectors in a matrix, centered on the peak location for each vector
(Matrix will contain 480 rows, one for each pixel.)

2c¢ | Find mean of matrix along second dimension (not the peak vector dimension) =
Average solar peak

3 If necessary, repeat steps 1a — 1b with average solar peak curve fit instead of Gaussian
4 If necessary, repeat steps 2a — 2¢ to generate more accurate average solar peak
5 Step 3: Determine usable portion of the solar disk based on scan rotation due to gimbal

motion and number of positions that can be used to make a flat field

6 Step 4: Generate vector identifying image corresponding to solar peak crossing each
row
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This algorithm identifies the image number within a scan that corresponds with the solar peak
landing on a particular row. Once the images have been chosen, the flat fields are created
[algorithm 8B]. To do this, the algorithm uses the location of each position within the images
that correspond to one particular flat field. The image number can be fractional, and is
interpolated between neighboring images. In the example above, there are 31 such locations.
Each of the locations is interpolated at each row, resulting in the signal that each pixel would
have seen had the image been taken at exactly the instant that the portion of the solar disk
crossed it. This signal is distortion corrected as described in section 5.2.2.4. The relative signal
level of each pixel is compared to the average signal within that column at each wavelength. The
average of the resulting values along every column is therefore forced to be unitary. In other
words, the signal on a particular pixel may be slightly higher or slightly lower than the average
of the full column of pixels, indicating its relative gain.

The process is repeated for every wavelength, which generates the full image flat field that also
has a mean value of one. It is also repeated for every one of the identified positions on the solar
disk, or 31 locations in the above example, generating 31 separate full image flat fields. These
fields can be weighted, and ultimately averaged together, based on the expected goodness of
their values. For example, flat fields that are generated from positions closer to the edge of the
solar disk, where the signal is lower, and there is a higher power gradient, will have higher
uncertainty associated with them.

This portion of the flat field algorithm [algorithm 8B] is outlined in the following table.

Step | Description

1 Loop through all identified positions on the solar disk

2 Loop through all columns

3 Loop through all pixels in a column

4 Using the vector of image locations for the solar peak crossing each pixel, interpolate
signal to fractional image, and add that value to a 480 x 640 map of signal levels

5 Using distortion map, interpolate across spectral dimension to correct for optical
spectral distortion

6 Normalize flat field: divide all pixels by the mean of their column

7 Create final flat field by taking average of flat fields for all identified positions on the
solar disk (weight positions if desired).
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5.2.2.6 20 mm Flat Field Algorithm Implementation

The implementation of the 20 mm flat field is similar to that of the 0.5 mm flat field. It is
possible, however, that the transmissive diffuser is so Lambertian that a solar peak cannot be
located. It would instead just look like a constant value over all pixels in a wavelength bin. In
this case, it is necessary to use the FSS data to determine the peak location, or to assume that the
scan was constant and crossed all expected field angles given gimbal resolver telemetry.
However, because of the flatness of the source, the algorithm is also less sensitive to
misalignments of the peaks, and does not require a resampling step. The required steps in the 20
mm flat field solar disk position algorithm [algorithm 8A] are shown in the following table.

Step | Description

1 Obtain gimbal scan range

2 Linearly distribute all images of scan within the gimbal scan range

3 Identify number of images that extend past the slit full field of view. This value will be
the number of measurements that can be used to generate a flat field.

4 Create a vector of image locations that the solar peak should be crossing each row of the
detector

Like the image identification step in the small aperture case, the peak image location for the 20
mm aperture can have fractional values, and will be interpolated between images. After this
step, the processing of the large aperture flat field is identical to the small aperture flat field, with
the exception of requiring a correction for the variation in signal transmitted through the diffuser,
or BTDF correction. The relative signal transmission through the diffuser at all field angles was
studied in the laboratory, and is used to adjust the measured signal on each pixel. The correction
is shown in Figure 81. Note that this correction was studied on multiple pieces of transmissive
diffuser, and before and after irradiation with an extreme UV source, with very little deviation
from the plots shown here. It indicates that the signal drops by nearly 0.6% at the edges of the
field angle range.

The outline of the 20 mm flat field creation steps [algorithm 8B] are shown in the following
table.

Step | Description

1 Loop through all identified positions on the solar disk

2 Loop through all columns

3 Loop through all pixels in a column
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Step | Description

4 Using the vector of image locations for the solar peak crossing each pixel, interpolate
signal to fractional image, and add that value to a 480 x 640 map of signal levels

5 Using distortion map, interpolate across spectral dimension to correct for optical
spectral distortion

6 Correct for transmissive diffuser BTDF

7 Normalize flat field: divide all pixels by the mean of their column

8 Create final flat field by taking average of flat fields for all identified positions on the
solar disk (weight positions if desired).
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Figure 81. BTDF correction of the transmissive diffuser used in the large aperture flat field creation. The
various colors represent different measurements taken over several years, and with different pieces of the
transmissive diffuser. This BTDF is extremely similar to an ideal Lambertian diffuser, which follows a
cosine’ function.

5.2.2.7 0.5 mm Flat Field Pointing Requirements (Solar Flat Field)

The pointing requirement for the 0.5 mm flat field is derived directly from HySICS balloon data,
which has the same field of view, spectral bin width, diffraction, and similar response as the
CPRS HySICS instrument. Since the flat field goal is to get the same amount of light to fall on
every pixel, it is instructive to see how quickly the light level on that pixel changes if the
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pointing were to drift in the cross-slit direction. This analysis can be accomplished by observing
the rate of change in cross-slit solar scan data. Shown in Figure 82 are two HySICS balloon
composite images of the sun, at different wavelengths, taken during an irradiance scan.

Frame #550, lambda=601.3436 Frame #1, lambda=2300.0075
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2000 2000
2500 2500
3000 3000
3500 3500
4000 4000
4500 4500
5000 5000

1000 2000 3000 4000 5000 1000 2000 3000 4000 5000

Figure 82. Two composite images of the sun from HySICS balloon flight, at 601 nm, and 2300 nm. The
spatial coordinates are in arcsec. These composite images are built up from the data of a solar spectral
irradiance scan, and are used to determine the pointing requirements of an along-slit scan. The solar disk at
2300 nm is spread out more than the 601 nm disk because of the higher diffraction at longer wavelengths.

A slice through the center of the solar disk, in DN, and derivative, in percent error/arcsec, are
shown in Figure 83. If the point on the Sun is near the center of the solar disk, there is higher
uniformity, and the scan can therefore tolerate a higher pointing error. If the flat field point is
within £70 arcsec from the center of the Sun, the power level will change by less than 0.1% if
there is up to 15 arcsec of pointing error. With HySICS Pointing System (HPS) in closed-loop
operation with the fine sun sensor, we would expect to be able to point within +46 arcsec of the
center of the sun, implying less than 0.05% error with 15 arcsec pointing jitter error.
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Figure 83. Slice through center of Sun and error in along-slit scan at different scan positions, and with
different levels of pointing error. The top plot is a single slice through the center of the Sun, used to
determine error in flat field scan. The bottom plot shows the error for different pointing error levels, 5, 10,
and 15 arcsec. Since the Sun is particularly uniform directly in the middle of the solar disk, even a high
pointing error of 15 arcsec causes almost no change in the solar power used in the flat field scans. If the scan
is performed closer and closer to the edge of the solar disk, the amount of power change caused by all
pointing errors shown can become quite high, on the order of 0.5% — 1%.

5.2.2.8 20 mm Flat Field Pointing Requirements (Transmissive Diffuser Flat Field)

Unlike in the solar flat field scan, the transmissive diffuser uniformizes the solar disk, making it
nearly unsusceptible to pointing errors. Rather than observing an image of the Sun, as shown in
Figure 82, the entire field will be constant, except for small variations due to the BTDF. Using
estimations of the BTDF, the required pointing accuracy for this scan is around 1.3 degrees.

5.2.2.9 Miscellaneous Transmissive Diffuser Notes

This section is meant to address other concerns or issues regarding the usage of PTFE for an in-
flight 20 mm flat field measurement. The PTFE is a very good depolarizer, and has been shown
to depolarize a 100% polarized source to less than 1% after a single 45 degree bounce [18]. A
similar polarization insensitivity can be expected for the flat field measurement.

If the PTFE diffuser were to heat up enough that the blackbody radiation output changed
appreciably during a scan, it could throw off the flat field measurement in the IR, from 2000 —
2300 nm. A single, 480 image scan at 15 Hz acquisition frequency should take 32 seconds to
complete. During this time period, the Spectralon should heat up less than 3 degrees, but if it did
heat up more than 51 degrees, there would be a 0.1% error at 2300 nm.
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In addition, PTFE has been shown to be nearly impervious to oxygen ion degradation [17], even
at levels approximately five orders of magnitude higher than expected at ISS altitude. Similarly,
static charge build-up is not expected to be a problem with the less than 4 square inches of
exposed surface area required for a flat field scan. It will slowly be discharged through the metal
of the aperture wheel and through the chassis ground.

5.2.3 Pen-Ray Calibration

All terms in the instrument equation are dependent on wavelength, implying that precise
knowledge of the instrument wavelength scale is important. All terms will be interpolated to the
instrument wavelength scale, including the solar spectral irradiance from another instrument, and
the aperture ratio, which has a wavelength dependency as well. During the flight, temperature
changes are expected to cause small shifts to the instrument optical alignment. The primary
effect of the shifting is to cause the wavelength scale to move slightly. If there is an error in the
knowledge of the wavelength scale, it can cause a large error in the vicinity of high spectral
gradient features, such as at the edges of water absorption lines, or in the UV structure when
observing the sun.

The HySICS instrument carries an on-board Hg-Ar Pen-Ray lamp that can be used for an
absolute calibration of the instrument wavelength scale. The Hg-Ar lamp outputs spectral,
atomic transition lines from 400 nm to around 2100 nm, shown in Figure 84. The atomic
linewidths are on the order of 0.0025 nm [12] and considered to be delta functions in this
analysis. The Pen-ray calibration has been partially experimentally validated on HySICS-
balloon data, and has been examined carefully with added error sources in simulation. Pen-ray
data has been collected with the CPRS flight hardware hundreds of times throughout the
calibration campaign under a variety of conditions, and the wavelength scale algorithm has been
applied to many of these datasets. As for all uncertainty items, they have been experimentally
validated with the flight hardware.
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Figure 84: Example pen-ray image from CPRS.

5.2.3.1 Selection of Atomic Lines for Analysis

There are many theoretical atomic lines to choose from. With reasonable thresholds, one could
identify 60+ lines in our pen-ray images. However, many of those lines are quite dim, or are
clustered very close to many other lines. Tight clustering makes fitting less reliable. Therefore,
this analysis uses 12 lines which were manually selected due to their high intensity and isolation
from neighbors. Those lines are:

e Argon:
o 912.2967 nm, 922.4498 nm,
o 965.7786 nm, 978.4502 nm,
o 1047.0053 nm, 1067.3566 nm,
o 1694.0584 nm.

e Mercury
o 404.65643 nm,
o 435.83363 nm,
o 546.07498 nm,
o 1013.9787 nm,
o 1529.4592 nm.

Even with the requirement of reasonable isolation from neighbors, many of the Argon lines are
within 10-20 nm of a nearest neighbor. Although those are well-resolved, they are treated as
pairs when it comes to fitting them to Gaussians as part of the wavelength scale estimation
algorithm. The atomic lines that are treated as pairs are listed together on a single line in the list
above.
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5.2.3.2 Algorithm Summary

The sequence below describes the step-by-step algorithm for determining the wavelength scale
for the full detector. These steps are described in detail in the following sections.

1. The only input is a video of pen-ray data (typically 800-900 frames collected over <1
minute).

2. Load the 4 datafiles that must be used to perform the calculations (mainly the atomic
lines).

3. Determine which frames to use for the Argon lines (brightest at the start) and the
Mercury lines (brightest at the end).

4. Average those frames to calculate 3 images. These are the images that will be analyzed
row-by-row to calculate the wavelength scale.

5. Now we enter the sequence of steps that operate on a per-row basis. The subsequent steps
(6-12) all occur on a single row at a time.

Calculate 3 spectra for the per-row analysis.
Determine an approximate wavelength scale to aid in peak matching.

Find peaks in the spectra.

L o =2

Match NIST peaks to the data peaks found in the previous step.

10. Cycle through each peak (or pair of peaks) and individually fit it to a Gaussian (or
Double Gaussian).

11. Analyze the set of Gaussian fit results to estimate a linear wavelength scale (linear fit).
12. Return to step 5 and repeat on each row.

13. Interpolate/extrapolate the m and b across the full detector.

14. Calculate the linear wavelength scale per pixel.

15. Calculate and apply the non-linear adjustment.

16. Calculate the linear uncertainty.

17. Incorporate the non-linear uncertainty.

18. Store the significant outputs for exporting from the function.

5.2.3.3 Algorithm Details
This section includes details for the steps outlined in the sequence above.

All tunable parameters of the wavelength scale have been thoroughly tested and fixed. Hence,
there are no parameters to pass to the wavelength scale calculation function other than the
corrected pen-ray dataset (“corrected” means background subtraction, flat fielding, etc.). This is
possible because the pen-ray datasets are always collected under the same conditions and with
the same integration time. The wavelength scale is influenced by temperature, but the algorithm
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does not need to know the temperature in order to properly perform the calculation. Therefore,
the only input is the pen-ray dataset (typically 800-900 frames collected 1 minute).

Step 2 is to load the 4 required datasets. The main one is the list of 12 atomic lines. Additional
required data includes a scalar adjustment to the linear scale, a set of 6 coefficients to generate a
non-linear per-pixel adjustment, and the uncertainty information relating to the non-linear
adjustment. These will be explained in more detail in subsequent sections.

Step 3 is to examine the pen-ray video and determine which frames to use to generate spectra on
which to perform the fits. We need to grab frames from different times of the pen-ray acquisition
because the Argon lines are brightest at turn-on, but Mercury lines are brightest at the end. In
order to select the ideal frames, first calculate the mean signal per frame. The "turn-on" frame is
when the mean signal makes the largest jump - use this time region for all Argon lines except the
912/922 nm pair.

912nm is typically saturated with 200-row times (pen-ray integration time), but decreases in
intensity over time during the 1-minute acquisition of a pen-ray dataset. We can determine when
the 912nm line is no longer saturating by looking at the maximum value in the center row
(#240). The highest value at the turn-on frame is saturated; pick the 912nm unsaturated frame to
be when the max value of the center row has dropped below 80% of this saturation value.

Next, determine the "turn-off" frame. Look for the biggest drop in the mean signal per frame.
Make sure this drop is bigger than 100DN. If the biggest drop is less than 100DN, the pen-ray
data probably doesn't include the turn-off event. In this case, use the final frame. This ought to
never happen, but it is an important check to make sure the algorithm is robust to potential
peculiarities in the datasets.

Based on these 3 frames, the next step is to pick the frames to average in order to make the
spectra to analyze. All argon lines except the 912/922 nm pair use the 20 frames that begin at
[turn-on frame + 10]. The 912nm line uses the 20 frames after the unsaturated frame. The
mercury lines use the 20 frames just before [turn-off frame - 10]. See Figure 85 for an example
of the indicated frames in a typical dataset.
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Figure 85: Determining which pen-ray frames to average to generate spectra for fitting.

Step 4 is to average these 3 separate 20-frame sets into 3 individual images. The ~900-frame
pen-ray dataset is now condensed to just 3 images. This is the final step before we enter the main
section of the algorithm. Steps 5-12 are contained in a loop that operates on each row of the
detector (steps 5 and 12 are simply to demarcate the beginning and end of the loop).

Step 5 is the beginning of the loop. The loop only operates on rows 10:453. Starting at row 10 is
necessary because of the 20-row averaging described in step 6. Similarly, the end of the loop is
at row 453 because the data stops at row 463 due to slit/detector alignment.

Step 6 is to extract the row-of-interest from the 3 images calculated in step 4. Rather than
extracting a single row, we average across 20 rows centered on the row-of-interest. This result is
a set of 3 spectra (one for Argon lines, one for the 912/922 nm Argon line pair, and one for
Mercury lines). See Figure 86 for an example of the 3 spectra.

Step 7 is to determine an approximate wavelength scale to aid in matching peaks in the data to
the peak wavelengths of the theoretical atomic lines. First, find the highest peak in the Argon
spectrum. This is the 912nm line. Next, assume the pixel spacing is 3.062 nm/pixel. This is very
consistent across all test conditions and rows. In fact, during this parameter varied by only 163
ppm throughout the TVAC temperature ramp. These two pieces of information are enough to
compute an approximate wavelength scale for this row. This approximate spectrum is correct to
approximately half a pixel (~1.5nm). Check that it is reasonable by looking at the wavelength of
the first bin. If it is less than 250nm or greater than 350nm, raise a warning. See Figure 86 for an
example of the consistent high intensity of the 912 nm line.
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Figure 86: Example pen-ray spectra and local maxima.

Step 8 is to find the peaks in the spectra. A simple thresholded local maximum finder is
sufficient; the 20-frame and 20-row averaging produces high-quality (low noise) spectra. The
local maximum finder looks for points that are higher than the 2 points to either side, and greater
than 250 DN. Although this threshold may seem low given that the smallest relevant peak is
generally over 2000 DN (the 979 nm Argon line), the problem of matching local maxima to
theoretical peaks (in step 9) is very easy given the selection of well-isolated peaks and the
reasonably accurate approximate wavelength scale from the previous step. Hence, a low
threshold makes the algorithm robust to changes in the data.

Step 9 is to match the theoretical NIST peaks to the local maxima found in the previous step.
Simply pick the local maximum that is closest to the known NIST peak location. This assumes
the appx wavelength scale calculated in step 7 is reasonably accurate. This peak matching is
made easier by the fact that the 12 NIST peaks we are analyzing were selected because they are
strongly present in our data and also well-isolated from nearby peaks. Figure 86 shows the 12
matched lines.

Step 10 is to cycle through each peak (or pair of peaks) and individually fit it to a Gaussian (or
Double Gaussian). Slice out an 11-pixel region of data around the peak(s) (typically -5 : +5
pixels around the local max). In the case of the peak pairs, the region of data includes 5 pixels to
either side of both peaks. Perform the Gaussian fit, and retrieve the center of the Gaussian from
the fit output (this is a value in pixel number, with sub-pixel precision). See Figure 87 for an
example of the results from this Gaussian fit of the 12 atomic lines.
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Figure 87: Results of the Gaussian fits to the 12 atomic lines in the pen-ray data.

Step 11 is to analyze the Gaussian fit results to estimate a linear wavelength scale. Shift the fit’s
x axis (detector column number) to be the "shifted column values." The shift is 210 pixels, which
puts the horizontal axis origin in the center of the cluster of lines between 912 nm and 1067 nm.
The choice of 210 pixels was selected to improve the uncertainty of the linear fit. Now, rather
than the column number going from 1:640, the range is -209:430. With this shifted horizontal
axis, we are ready to perform the linear fit. The linear fit provides 4 important values: the slope
and intercept (m and b), and their associated 1-sigma uncertainties Om and Op.

Before storing these values and moving on to the next row, some slight adjustments are made.
First, we return b back to the coordinate system prior to the 210-pixel shift described above. The
shift follows directly from the basic algebra:

bshifted back = brie —210 xm 53
Furthermore, this intercept term is shifted by +0.22nm, as in the following equation:
bfinat = Dsnifted pack + 0.224573nm 54

This shift is necessary to correct an difference between the optical paths of the pen-ray and
science images. This shift is described in the following section of this document, “Section 5.2.3.4
Calculation of Linear Adjustments.” Finally, we are finished with this row. Store the necessary
values (m, b, Om and Op).

Step 12 is the end of the loop. Return to step 5 and repeat on all rows 10:453.
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Step 13 is to extrapolate the m and b values to all rows 1:480. Fit the m-vs-row relationship to a
3" order polynomial and extrapolate. Replace the per-row values with the fit outputs. This
smooths any row-wise variations that are likely due to noise and are not physical. Repeat the fit
and extrapolation for the intercept term as well.

Step 14 is to use the slope and intercept values to calculate the linear wavelength scale for the
full detector. We now have a wavelength bin for each pixel on the detector. An example is
shown in Figure 88.
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Figure 88: Linear wavelength scale, full detector.

Step 15 is to calculate and apply the non-linear adjustment. This adjustment involves 6
coefficients that depend on row, wavelength, row*wavelength, wavelength”2, and
wavelength”2*row (plus an offset term). Load the 6 coefficients and calculate the non-linear
adjustment matrix. Subtract the matrix from the per-pixel linear wavelength scale. The
justification and calculation of the non-linear adjustment is described in “Section 5.2.3.5
Calculation of Non-Linear Adjustments.”

This per-pixel wavelength map is the most significant result of the algorithm, and is the main
output of the function.

Step 16 is to calculate the linear uncertainty. This calculation is based on the 1-sigma confidence
intervals from the linear fit, Om and Oy. First, these values must be extended to cover the rows
beyond 10:453. Average the 10 rows at the top and bottom, and assign the extra rows this flat
value. Calculate the per-pixel linear uncertainty using basic error propagation principles. For a
single row, the calculation is:
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55
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Olinear = Jam * col* + op

Where “co/” is the shifted column number ranging from -209:430. Repeat this calculation for
each row. The result is a 480x640 matrix containing the uncertainty associated with each
wavelength bin in the detector. A representative linear uncertainty for the central row is shown in
Figure 89.
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Figure 89: Linear wavelength scale uncertainty, row 240.

Step 17 is to incorporate the non-linear uncertainty. This is based on the covariance matrix of the
non-linear coefficients, which were calculated by solving a system of linear equations using
matrix algebra. Unlike the linear uncertainty values, these values do not change with each
calculation of wavelength scale. Instead, they were calculated once along with the non-linear
coefficients and stored in Required Data. The maximum value is 14 x 10”-3 nanometers. It has a
value at each pixel on the detector. The Linear and non-linear uncertainties are combined as a
sum of squares. It has a value at each pixel on the detector. This is a significant result and is
included in the function outputs alongside the wavelength scale.

Step 18 is to assemble the important outputs and pass them. These outputs are:

a) The final wavelength scale (including non-linear correction) [640x480 matrix|]
b) The linear wavelength scale [640x480 matrix|]

¢) The non-linear correction [640x480 matrix]

d) The combined (linear and non-linear) uncertainty [640x480 matrix]

e) The linear slope (m) per row [480x1 column vector]

f) The linear intercept (b) per row [480x1 column vector]
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g) The wavelength scale function version (currently set to 'v0')
h) The date and time of the calculation

This concludes the wavelength scale algorithm.

5.2.3.4 Calculation of Linear Adjustments

The previous sections describe the method for analyzing a pen-ray dataset and calculating the
wavelength scale for every pixel on the detector. As a verification, we compared the calculated
wavelength scale to a set of lasers during CPRS’s instrument-level TVAC test. The test involved
5 diode lasers: 660 nm, 785 nm, 852 nm, 1064 nm, and 1550 nm. During a cold-to-hot ramp, we
collected a series of pen-ray datasets and then immediately switched to illuminating the diffuser
with one of the diode lasers while simultaneously measuring the laser wavelength and stability
with a high-resolution Fourier Transform Spectrum Analyzer (FTSA). This Spectrometer has an
on-board self-calibration source. We repeated this process for all 5 laser wavelengths. The entire
sequence of 5 pen-rays and 5 lasers was repeated 5 times, for a total of 25 laser measurements
and 25 interspersed pen-rays.

These 25 measurements were then analyzed individually. An example of a single measurement
analysis is shown in Figure 90. The laser spectrum as measured by the FTSA is shown in red.
The mean of the 20 central rows of the detector are averaged to create a snapshot of the laser line
on the CPRS detector. The wavelengths of the detector pixels were estimated using the pen-ray
dataset from minutes before and the algorithm described above. We now have a direct
comparison between the high-resolution FTSA and the CPRS wavelength scale estimation
scheme. We fit the CPRS laser line to a Gaussian and compare the center of that fit to the FTSA
peak. The difference (CPRS peak) — (FTSA peak) is referred to as the “CPRS wavelength error.”
In the example in Figure 90, the error is -0.19 nm. A negative error means the CPRS wavelength
bins are “too low” when comparing to the spectrometer.

For some of the datasets (particularly the 660 nm laser), the laser sometimes exhibited a dual
peak that was visible on the FTSA but was not visible in the CPRS data. The separation between
the dual laser peaks was ~0.2 nm. Therefore, the peak of the FTSA data is not simply the highest
measurement. Instead, we convolved the laser spectrum with the CPRS ILS, fit that to a
Gaussian, and recorded the fit center. This is not shown in the analysis plots.
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HySICS spectrum (2023-09-07, 785nm) vs Spectrum Analyzer.
HySICS fit peak: 784.224nm. FTSA peak: 784.4108nm. CPRS error: -0.18684nm.
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Figure 90: Wavelength scale TVAC verification experiment (single measurement).

The 25 measurements were all analyzed in this way, and the combined results are shown in
Figure 91. Clearly there is a systematic shift between the FTSA and the CPRS data on the order
of ~0.22 nm. No justification for this shift could be found in the wavelength estimate algorithm
or FTSA.

We turned to optical raytrace simulations to investigate the possibility that the pen-ray and pen-
ray mirror generate a slightly different distribution of light (spatially and angularly) than the
diffuser, which ought to represent a near-perfect Lambertian or a natural scene. Complete
mechanical components were included in the non-sequential simulations, as shown in Figure 92.
That figure only shows a few hundred rays (and thus none are passing the slit). Billions of rays
are required in order to get reasonably coverage of the detector. These simulations were
compared to a similar simulation in which a Lambertian source was placed at the aperture to
represent the diffuser. Both sources are assigned a wavelength of 700 nm, and both make a stripe
on the simulated detector. The stripe cross-sections are shown in Figure 93. Indeed, there is a
~0.2 nm discrepancy between the two lines. The direction of the shift is consistent with the
TVAC experimental observations; in the simulations, the pen-ray stripe is “higher” (to the right)
of the diffuser’s stripe, although they are the same wavelength. This would result in a slight
underestimate of the laser wavelength, as seen in the experiment in Figure 90. The simulations
were repeated at more wavelengths across the spectrum, and the shift of 0.2 nm appeared to be
consistent across wavelength.

The resolution of this discrepancy is to manually add 0.2 nm to the wavelength scale (the exact
value after averaging all TVAC measurements is +0.22457321562888 nm). This is the shift
described in Step 11 of the algorithm. This scalar value is one of the required pieces of
information loaded at the beginning of the wavelength scale algorithm.
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Figure 91: Wavelength scale TVAC verification experiment (conglomerate results).

Figure 92: Optical raytracing simulations of the pen-ray hardware. The components shown here include the
pen-ray bulb, the pen-ray collector mirror, the pen-ray aperture mirror, the 4 mirrors of the telescope, and
the slit plane. The Offner spectrometer portion of the system (including the detector) are not shown in this

figure, but are included in the raytrace.
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Figure 93: Optical raytrace results comparing the pen-ray and the diffuser.

5.2.3.5 Calculation of Non-Linear Adjustments
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The final aspect of the wavelength scale algorithm is the non-linear adjustment. The linear
adjustment described in the previous section brings the CPRS wavelength error to be centered
around zero, and the remaining magnitude is less than 0.1 nm. However, when looking at rows

towards the edges of the detector, the wavelength error increases and also exhibits more

wavelength dependence, as can be seen in Figure 94.
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Figure 94: Wavelength error from TVAC data across different rows of the detector.

In order to correct for these row- and wavelength-dependent errors, we investigated the
possibility of applying a correction that also depends on row and wavelength. We evaluated
various fits that included linear, quadratic, and 3"-order terms across both row and wavelength.
The best result that also avoided over-fitting was a version that included linear row terms and
2" order wavelength terms. This is also visually apparent from the curves of the wavelength
error in Figure 94. The 6 terms in the non-linear correction are:

p21 * M2 * R
p20 * A2
pll*A *R
pl0 * A
p01 * R
p00 * 1

Where pXX are the 6 coefficients, R is the row number (1:480), and A is the wavelength in nm
(from the linear wavelength scale). The 6 coefficients were calculated by looking at the set of
results shown in Figure 94 and solving the linear algebra using matrix left divide. Since the
matrices are not square, the solution is a least-squares type. After incorporating this non-linear
correction into the wavelength scale algorithm and repeating the analysis of the TVAC data, the
resulting wavelength error is shown in Figure 95. The means of all errors are less than |0.05 nm|,
or 1/60™ of a pixel.

The complete per-pixel non-linear correction is shown in Figure 96. This matrix is calculated
once at the end of the wavelength scale algorithm from the 6 coefficients calculated here and
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subtracted from the linear wavelength scale. These 6 coefficients are one of the required pieces
of information loaded at the beginning of the wavelength scale algorithm.

The uncertainty on these coefficients is calculated by looking at the diagonal terms in the
covariance matrix. The non-linear uncertainty is much smaller than the linear uncertainties. The
linear and non-linear uncertainties are combined in a root-squared sense. The non-linear
uncertainty, like the non-linear coefficients, are one of the pieces of required data loaded at the
beginning of the wavelength scale algorithm.
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Figure 95: Wavelength error after non-linear correction.
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Figure 96: The per-pixel non-linear correction to the wavelength scale. For most rows and wavelengths, the
non-linear correction is less than 0.1 nm (yellow).

5.2.4 Cold Sky (or Blank Aperture Correction or Dark Field Correction)

The majority of the dark images acquired during the CLARREO mission will use a blanked-off
aperture slot on the aperture wheel, called the “blank aperture.” The blank aperture is coated
with a black paint, which helps limit stray light and reflections, but generates blackbody
radiation that can be detected by the system. The dark image will therefore have a slightly
different amount of light than the expected background level of nadir science images. The
correction for this extraneous light has several names, but amount to a blank aperture correction.
The data generated from this correction follow the algorithm steps shown in Figure 4.

To generate the blank aperture correction, the instrument is turned to stare into dark space, where
there is no source that can generate blackbody radiation, hence the “cold sky” name. At this
position, a nominal scan with 250 dark images (with blank aperture), 250 cold sky images
(without blank aperture), and 250 more dark images (with blank aperture) is acquired. This
sequence gives a direct comparison between the signal with and without the blank aperture in
place.

Several of the previously discussed correction steps can be ignored in this particular data step,
including the aperture thermal correction and the f-number thermal correction, since there is no
light coming through the aperture in this measurement.

The calculation of the blank aperture blackbody radiation is merely the difference between the
interpolated dark images and the cold sky image, which occurs in the same way as the dark
subtraction algorithm previously discussed (section 5.1.3.10). The dark subtracted cold sky
images are averaged together to create the blank aperture correction [algorithm 9A].
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5.2.4.1 Cold Sky Correction Implementation

Step | Description

1 Calculate average image from cold sky data set (assumes all image conditioning and
correction steps have already been done)

5.3 Secondary On-Orbit Calibrations

Besides the primary calibrations already discussed, there are several secondary calibrations that
may only be performed one or two times over the full mission. These calibrations consist of the
lunar or solar limb scan, the degradation measurement, the sensor linearity measurement, and the
aperture ratio measurement. These calibration activities will be described in this section.

5.3.1 Lunar or Solar Limb Scan

The solar flat field measurement requires that the instrument slews along the solar disk such that
a single point on the Sun is passed over every pixel within the slit (described in section 5.2.2.1).
There is a partial verification that this occurs properly simply be observing the data. As an
imager, a narrow, rectangular slice of the Sun is visible, and if the instrument scans in the wrong
direction, this will be evident by the width of the disk changing through the scan. A very small
misalignment during the scan may not be observed in the scan data, however, and the power
variation would instead be assigned to flat field variation.

To verify that the scan motion is indeed parallel to the slit, as necessary for the correct
alignment, the limb of the Moon or Sun can be scanned. The power gradient at the edge of both
sources is quite high, as shown in Figure 97, the lunar across-slit irradiance measurement from
the HySICS balloon flight. At the limb of the Moon, for the phase that was available during the
balloon flight, the power gradient is approximately 9e4 DN/arcsec, equivalent to 0.7% of the
peak integrated power of any image of the scan, and well above the instrument uncertainty. Note
that one image of scan motion is around 17 arcsec. The types of alignment errors that can occur
in an along-slit scan are shown schematically in Figure 98. With the power gradient described,
single arcsec errors either in the slew direction or in the slit clocking will be clearly visible. The
solar limb does not have quite as high a gradient as the lunar limb, but it will still be able to
identify most alignment errors in an along-slit scan, and has the benefit of having fine sun sensor
feedback during the scan.
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Figure 97. Across-slit scan of Moon. This scan demonstrates how high the power gradient is at the lunar
limb. If an along-slit scan is performed at this location, small errors in the alignment are observable.
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Figure 98. Types of misalignment errors in an along-slit scan.

5.3.2 Degradation Measurement

After multiple solar observations during the course of the mission, it may be desirable to show
that there is no degradation in the optical path. The surface most likely to experience
degradation is the first surface that light encounters in the optical path, the first 4MA mirror.
When the small solar-viewing aperture is in place, the light mainly hits the first 4MA mirror in a
small circular patch, with an area defined by the solar angle, the propagation length to the first
mirror, and to a lesser extent, diffraction.

To detect if this portion of the mirror has experienced any degradation, it is possible to move the
aperture slightly to an unexposed portion of the mirror, as shown in Figure 99. The total motion
is around 2 degrees. The aperture wheel is able to move the aperture as shown. This test is only
performed with the 0.5 mm aperture while looking at the Sun. Ideally, the instrument should
measure the same power regardless of the input aperture position. In reality, there is likely to be
slight changes in the measured power based on the uniformity of the optical components.
However, this test can be run during the commissioning phase to obtain a baseline measurement
of the relative power versus input aperture position. Then, later in the mission, if there has been
any degradation in the solar scan, it will be detected by repeating this test.



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 126

Figure 99. Schematic of the degradation measurement.

5.3.3 Linearity Measurement

The camera linearity is not expected to change during the course of the mission, which is desired
since it is one of the two attenuation mechanisms that allow the solar-to-Earth comparison. If
there were a stable on-orbit light source that had a light level observable over the full exposure
time range without saturation, the camera linearity could be verified during the mission.
Unfortunately, the required light source does not exist, but it may be possible to cover the
integration range in two steps. With the small aperture, the exposure time can range from 16.8
us (the minimum value) to 1.176 ms without saturation. With the large aperture and
transmissive diffuser, the exposure time can range from 1.176 ms to 66.7 ms. Given a series of
steps spaced across the full exposure time range, as shown in Figure 100, the camera linearity
can be measured. At the shortest integration time for the transmissive diffuser measurement,
1.176 ms, the signal on the camera is expected to peak at around 450 DN, which is a particularly
dim signal. In order to drive the read noise and shot noise down to 500 ppm uncertainty, 53
seconds of averaging would be required for this measurement. The amount of time required on
all the other measurements is extremely short, on the order of 10 seconds or less.
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Figure 100. Linearity scan using two signal ranges, generated by observing the Sun with the 0.5 mm aperture,
and observing the Sun with the transmissive diffuser.

5.3.4 Aperture Ratio Measurement — Diagnostic Scan

Like the linearity measurement, it would be convenient to have an on-orbit measurement of the
aperture ratio to show that it has not changed during the course of the mission. Again, if there
were a stable on-orbit light source that could be viewed by both the 0.5 and 20 mm apertures, the
aperture ratio could be directly measured. Unfortunately, no source exists because of the
required 3 orders of magnitude area difference between the apertures. It may be possible to
perform the measurement in two steps, however, by adding an aperture with an intermediate
area. This aperture must be able to view the Sun at one of the shortest exposure times without
saturation, but still be large enough to view the Moon at the longest exposure time. An aperture
with a diameter of 2.09 mm would require a solar-viewing exposure of 67.2 us. The aperture
ratio can then be calculated between the small aperture and the intermediate aperture, and is tied
to the camera integration time linearity. Then, both the intermediate aperture and large aperture
are used to observe the moon, and an aperture ratio between them can also be calculated, and is
tied to the camera signal level. Together, these aperture ratios should be equivalent to the
aperture ratio between the large and small apertures. The required exposure times and signal
levels are shown in Figure 101. The difficulty in this measurement will be that the moon is
already particularly dim, and the maximum signal level with the intermediate aperture and a full
Moon is expected to be around 270 DN. At this level, a significant amount of averaging, on the
order of a couple of minutes of measurement, is likely to achieve the desired uncertainties.
Unfortunately, the lunar signal level will be changing during this measurement, and will require
a power level correction over the course of the measurement. It may be that the correction is
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evident in the data, as a slope in the total power. It also might be necessary to make the lunar
measurement with the large aperture twice, before and after the intermediate aperture
measurement, to be allow for interpolation in the lunar power during intermediate aperture
measurement.

The aperture ratio measurement is severely limited by the low signal levels available while
viewing the Moon with the intermediate aperture, and the high signal levels imposed while
viewing the Sun with the intermediate aperture. Given these challenges, the measurement is
considered a diagnostic observation more than an instrument self-calibration.

Intermediate ratio #1

O FC

Diameter = 2.09 mm Diameter = 0.5 mm
Exposure = 67.2 ps Exposure =1.176 ms.
Signal = 50,000 DN Signal = 50,000 DN

Intermediate ratio #2

Diameter = 20 mm Diameter = 2.09 mm
Exposure = 66.7 ms Exposure = 66.7 ms,
Signal = 25,000 DN (Full moon) Signal = 273 DN (Full moon)

Figure 101. Aperture ratio measurement. The aperture ratio will be measured in two steps, between the
small and intermediate aperture on the Sun, and between the intermediate aperture and large aperture on
the Moon.

6.0 Uncertainty Budget

The validation of the measurement accuracy is generated through an analysis of the uncertainty
contributions of each component of a radiometric measurement, including on-orbit and ground
calibrations. The uncertainties fall into three different categories. First, there are a series of
uncertainties that are associated with every image, including read noise and shot noise
uncertainties. These are added to each data acquisition, regardless of the type of scan that was
performed. Second, there are also uncertainties given by every single correction that is applied,
directly from the algorithm flowcharts in Figure 1 — Figure 5. Every data pipeline that contains
any specific algorithm, of which most are present in every pipeline, will also pick up the
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associated uncertainty, such as the uncertainty associated with the 2-row correction [algorithm
1B]. Third, there are systematic uncertainties specific to some of the scans themselves. This
category has may be due to a specific correction present in one pipeline but not others, such as
the application of the solar temporal variation, or it might be due to the method used to acquire
the data such as the pointing accuracy in the flat field scans.

The naming convention helps keep all these uncertainties straight. Every uncertainty is given a
short, but descriptor that appears at the beginning of the name. This descriptor may include the
identifier “dark,” which indicates that it comes from dark images. At the end of the name, the
type of measurement that generated the uncertainty is added. This type can be: SSI, 0.5 mm FF,
20 mm FF, blank aperture, ground image, or lab measurement. The first four types are from on-
orbit calibration scans of the same name. “Ground image” indicates that it is from a nadir
science scan, which includes all Earth or lunar pointing measurements. “Lab measurement”
indicates that it was an uncertainty that was measured during the characterization and calibration
campaign in the lab during the build of the instrument. There are a total of 185 named
uncertainties on the lists in the next sections.

6.1  Uncertainty List: Image Acquisition Contributors

To help with identifying all uncertainty contributors, three lists are presented here. All known
uncertainty contributions from the first category, uncertainty due to acquiring images, is given in
Table 1. Note that there are only five types of these uncertainties: read noise, shot noise,
quantization noise, sensor after image uncertainty, and line driver settling time uncertainty.
These five types are duplicated for every dark image, making a total of ten uncertainties of this
type for each of the data types: ground image, SSI, 20 mm flat field, 0.5 mm flat field, blank
aperture, and lab measurement, resulting in a total of 60 uncertainty contributors. The lab
measurement category is included here for completeness, but these uncertainties are handled
differently from the others, since there is not a specific data pipeline set up for them. They are
introduced into the measurement primarily in the aperture ratio correction [algorithm 5B] in the
SSI data pipeline.

Table 1. List of all Uncertainty Contributors Due to Acquiring Images (First Category)

Ground Image

Read Noise Ground Image

Shot Noise Ground Image

Quantization Noise Ground Image

Sensor After Image Uncertainty Ground Image

Line Driver Crosstalk Uncertainty Ground Image (also called line driver settling time)

Dark Read Noise Ground Image
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Dark Quantization Noise Ground Image

Dark Sensor After Image Uncertainty Ground Image

Dark Line Driver Settling Time Uncertainty Ground Image

Solar Spectral Irradiance

Read Noise SSI

Shot Noise SSI

Quantization Noise SSI

Sensor After Image Uncertainty SSI

Line Driver Settling Time Uncertainty SSI

Dark Read Noise SSI

Dark Shot Noise SSI

Dark Quantization Noise SSI

Dark Sensor After Image Uncertainty SSI

Dark Line Driver Settling Time Uncertainty SSI

Flat Field: Spectralon (20 mm)

Read Noise 20 mm FF

Shot Noise 20 mm FF

Quantization Noise 20 mm FF

Sensor After Image Uncertainty 20 mm FF

Line Driver Settling Time Uncertainty 20 mm FF

Dark Read Noise 20 mm FF

Dark Shot Noise 20 mm FF

Dark Quantization Noise 20 mm FF

Dark Sensor After Image Uncertainty 20 mm FF

Dark Line Driver Settling Time Uncertainty 20 mm FF
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Read Noise 0.5 mm FF

Shot Noise 0.5 mm FF

Quantization Noise 0.5 mm FF

Sensor After Image Uncertainty 0.5 mm FF

Line Driver Settling Time Uncertainty 0.5 mm FF

Dark Read Noise 0.5 mm FF

Dark Shot Noise 0.5 mm FF

Dark Quantization Noise 0.5 mm FF

Dark Sensor After Image Uncertainty 0.5 mm FF

Dark Line Driver Settling Time Uncertainty 0.5 mm FF

Blank Aperture

Read Noise Blank Aperture

Shot Noise Blank Aperture

Quantization Noise Blank Aperture

Sensor After Image Uncertainty Blank Aperture

Line Driver Settling Time Uncertainty Blank Aperture

Dark Read Noise Blank Aperture

Dark Shot Noise Blank Aperture

Dark Quantization Noise Blank Aperture

Dark Sensor After Image Uncertainty Blank Aperture

Dark Line Driver Settling Time Uncertainty Blank Aperture

Lab Measurement

Read Noise Lab Measurement

Shot Noise Lab Measurement

Quantization Noise Lab Measurement
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Sensor After Image Uncertainty Lab Measurement

Line Driver Settling Time Uncertainty Lab Measurement

Dark Read Noise Lab Measurement

Dark Shot Noise Lab Measurement

Dark Quantization Noise Lab Measurement

Dark Sensor After Image Uncertainty Lab Measurement

Dark Line Driver Settling Time Uncertainty Lab Measurement

6.2 Uncertainty List: Pipeline Correction Algorithm Contributors

All known uncertainties from the second uncertainty contributor category are listed in Table 2.
They are organized in a similar way as the previous list. These are the uncertainty contributors
associated with every common box in the pipelines detailed in Figure 1 — Figure 5. The
algorithm number is added to each uncertainty name to help provide clarity in where they
originate in the pipelines. There are 9 contributors in this list that come from algorithms applied
to the science or calibration data sets and then again to their respective dark images, and another
7 that are applied to the data sets after the dark images have been subtracted, and therefore are
not additionally applied to the dark images. The first 10 algorithms are the same for each
pipeline, and then there is some divergence between which pipeline uses different algorithms.
This category adds 99 uncertainty contributors to the total list, not counting the non-fundamental
uncertainties that are included. Non-fundamental uncertainties are contributors that only
propagate other uncertainty contributors through a calculation, but do not add their own
uncertainty.

Table 2. List of all Uncertainty Contributors Due to Applying Correction Algorithms (Second Category)

Ground Image

Bad Pixel Correction Uncertainty Ground Image [algorithm 1A]

Two Row Correction Uncertainty Ground Image [algorithm 1B]

True Dark Image Correction Uncertainty Ground Image [algorithm 1C]

Row-wise Dark Pedestal Shift Correction Uncertainty Ground Image [algorithm 1D]

Background Level Uncertainty Ground Image (Dark pedestal shift correction uncertainty) [algorithm 1E]

FPA Thermal Variation Uncertainty Ground Image [algorithm 2A]

FPA Linearity Uncertainty Ground Image [algorithm 2B]
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FPE Thermal Variation Uncertainty Ground Image [algorithm 2C]

Blackbody Radiation Correction Uncertainty Ground Image [algorithm 3A]

Dark Bad Pixel Correction Uncertainty Ground Image [algorithm 1A]

Dark Two Row Correction Uncertainty Ground Image [algorithm 1B]

Dark True Dark Image Correction Uncertainty Ground Image [algorithm 1C]

Dark Row-wise Dark Pedestal Shift Correction Uncertainty Ground Image [algorithm 1D]

Dark Background Level Uncertainty Ground Image (Dark pedestal shift correction uncertainty) [algorithm 1E]

Dark FPA Thermal Variation Uncertainty Ground Image [algorithm 2A]

Dark FPA Linearity Uncertainty Ground Image [algorithm 2B]

Dark FPE Thermal Variation Uncertainty Ground Image [algorithm 2C]

Dark Blackbody Radiation Correction Uncertainty Ground Image [algorithm 3A]

Dark Subtraction Ground Image (not fundamental uncertainty contributor) [algorithm 3B]

Blank Aperture Subtraction Ground Image (not fundamental uncertainty contributor) [algorithm 3C]

Flat Field Correction Ground Image (not fundamental uncertainty contributor) [algorithm 4A]

Aperture Thermal Correction Uncertainty Ground Image [algorithm 2D]

F-Number Thermal Correction Uncertainty Ground Image [algorithm 2E]

Integration Time Ratio Uncertainty Ground Image [algorithm 5A] (Integration time zero offset uncertainty SSI)

Solar Spectral Irradiance

Bad Pixel Correction Uncertainty SSI [algorithm 1A]

Two Row Correction Uncertainty SSI [algorithm 1B]

True Dark Image Correction Uncertainty SSI [algorithm 1C]

Row-wise Dark Pedestal Shift Correction Uncertainty SSI [algorithm 1D]

Background Level Uncertainty SSI (Dark pedestal shift correction uncertainty) [algorithm 1E]

FPA Thermal Variation Uncertainty SSI [algorithm 2A]

FPA Linearity Uncertainty SSI [algorithm 2B]

FPE Thermal Variation Uncertainty SSI [algorithm 2C]
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Dark Bad Pixel Correction Uncertainty SSI [algorithm 1A]

Dark Two Row Correction Uncertainty SSI [algorithm 1B]

Dark True Dark Image Correction Uncertainty SSI [algorithm 1C]

Dark Row-wise Dark Pedestal Shift Correction Uncertainty SSI [algorithm 1D]

Dark Background Level Uncertainty SSI (Dark pedestal shift correction uncertainty) [algorithm 1E]

Dark FPA Thermal Variation Uncertainty SSI [algorithm 2A]

Dark FPA Linearity Uncertainty SSI [algorithm 2B]

Dark FPE Thermal Variation Uncertainty SSI [algorithm 2C]

Dark Blackbody Radiation Correction Uncertainty SSI [algorithm 3A]

Dark Subtraction SSI (not fundamental uncertainty contributor) [algorithm 3B]

Blank Aperture Subtraction SSI (not fundamental uncertainty contributor) [algorithm 3C]

Flat Field Correction SSI (not fundamental uncertainty contributor) [algorithm 4A]

Aperture Thermal Correction Uncertainty SSI [algorithm 2D]

F-Number Thermal Correction Uncertainty SSI [algorithm 2E]

Integration Time Ratio Uncertainty SSI [algorithm 5A] (Integration time zero offset uncertainty SSI)

Aperture Ratio Uncertainty SSI [algorithm 5B]

Flat Field: Spectralon (20 mm)

Bad Pixel Correction Uncertainty 20 mm FF [algorithm 1A]

Two Row Correction Uncertainty 20 mm FF [algorithm 1B]

True Dark Image Correction Uncertainty 20 mm FF [algorithm 1C]

Row-wise Dark Pedestal Shift Correction Uncertainty 20 mm FF [algorithm 1D]

Background Level Uncertainty 20 mm FF (Dark pedestal shift correction uncertainty) [algorithm 1E]

FPA Thermal Variation Uncertainty 20 mm FF [algorithm 2A]

FPA Linearity Uncertainty 20 mm FF [algorithm 2B]

FPE Thermal Variation Uncertainty 20 mm FF [algorithm 2C]
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Dark Bad Pixel Correction Uncertainty 20 mm FF [algorithm 1A]

Dark Two Row Correction Uncertainty 20 mm FF [algorithm 1B]

Dark True Dark Image Correction Uncertainty 20 mm FF [algorithm 1C]

Dark Row-wise Dark Pedestal Shift Correction Uncertainty 20 mm FF [algorithm 1D]

Dark Background Level Uncertainty 20 mm FF (Dark pedestal shift correction uncertainty) [algorithm 1E]

Dark FPA Thermal Variation Uncertainty 20 mm FF [algorithm 2A]

Dark FPA Linearity Uncertainty 20 mm FF [algorithm 2B]

Dark FPE Thermal Variation Uncertainty 20 mm FF [algorithm 2C]

Dark Blackbody Radiation Correction Uncertainty 20 mm FF [algorithm 3A]

Dark Subtraction 20 mm FF (not fundamental uncertainty contributor) [algorithm 3B]

Blank Aperture Subtraction 20 mm FF (not fundamental uncertainty contributor) [algorithm 3C]

Aperture Thermal Correction Uncertainty 20 mm FF [algorithm 2D]

F-Number Thermal Correction Uncertainty 20 mm FF [algorithm 2E]

Flat Field: Small Aperture (0.5 mm)

Bad Pixel Correction Uncertainty 0.5 mm FF [algorithm 1A]

Two Row Correction Uncertainty 0.5 mm FF [algorithm 1B]

True Dark Image Correction Uncertainty 0.5 mm FF [algorithm 1C]

Row-wise Dark Pedestal Shift Correction Uncertainty 0.5 mm FF [algorithm 1D]

Background Level Uncertainty 0.5 mm FF (Dark pedestal shift correction uncertainty) [algorithm 1E]

FPA Thermal Variation Uncertainty 0.5 mm FF [algorithm 2A]

FPA Linearity Uncertainty 0.5 mm FF [algorithm 2B]

FPE Thermal Variation Uncertainty 0.5 mm FF [algorithm 2C]

Blackbody Radiation Correction Uncertainty 0.5 mm FF [algorithm 3A]

Dark Bad Pixel Correction Uncertainty 0.5 mm FF [algorithm 1A]

Dark Two Row Correction Uncertainty 0.5 mm FF [algorithm 1B]
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Dark True Dark Image Correction Uncertainty 0.5 mm FF [algorithm 1C]

Dark Row-wise Dark Pedestal Shift Correction Uncertainty 0.5 mm FF [algorithm 1D]

Dark Background Level Uncertainty 0.5 mm FF (Dark pedestal shift correction uncertainty) [algorithm 1E]

Dark FPA Thermal Variation Uncertainty 0.5 mm FF [algorithm 2A]

Dark FPA Linearity Uncertainty 0.5 mm FF [algorithm 2B]

Dark FPE Thermal Variation Uncertainty 0.5 mm FF [algorithm 2C]

Dark Blackbody Radiation Correction Uncertainty 0.5 mm FF [algorithm 3A]

Dark Subtraction 0.5 mm FF (not fundamental uncertainty contributor) [algorithm 3B]

Blank Aperture Subtraction 0.5 mm FF (not fundamental uncertainty contributor) [algorithm 3C]

Aperture Thermal Correction Uncertainty 0.5 mm FF [algorithm 2D]

F-Number Thermal Correction Uncertainty 0.5 mm FF [algorithm 2E]

Blank Aperture

Bad Pixel Correction Uncertainty Blank Aperture [algorithm 1A]

Two Row Correction Uncertainty Blank Aperture [algorithm 1B]

True Dark Image Correction Uncertainty Blank Aperture [algorithm 1C]

Row-wise Dark Pedestal Shift Correction Uncertainty Blank Aperture [algorithm 1D]

Background Level Uncertainty Blank Aperture (Dark pedestal shift correction uncertainty) [algorithm 1E]

FPA Thermal Variation Uncertainty Blank Aperture [algorithm 2A]

FPA Linearity Uncertainty Blank Aperture [algorithm 2B]

FPE Thermal Variation Uncertainty Blank Aperture [algorithm 2C]

Blackbody Radiation Correction Uncertainty Blank Aperture [algorithm 3A]

Dark Bad Pixel Correction Uncertainty Blank Aperture [algorithm 1A]

Dark Two Row Correction Uncertainty Blank Aperture [algorithm 1B]

Dark True Dark Image Correction Uncertainty Blank Aperture [algorithm 1C]

Dark Row-wise Dark Pedestal Shift Correction Uncertainty Blank Aperture [algorithm 1D]

Dark Background Level Uncertainty Blank Aperture (Dark pedestal shift correction uncertainty) [algorithm 1E]
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Dark FPA Thermal Variation Uncertainty Blank Aperture [algorithm 2A]

Dark FPA Linearity Uncertainty Blank Aperture [algorithm 2B]

Dark FPE Thermal Variation Uncertainty Blank Aperture [algorithm 2C]

Dark Blackbody Radiation Correction Uncertainty Blank Aperture [algorithm 3A]

Dark Subtraction Blank Aperture (not fundamental uncertainty contributor) [algorithm 3B]

6.3 Uncertainty List: Scan Specific and Systematic Contributors

The final category of uncertainty contributors are the ones that are specific to individual scans.
These include the final creation step of each of the calibration products, such as assembling a flat
field, and the systematic uncertainties that only pertain to a single scan, such as polarization
uncertainty in nadir science images. The list is organized in a similar way as the previous two
lists, grouped by scan type. The ground image scan type is split into three separate categories:
uncertainties that only apply to the reflectance data produce, uncertainties that only apply to the
radiance data product, and uncertainties that apply to both data products. When the uncertainty
is generated by a specific algorithm from the data pipelines, it is labeled with the algorithm
number. There are an additional 26 uncertainties in this list, not counting the non-fundamental
uncertainties.

Ground Image (Reflectance Data Product)

Solar Temporal Variation Uncertainty Ground Image [algorithm 6A]

SSI Ratio Uncertainty Ground Image [algorithm 6B]

Solar Zenith Angle Uncertainty [algorithm 6B]

Ground Image (Reflectance Data Product)

Unit Conversion Factor Generation Uncertainty Ground Image [algorithm 6C]

Ground Image (Both Data Products)

3-Pixel Binning Ground Image [algorithm 1F]

Wavelength Position Uncertainty Ground Image

Aperture Position Repeatability Ground Image

Polarization Uncertainty Ground Image

OSF Leakage Uncertainty Ground Image
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Camera Electronic Timing Uncertainty Ground Image

Scatter Uncertainty Ground Image

Solar Spectral Irradiance

Per Pixel Scan Rate Uncertainty SSI (previously called pointing uncertainty) [algorithm 7A]

Along slit Pixel FOV Uncertainty SSI [algorithm 7A]

Integration Along Columns (not a fundamental uncertainty contributor) [algorithm 7B]

Integration Across Scan Images (not a fundamental uncertainty contributor) [algorithm 7C]

Acquisition Period Uncertainty SSI [algorithm 7D]

Aperture Position Repeatability SSI

OSF Leakage Uncertainty SSI

Camera Electronic Timing Uncertainty SSI

Wavelength Position Uncertainty SSI

Flat Field: Spectralon (20 mm)

Spectral Distortion Correction Uncertainty 20 mm FF [algorithm 8B]

BTDF Correction Uncertainty 20 mm FF [algorithm 8B]

Creation of Flat Field (Not a fundamental uncertainty contributor) [algorithm 8B]

Glint Uncertainty 20 mm FF

Peak Alignment Uncertainty 20 mm FF [algorithm 8A]

Transmissive Diffuser Comparison Uncertainty

Pointing Uncertainty 20 mm FF

Flat Field: Small Aperture (0.5 mm)

Spectral Distortion Correction Uncertainty 0.5 mm FF [algorithm 8B]

Creation of Flat Field (Not a fundamental uncertainty contributor) [algorithm 8B]

Peak Alignment Uncertainty 0.5 mm FF [algorithm 8A]

Pointing Uncertainty 0.5 mm FF




CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 139

Blank Aperture

Creation of Blank Aperture Image (Not a fundamental uncertainty contributor) [algorithm 9A]

6.4 Uncertainty Budget Plots

A version of the full uncertainty budget, with every known significant term included, is shown in
Figure 102. There are many insignificant terms, especially in the dark uncertainties, which are
not included. There are several features of this budget that are evident after a quick examination.
The range of the shown budget is from 0 to 1 percent, with the CLARREO Pathfinder goal being
less than 0.3% (3000 ppm), although there are some flyaway values right at the edges of the
wavelength range. The budget is fixed to the CLARREO wavelength range, from 350 nm to
2300 nm. The budget has many terms that are highly sensitive to total amount of light present at
a given wavelength. There is an uncertainty peak that appears at 850 nm because of the lower
aluminum reflectivity and grating efficiency in this region (see Figure 34 and Figure 35.)

Average Uncertainty = 0.44%
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Figure 102. Uncertainty budget terms as a function of wavelength.

Since the imager will be viewing both solar and Earth ground scenes, it is necessary to make
assumptions about the incoming spectra in order to generate an uncertainty budget. The budget
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will be different depending on the input scene. When looking at the sun, which is relatively
constant, the radiance shown in Figure 103, blue line, is utilized. It should be noted that this
spectrum is different from the normally-viewed solar irradiance (shown in Figure 70), because it
has been scaled by the solid angle of the solar disk to be converted into radiance units. Earth
scenes will always have spectral regions of nearly zero radiance due to water absorption bands in
the atmosphere (evident in Figure 28) which cause a high non-instrument related uncertainty in
those wavelength bands. As an attempt to represent the uncertainty of the instrument, rather than
the dependence on the scene type, a perfect Lambertian surface with 30% reflectivity is assumed
as the ground scene. The incident light source is taken to be the Sun. The resulting ground
radiance is shown in Figure 103, red line. Note that the difference between the two radiances is
approximately 5 orders of magnitude. It is evident, even on the logarithmic scale of Figure 103
that both the UV and IR portions of the input scenes are at lower radiance, which causes the
overall increase in the error budget in these spectral regions.
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Figure 103. Uncertainty budget input radiance sources. The blue line is the solar radiance, and the red line is
the simulated ground radiance.

6.5 Uncertainty Contributors: Image Acquisition

This section describes all the unique uncertainty contributors from the first category list above
(section 6.1). These are the uncertainties that are generated with every image, and not associated
with a specific algorithm or scan.

6.5.1 Read Noise

Read noise is the electronic noise associated with the readout of a sensor [6]. In a camera, there
is read noise for every pixel, which is usually similar, but not necessarily the same as every other
pixel. It is an independent noise source for every image. The read noise of each pixel is
measured and combined independently to determine the read noise uncertainty contribution. The
read noise of CLARREO HySICS will be measured on-orbit during commissioning. It is
expected to be around 28 DN for all pixels.

The fractional uncertainty generated by a read noise of 28 DN is shown in eq. 56:
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nen o _z80N) 56
*Read noise single pixel Sobj (ﬂ.)

An absolute uncertainty of 28 DN is applied to every pixel at the start of each pipeline.

Given a required ground resolution of 0.5 km per pixel, however, three pixels will be averaged
together per spatial element of the ground scene. The averaging helps reduce this uncertainty by
the square root of three, as shown in equation 57.

28 (DN) >
UNc.read noise ground image = m
"O0bj

This random noise source can be reduced further through averaging an ensemble of pixels if
lower resolution ground images are required. The uncertainty is reduced by the square root of
the number of pixels averaged.

Read noise for various data sets is discussed in the sections below to give the reader an idea of
how the uncertainty budget estimation was generated. The final uncertainty, however, uses
equation 56 for every image acquired.

6.5.1.1 Dark Read Noise Ground Image Uncertainty

The dark read noise is nearly the same as described in the nominal scan. The average read noise
per pixel is 28 DN, but 500 dark images will be used to generate the average dark image. In
addition, since there are 3-pixels averaged for each spatial element, the dark read noise can be
reduced by this factor as well. The result is given in equation 58. This tends to be a very small
contributor due to the averaging.

28 (DN) 58
UnC-Dark Read noise ground image — \/§ m S (A)
' "O0bj

6.5.1.2 SSI Integrated Read Noise Uncertainty

In the SSI scan, pixels are summed to produce the integrated spectrum of the full solar disk. Ina
pure summation case, the independent uncertainties of the pixel used increases by the square root
of the number of pixels. For the along-slit integration, the read noise contribution is the
quadrature summation of the read noise in each pixel (assuming different read noise from each
pixel):

59
RNCOI(A) = \/Z (aPixel Read Noise)2

pix
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where pix is the pixels to be integrated in a column. The result is the total amount of read noise
at each wavelength (column) in each image.

In the across-slit (or images) direction, the summation is similar, but, for the same read noise in
each image, can be reduced to:

60

> RN

image

05SI Read Noise —

where RN, is the read noise of the column, and image is the images in the integration.

The result is the total amount of read noise at each wavelength (column), which is scaled by the
total power in the SSI integration at that wavelength to give fractional uncertainty:

0551 Read Noise(A) 61
S Sun (/1)

where Sg,,,(4) is defined in section 3.1.3.4. This uncertainty is shown in Figure 104, and
represents the largest contributor to the solar spectral irradiance scan uncertainty. It should be
noted that while the fractional shot noise uncertainty is decreased by a larger signal achieved by
integrating multiple images, the read noise uncertainty increases by the square root of the
number of images, and therefore generally becomes dominant when many images are summed.

UnC-Read Noise (/1) =
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Figure 104. Fractional read noise uncertainty in SSI scan.

6.5.2 Shot Noise

Shot noise is the noise associated with detecting individual quanta of light, a photon, at discrete
time instants [6]. The noise is a Poisson process, and can be applied equally to either the
detection of photons incident on each pixel, or to the detection of the electrons (or holes) that the
photon generates within the pixel. The number of electrons generated is known from the pixel
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gain, which was around 12 electrons/DN on the HySICS balloon FPA. The number of electrons
is given by:

Neiectrons = gpix ) Spix 62

where g is the pixel gain, and S, is the detected signal, in DN. As a Poisson process, the shot
noise is the square root of the detected signal, and, in DN, is given by:

1 63
Opixel Shot Noise — g vV Nelectrons

pix

It is important that shot noise is estimated from the actual signal present on the FPA, and not
include the fixed offset of each ADC and pixel. The calculation is therefore performed following
the true dark subtraction algorithm [algorithm 1C], which is intended to remove the undesired
fixed pattern noise from the image to ensure a correct calculation of the shot noise.

6.5.2.1 Dark Shot Noise Ground Image Uncertainty

Despite the dark images having low signal, there is still signal present from dark current and
blackbody radiation. This signal also generates shot noise.

As seen in section 6.5.1.1, the random uncertainty contributors from the dark images
significantly benefit from using at least 500 averaged images to generate the dark image. In
addition, with the 3-pixel averaging, the uncertainty can be reduced by another factor of V3, as
shown in equation 64.

__ Opixel Dark shot noise 64

UNc.park shot noise ground image \V3-4/500-S )
Obj

Where 0piyer park shot noise cONtains the shot noise from both blackbody background and dark
current.

6.5.2.2 SSI Integrated Shot Noise Uncertainty

In the integrated solar spectral irradiance case, the number of detected electrons is given by
equation 62, where S,;, is the total integrated signal over all images in the scan within each
wavelength bin. Shot noise in each image, and on each pixel, is an independent process, and can
be summed in quadrature along each column to give the total shot noise at each wavelength:

65
OShot Noise(A) = JZ(O—Pixel Shot Noise)2

pix
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where pix ranges from pixel 1 to pixel 480. The fractional uncertainty is given by scaling the
above shot noise by the total detected signal:

OShot Noise (A) 66

UNc.shot Noise (1) = SeunA)
un

where Sg,,,(4) is defined in section 0.

Although shot noise can often be a limiting uncertainty, the fractional contribution is
significantly reduced in measurements with a large number of photons, as is the case when
measuring the solar spectral irradiance. It is a nearly insignificant contribution to the total
uncertainty budget.

6.5.3 Quantization Noise

Quantization noise is present in any signal that is digitized into discrete levels, as is the case in
the HySICS 16-bit digitized camera signal. Signals reported by the camera are expected to have
a uniform distribution within any one of the 2'® digitization levels. The quantization noise for a
uniform distribution is given by equation 67 where LSB (least significant bit) is a single
quantization level. Again, the fractional uncertainty is assumed to be the ratio of quantization
noise and detected signal. It should be noted that, on average, the if read noise is around 8.3 DN,
this noise source is approximately 0.29 DN, or 28.8 times lower than the read noise.

67

O.Quantization — E LSB

Quantization noise is an independent noise source, and which can be reduced by averaging to the
square root of the number of values observed.

6.5.4 Sensor After Image Uncertainty

There has been evidence in previous programs that Teledyne detectors may have an after image
due to a CTE mismatch between the HgCdTe substrate and the silicon ROIC. The mismatch
causes the HgCdTe substrate to pull slightly away from the silicon, resulting in an increased
amount of capacitance in the signal transfer. The increased capacitance slows the readout,
causing some charge to be trapped, and then read out during the next frame acquisition. It is
observed as an after image on the sensor. During the characterization and calibration campaign
[2], the sensor after image was measured for various signal levels, and was found to always be
lower than 120 ppm, which is set as the flat uncertainty on this contributor.

6.5.5 Line Driver Crosstalk Uncertainty

During testing, it was discovered that for very high gradient features, a crosstalk between FPE
columns could be observed. The crosstalk is likely due to the line driver amplifiers not
completely settling to their required voltage because high gradient features can force them to
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generate a very large voltage swing in a short amount of time. As a result, a pixel with high
signal located to the right of a pixel with low signal can be slightly reduced.

This effect is very small, and does not turn on until there is at least 32767 DN difference between
neighboring pixels. After this level, it has an estimated slope of 7.3 DN/655 DN additional
difference between two neighboring pixels.

This uncertainty is calculated and stored as an absolute DN value per pixel, and dependent on the
scene.

6.6 Uncertainty Contributors: Correction Algorithms

This section describes all the unique uncertainty contributors from the second category list above
(section 6.2). These are the uncertainties that are generated with every image, and not associated
with a specific algorithm or scan.

6.6.1 Bad Pixel Correction Uncertainty [algorithm 1A]

Uncertainty in the value of a bad pixel after it has been corrected by its neighbors is dependent
on the uncertainty of all the pixels used in the calculation, and the associated covariance between
those pixels. The covariance is likely to be different in the spectral and spatial dimensions as
well. As such, covariance matrices will be studied from on-orbit data, and the uncertainty in
corrected pixels will be determined during the first few months of data collection. Currently, this
algorithm averages the uncertainties of the neighbors used in the correction. It is applied in the
final step of each pipeline to allow for the uncertainties to be computed for the neighboring
pixels.

The bad pixel correction algorithm is discussed in section 5.1.3.1.

6.6.2 Two-Row Correction Uncertainty [algorithm 1B]

The two-row correction is expected to mostly remove image-to-image variations in the scans,
particularly caused by timing jitter between the two asynchronous clocks in the HISIE FPGA and
FPA ROIC. It is important to identify and apply the uncertainty associated with image-to-image
variations. Fortunately, this uncertainty is quite simple to measure, since it requires only a
repeated measurement of a stable signal, which is obtained with every dark image acquisition.

The two-row correction uncertainty is defined as the standard deviation of the mean signal from
the first 250 dark images in a data set. The mean signal of all pixels is used to eliminate the
random noise sources in individual pixels. The residual timing jitter (and other noise sources, if
present) that is not removed by the two-row correction of the pre-scan dark images shows up as
an increased standard deviation in the images. It is stored as an absolute DN value for each
image within a scan.

When summed, this uncertainty is taken as a dependent, systematic uncertainty for every pixel in
any image, but assumed to be independent within other frames.

The two-row correction algorithm is discussed in section 5.1.3.2.
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6.6.3 True Dark Image Correction Uncertainty [algorithm 1C]

True dark images, or the detector’s fixed pattern noise, is subtracted from each image, including
dark images. This is done to eliminate the signal offset before calculating shot noise, and
applying the row-wise dark pedestal and full-frame dark pedestal corrections, which are
dependent on true signal, and properly setting the zero-level before applying the linearity
correction.

The true dark images are a pure offset for each pixel, measured during the cold target test [2],
and will not change for the life of the mission. Since the true dark signal is removed from all
images, it is re-inserted in the dark subtraction step, resulting in an image with no variation. As
such, there is no uncertainty associated with the true dark subtraction.

The true dark image correction is discussed in section 5.1.3.3.

6.6.4 Row-wise Dark Pedestal Shift Correction Uncertainty [algorithm 1D]

The uncertainty associated with the row-wise dark pedestal correction was still being studied at
the time of writing. However, a placeholder uncertainty computation has been created for the
pipeline algorithms that is expected to have the form of the final uncertainty values.

The placeholder assumes that there is an uncertainty of 10% in the correction slope, and
calculates the resulting uncertainty in the signal. This tends to be a small correction, which can
only have a maximum of around 20 DN for a fully saturated row, so a 10% uncertainty in the
slope leads to a correction uncertainty of 2 DN in the worse-case scenario.

This uncertainty is used as the same correction on every pixel within a row, which indicates it is
dependent along every row, but independent down columns. Since there are no row-wise
summations or averages that occur in any of the pipelines, this uncertainty can be treated as
always independent.

The row-wise dark pedestal shift correction is discussed in section 5.1.3.4

6.6.5 Background Level Uncertainty (Dark pedestal shift correction uncertainty)
[algorithm 1E]

The full-frame dark pedestal uncertainty was also still being studied at the time of writing. Like
the row-wise version, a placeholder uncertainty computation has been created for the pipeline
algorithms that is expected to have the form of the final uncertainty values.

The placeholder has three components to its uncertainty, expected to encompass the most likely
types of uncertainty that might be generated from the algorithm. The first is a straight offset
uncertainty, which would be the same for every pixel in an image. This value has been set to
zero initially. The second is a fraction of the total power, where the fraction is set to 10% of the
average correction slope for all pixels. The third is a fraction of the integration time, where the
fraction has been set to zero initially.
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These three terms are user definable, and will be set when the uncertainty contribution is better
understood.

This correction applies to every pixel in an image, but with various, but probably not totally
independent slopes. It is even more complicated across images, since the correction slope is
always the same for any one pixel, and therefore are the same for all images, but the total image
power is independent. The combination of these terms is quite complicated and still being
studied. The maximum uncertainty assumption, which is that this uncertainty is dependent
across all pixels and images, may be used out of simplicity.

The background level uncertainty algorithm is discussed in section 5.1.3.5.

6.6.6 FPA Thermal Variation Uncertainty [algorithm 2A]

The uncertainty associated with the FPA thermal correction is found empirically, by using the
uncertainty in the FPA temperature (measured to be 0.014 °C over 12 hours). The correction
value is determined three times: once for the measured temperature, and then for the measured
temperature plus or minus the temperature uncertainty. The resulting values give a correction
value plus or minus the correction uncertainty.

This method does not include the uncertainty in the FPA temperature correction curve fit. The
curve fit has confidence intervals for each parameter, which are used in a monte carlo simulation
to determine the total uncertainty from the fit. This value is summed in quadrature with the
previously found correction uncertainty to determine the total uncertainty.

It is likely that the uncertainty from a monte carlo simulation is significantly overestimating the
uncertainty, since it does not take into account that the correction curves are nearly linear over
the small temperature ranges of concern. The true uncertainty should take into account that even
if the correction fit is wrong, the relative fit is still much closer than the absolute uncertainty of
any one value on the fit curve. This reduction in uncertainty has not been investigated or applied
at the time of writing.

Since this algorithm operates with a correction that is nearly the same for every pixel, it is
assumed to be dependent within an image, although that is likely an overestimation, and
independent from image to image, as the temperature varies randomly.

The FPA thermal variation algorithm is discussed in section 5.1.3.6.

6.6.7 FPA Linearity Uncertainty [algorithm 2B]

The FPA linearity algorithm and uncertainties are discussed in section 5.1.3.7.

6.6.8 FPE Thermal Variation Uncertainty [algorithm 2C]

The FPE thermal variation uncertainty is approached in the same way as the FPA thermal
variation uncertainty. Again, the temperature measurement uncertainty, measured at 0.004 °C, is
used to calculate an upper and lower value from the correction. The result is used as an
uncertainty in FPE correction.
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Similarly to the FPA thermal correction, the absolute uncertainty calculation from the confidence
intervals of the curve fit coefficients does not take into account that this is a relative correction,
and significantly overestimates the uncertainty.

This uncertainty term is mostly dependent along columns, since the ADCs operate on even and
odd columns, and is considered dependent over the whole image. It is mostly independent across
images, since the temperature term fluctuates randomly.

The FPE thermal variation correction algorithm is discussed in section 5.1.3.8.

6.6.9 Blackbody Radiation Correction Uncertainty [algorithm 3A]

The blackbody radiation correction applies a slope map, dependent on the thermal change of the
OSF, to every pixel. The uncertainty is generated by two sources: the uncertainty in the
temperature measurement and the uncertainty in the correction slope map. The temperature
measurement uncertainty is directly computed as the standard deviation of the OSF thermistor
value when held at a constant temperature, and is set to 0.01 °C. The uncertainty in the slope
map is intended to be calculated from on-orbit data, since the thermal gradients cannot be
replicated in a laboratory environment, but is currently set to 10% of the slope value for
laboratory measurements.

Like many of the thermal corrections, this one is considered dependent over any one image, but
independent across images.

The blackbody radiation correction is discussed in section 5.1.3.9.

6.6.10 Dark Subtraction Uncertainty [algorithm 3B]

After all the uncertainty terms have been calculated and applied to the dark images, they are
interpolated from the pre-scan dark images to the post-scan dark images. Using strict uncertainty
propagation, the interpolated uncertainty would actually be reduced through the scan, due to
averaging more images. While this is true for linear changes in the dark signal on each pixel, it
is an underestimation if there are non-linear variations in the dark signal. To compensate for
possible non-linear variation, the dark image uncertainty is assumed to remain linear,
interpolated from one set of dark images to the other, rather than be reduced. The linearity of the
dark signal over the duration of a nominal scan will be studied in on-orbit data. If it is found to
be consistently linear, this uncertainty may be reduced after launch.

This uncertainty is a combination of the other fundamental uncertainties of the dark images, and
represents a step in the uncertainty propagation chain, but will not be reported in the final list of
uncertainties. If it were, it would be double-counting all the dark image uncertainty
contributions.

The dark images and science images are independent, and can be directly summed in quadrature.

The dark subtraction algorithm is discussed in section 5.1.3.10.
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6.6.11 Blank Aperture Subtraction Uncertainty [algorithm 3C]

Like the dark image subtraction algorithm, the blank aperture subtraction uses the total
uncertainty computed in the blank aperture pipeline, rather than adding a new uncertainty
contributor. This term is also required for uncertainty propagation, but, since it represents the
summation of all the blank aperture uncertainties, it is left out of the final list of uncertainties.

The blank aperture and science images are independent, and can be directly summed in
quadrature.

The blank aperture subtraction algorithm is detailed in section 5.1.3.11.

6.6.12 Flat Field Correction Uncertainty [algorithm 4A]

The uncertainty associated with applying the flat field correction to a data set is also merely a
propagation through the calculation. The flat field correction map has its own uncertainties
associated with it, computed within its pipeline, and it is multiplied by the science data. No new
uncertainty contributor is produced.

The two scans are independent, and their fractional uncertainties are summed in quadrature. In
this computation, since it is a multiplication step, fractional uncertainties are used, rather than the
absolute DNs that are used in the dark image and blank aperture subtraction steps.

The flat field correction algorithm is described in section 5.1.3.12.

6.6.13 Aperture Thermal Correction Uncertainty [algorithm 2D]

The aperture thermal correction, being a simple multiplication of two factors, the temperature
and the aluminum CTE, is merely the propagation of the uncertainties in those values. The
temperature uncertainty is estimated at 0.02 °C, and the aluminum CTE uncertainty is set to 10%
of the CTE. A search for CTE of aluminum reveals that there are reported numbers of up to a
5% variation, depending on the type of aluminum used.

These fractional uncertainties are summed in quadrature to provide the total aperture thermal
correction uncertainty.

This uncertainty simultaneously applies to the whole image, and is propagated as a multiplicative
dependent uncertainty.

The aperture thermal correction is discussed in section 5.1.3.13.

6.6.14 F-Number Thermal Correction Uncertainty [algorithm 2E]

The F-number thermal correction uncertainty is nearly identical to the aperture thermal
correction uncertainty. There are two individual contributors that are multiplied together: the F-
number vs temperature slope, and the delta temperature. The uncertainties are similarly
propagated by summing their fractional values in quadrature. The F-number vs temperature
slope uncertainty is set to 20% of the slope value, and the temperature uncertainty has been
measured at 0.04 °C.
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This uncertainty simultaneously applies to the whole image, and is propagated as a multiplicative
dependent uncertainty.

The f-number thermal correction is discussed in section 5.1.3.14.

6.6.15 Integration Time Ratio Uncertainty [algorithm 5A]

The integration time associated with a particular scan is an integer number of detector readout
row times (RT). There is no uncertainty associated with choosing the integer value. The
conversion from RT to seconds, despite having some associated uncertainty, is cancelled out of
the integration time ratio. The only uncertainty in the integration time ratio calculation comes
from the uncertainty in the 0 RT integration time offset. The 0 RT value has been measured in
the lab to actually be 0.965 RT, with an uncertainty of 0.001 RT.

This uncertainty is merely propagated through the integration time ratio algorithm. As might be
expected, it is a larger fractional uncertainty for shorter integration times, and a smaller fractional
uncertainty for longer integration times.

The factor is a multiplier for all images of a scan, and is dependent for all pixels.

The integration time ratio algorithm is discussed in section 5.1.3.15.

6.6.16 Aperture Ratio Uncertainty [algorithm 5B]

The aperture ratio application only appears in the SSI pipeline. The aperture ratio, as described
in section 5.2.1.2, is purely a measurement made in the lab during the calibration campaign. It
ultimately represents a propagation of all the uncertainties associated with the measurement of
the aperture ratio into the SSI data pipeline, and from there, into the reflectance and radiance data
pipeline.

The measurement of the aperture ratio, and all the associated uncertainties is described in [22],
the characterization and calibration report.

The aperture ratio is implemented as a single vector used to scale the SSI scan (also a single
vector after the integration steps), and can be propagated using a quadrature sum of fractional
uncertainties into the SSI calculation. The difference between this uncertainty and the other
uncertainties that propagate from one pipeline to another, such as the flat field uncertainty, is that
the full aperture ratio uncertainty will be the same for all data sets, since it was measured in a
laboratory, not on-orbit. All of its individual components, instead of being separated into
fundamental uncertainties like the other propagation steps, are kept as a single, total uncertainty.
This choice facilitates pipeline design, since a single uncertainty can be applied, rather than
computing the exact same uncertainty from laboratory measurement data in a separate pipeline.

6.6.16.1 Aperture Ratio Attenuation Uncertainty Contributors

Despite being summed into a single uncertainty to be propagated into the SSI pipeline, there are
a handful of significant uncertainty contributors that comprise it which are described here.
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The second type of attenuation used to view the solar signal, as described in section 5.2, is
changing the size of the aperture, from the Earth-viewing 20 mm aperture, to the solar-viewing
0.5 mm aperture. Ideally, if the optical system behaved the same way for both apertures, the
attenuation factor would be a pure ratio of the areas of the two apertures, which is a factor of
1600, or 3.2 orders of magnitude. However, the optical system does not treat both apertures the
same, and, in particular, the efficiency of the grating depends on how many grating rulings are
illuminated, which is different for the two apertures, and on the wavelength of light. As a result,
the aperture ratio must be measured within the full optical system.

The aperture ratio measurement is a relative measurement made by swapping from the Earth to
the solar viewing aperture while viewing a stable light source. The ratio between the detected
power levels on each individual pixel is equivalent to the aperture ratio. Since the light is
dispersed spectrally, the measurement conveniently provides a wavelength dependence as well,
provided the light source covers the full CLARREO Pathfinder wavelength range. When
viewing the light source with the larger 20 mm aperture, the signal is generally quite large, and
the integration time must be decreased to compensate. Likewise, when viewing with the 0.5 mm
aperture, the integration time must be increased to compensate. The integration time has an
attenuation factor of around 2.8 orders of magnitude, which is still not high enough to
completely compensate for the aperture ratio attenuation factor. The remaining 0.4 orders of
magnitude are accounted for by the dynamic range of the detector, which is 16-bits.

Using the integration time to compensate for the aperture ratio attenuation rather than varying the
light source power is significantly easier but requires precise knowledge of the integration time
linearity. It is for this reason that the integration time uncertainties are included twice in the
uncertainty budget.

Uncertainties associated with the relative measurement include the common random
uncertainties, such as read noise, shot noise, dark versions of each, and quantization noise. They
also include diffraction uncertainty from both the apertures, and background level uncertainty, as
is common in the other HySICS measurements. In addition, there are laboratory setup
uncertainties, including random variations in the light source, and a catch-all measurement
uncertainty determined by repeating the measurement multiple times to observe variation in the
aperture ratio. All of these uncertainties are repeated twice, once for the 20 mm aperture
measurement, and once for the 0.5 mm aperture measurement. The last two uncertainties, the
dark image offset and the short exposure uncertainty, are place-holders that were discovered on
the HySICS balloon instrument, but expected to be better understood on CLARREO Pathfinder.
The full budget is shown in Figure 105.
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Figure 105. Aperture ratio attenuation uncertainty budget.

To determine the fractional uncertainty of each of these contributors, it is necessary to assume a
light source spectral irradiance. In the HySICS balloon flight, two separate light sources were
used, an FEL turned to a low power level, and a white LED. Together, these sources covered
most, but not all of the wavelength range. For CLARREO Pathfinder, a Labsphere light source
with plasma lamps to cover the UV/VIS range, and tungsten lamps with blackbody output to
cover the IR portion. These sources will be input into an 8-12 inch integration sphere. A high
light field uniformity is required if the apertures are merely swapped back and forth. Any non-
uniformity in the light field will be compensated by dithering the field of view of the 0.5 mm
aperture over the full 20 mm aperture field of view and averaging the result. The more uniform
the field to begin with, the less dithering is required for an accurate ratio, hence the integration
sphere. The assumed source spectral irradiance is shown in Figure 106. It should be noted that
we are still in talks with Labsphere to generate this spectrum, so the uncertainty results based on

it may have minor variations from this analysis. It will be updated when we have more
information.
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Figure 106. Assumed aperture ratio measurement light source spectrum.

6.6.16.1.1 Read Noise Uncertainty 0.5 mm and 20 mm Lab Measurement

The read noise uncertainty for both the 0.5 mm and 20 mm aperture ratio laboratory
measurement is found in the same way as described in other read noise sections (e.g. section
6.5.1.) The benefit of making the measurement in a laboratory is that a high number of images
can be averaged together to reduce the random uncertainties, such as read noise. In this case,
5000 images are assumed to be used. 5000 images is the equivalent of 5.5 minutes of data
acquisition. The read noise is given by equation 68, where Sg,,,c.(1) is the detected signal from
the laboratory light source, in DN. Note that the detected signal will be different for the 0.5 mm
and 20 mm aperture measurements.

8.3 (DN) 68
V5000 - Ssource (A)

UnC-Read noise Lab Measurement —

6.6.16.1.2 Dark Read Noise Uncertainty 0.5 mm and 20 mm Lab Measurement

The dark read noise uncertainty for a laboratory measurement is also the same as for other dark
read noise (e.g. section 6.5.1.1.) Again, it can be significantly reduced through averaging, and
5000 images will be assumed here as well. The dark read noise uncertainty is the same as the
read noise uncertainty, given by equation 69.

8.3 (DN) 69
V5000 - Ssource (A)

UnC-Dark read noise Lab Measurement =
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6.6.16.1.3 Shot Noise Uncertainty 0.5 mm and 20 mm Lab Measurement

As described in section 6.5.2.2, the shot noise is dependent on the signal level. Again, as a
random noise source, it is reduced by the number of averaged images, which will be 5000, as
described in section 6.6.16.1.2. The uncertainty is given by equation 70.

Opixel shot noise 70

v5000 - Ssource (A)

UnC-Shot noise Lab Measurement =

6.6.16.1.4 Dark Shot Noise Uncertainty 0.5 mm and 20 mm Lab Measurement

The dark shot noise consists of shot noise from background blackbody radiation and from the
dark current, as described in section 6.5.2.1. It is given by equation 71, and reduced by the
number of dark images averaged.

U _ OPixel Dark shot noise 71
NC.park Shot noise Lab Measurement — \/—
5000 Ssource (A)

6.6.16.1.5 Quantization Uncertainty 0.5 mm and 20 mm Lab Measurement

The quantization uncertainty is described in section 6.5.3. Again, 5000 images are assumed to
be averaged. The uncertainty is given by equation 72.

(\/% : LSB) 72

V5000 * Ssource (1)

Unc-Quantization Lab Measurement —

6.6.16.1.6 Background Level Uncertainty 0.5 mm and 20 mm Lab Measurement

The background level uncertainty is described in section 5.1.3.5.

6.6.16.1.7 Light Source Variation 0.5 mm and 20 mm Lab Measurement

Since the light source is expected to be constant throughout the aperture ratio measurement, any
light source variation causes an error in the ratio. On the HySICS balloon measurements, the
short-term (6 minute) light source variation was on the order of 20 ppm, and the long term
(overnight) variation was a bit less than 100 ppm. As we will be acquiring a new light source for
CLARREO, these measurements are not valid, and a 0.1% uncertainty placeholder will be used.
The source level will be tracked throughout the experiment, and used to correct the light source
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variation over long time periods. It should be noted, however, that over short term periods, this
variation will likely be random, and can benefit from multiple measurements. It is expected that
through some amount of averaging, it can be driven down to 250 ppm.

6.6.16.1.8 Measurement Variation 0.5 mm and 20 mm Lab Measurement

The aperture ratio measurement will be performed multiple times in an effort to gather enough
statistical information to know if the amount of variation is expected given the uncertainties
described here. If the variation is higher than expected, it will be used as another uncertainty
contribution after the known variations have been mathematically removed. This uncertainty
serves as a catch-all for any unknown, random variations. As a placeholder, it is set at 600 ppm,
which was the amount of measurement variation observed during the HySICS balloon instrument
testing.

6.6.16.1.9  Dark Image Offset 20 mm Lab Measurement

During the HySICS balloon testing, a slight change in the dark offset was observed for each
scan, defined as the continuous acquisition of a prescribed number of images. If the instrument
made a scan to acquire the data, and then a second scan to acquire the associated dark images,
there was an uncertainty due to this offset. It was removed by forcing the instrument to take both
portions of the acquisition on the same scan, but not before taking some of the lab-based data
which has some associated uncertainty for the 20 mm measurement. CLARREO Pathfinder will
run if the mode to acquire light and dark images during the same scan if it is necessary. It should
be nearly eliminated for CLARREO Pathfinder, and is only assigned a 0.01% uncertainty as a
placeholder.

6.6.16.1.10 Short Exposure Uncertainty 20 mm Lab Measurement

There is often some amount of measurement uncertainty associated with acquiring data at very
short integration times. In HySICS, because of the high light level from the FEL, the 20 mm
aperture ratio measurement was required to be at 2 row times (33.6 us) or 3 row times (50.4 us.)
Although it was never characterized, it appeared that there was a previously unknown linearity
error visible up to 8 row times (134 us) when analyzing this data. It is unknown if the
CLARREO Pathfinder camera will have this uncertainty associated with short exposure times,
but it will be studied now that we are aware of the possibility. In addition, for this test and the
expected light level of the Labsphere source, the shortest exposure time will be well out of this
range, at 100 row times (1.68 ms.) As a placeholder, the uncertainty assigned to it is 400 ppm.

6.7 Uncertainty Contributors: Scan Specific and Systematic

The third category of uncertainties mostly contains uncertainty computations that are applied to a
single pipeline, rather than algorithms that can be repeated for multiple pipelines. This section
describes all the uncertainty contributors from the third category list above (section 6.3).
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6.7.1 Solar Temporal Variation Uncertainty [algorithm 6A]

The solar temporal variation, described in section 5.1.3.16, is a ratio of two TSIS SIM data sets
that are smoothed through a convolution with the HySICS ILS. The uncertainty associated with
it is not technically a HySICS instrument uncertainty, but is included in the HySICS uncertainty
budget for completeness.

For the nominal case, the temporal variation measurement is a relative measurement made with
TSIS SIM. It is assigned a 100 ppm fractional uncertainty, and will be further studied in
discussions with the TSIS SIM team.

6.7.2 SSI Ratio Uncertainty [algorithm 6B]

There are two sources of uncertainty that appear in the SSI ratio (section 5.1.3.17), the
uncertainty propagated from the SSI pipeline, and additional uncertainty picked up from
interpolating the SSI to the nadir science data wavelength grid. The propagation of the SSI
uncertainty to the ratio calculation is not a fundamental uncertainty source, but the interpolation
step is. The uncertainties in the SSI interpolation are dependent on the covariance of the SSI
data points, and are being further studied. In the likely scenario where the SSI scan and nadir
scans do not have appreciable wavelength scale shift because the instrument temperature does
not drift, the interpolation uncertainty is reduced and nearly eliminated.

These two sources of uncertainty are summed in quadrature with the temporal variation
uncertainty from the previous section.

6.7.3 Solar Zenith Angle Uncertainty [algorithm 6B]

As described in the reflectance equation, 5, there is a reduction in power at the measurement
location dependent on the solar zenith angle. Uncertainty in the angle results in uncertainty in
the reflectance.

The solar zenith angle is calculated during the open-loop geolocation algorithm [181253]. The
accuracy of the solar zenith angle is directly related to the accuracy of the geolocation, set to 400
m (1-sigma) as of the time of writing. This indicates that the ground point has a radial Gaussian
distribution around the geolocated position with a standard deviation of 400 m, which, due to the
curvature of the Earth over 400 m, causes a small error in the solar zenith angle.

The reflectance uncertainty on the solar zenith angle works out to 0.077 ppm when the Sun is
directly overhead. This is a small enough term that it is included here for completeness but not
added to the uncertainty budget.

6.7.4 Unit Conversion Factor Generation Uncertainty [algorithm 6C]

When generating the nadir science radiance data product (section 5.1.3.18), there are several
sources of uncertainty. The two primary sources are the uncertainty produced in the “cross
convolution” step used to compare the SIM SSI and the HySICS SSI, shown in Figure 74, and
the TSIS SIM SSI uncertainty. The less significant sources of uncertainty are the ILS shape
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uncertainty, and the interpolation of the unit conversion factor to the nadir science data
wavelength grid.

The cross convolution error, which is directly taken to be uncertainty, is outlined in section
5.2.1.5.

The TSIS SIM SSI uncertainty varies across the spectrum, and is less than 0.2% over most of the
spectral range. This is a large uncertainty contribution that is present for the radiance data
product that is not present for the reflectance data product. It is due to this term that, whenever
possible, the reader should use the reflectance data product.

The ILS shape uncertainty, investigated through simulations of varying the ILS shape, have
shown that the unit conversion factor is relatively insensitive to the shape of the ILS changing.
This is primarily due to the fact that the SIM ILS is significantly wider than the HySICS ILS
over the majority of the spectral range, and further smoothing through convolution with the
HySICS ILS does not appreciably change the spectrum. Simulations show that even up to a 50%
increase in the HySICS ILS width does not add a significant amount of error, shown in Figure
107. This uncertainty is being ignored while ILS measurement data uncertainty is studied.
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Figure 107. Error in the unit conversion factor due to an error of 50% larger ILS width. This error is less
than 0.15% (1500 ppm) over most of the spectral range.

The final source of additional error is from an interpolation of the unit conversion factor to the
nadir science data wavelength grid. Unlike for the reflectance scan, this interpolation is of a
smooth, and slowly varying function, which has very low error in the interpolation. This factor
will be ignored unless the unit conversion factor, measured on-orbit, has unexpected high
spectral frequency components.
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6.7.4.1 External SSI Uncertainty

It should be noted that since the CPRSP SSI measurement is directly compared to an external
SSI, such as the TSIS SIM SSI, all uncertainties in the external measurement must be included in
the total uncertainty budget. For TSIS SIM, this uncertainty is well documented, as in the TSIS
SIM ATBD, [5]. The baseline TSIS SIM uncertainty is not included in the CLARREO
Pathfinder uncertainty budget because it is independent of the CLARREO mission.

6.7.5 3-Pixel Binning [algorithm 1F]

Both HySICS data sets, reflectance and radiance, are 3-pixel binned (section 5.1.3.19) to reduce
data volume and uncertainties.

In an averaging step, independent uncertainties are reduced by the square root of the number of
pixels used. The additive dependent uncertainties are averaged, and the multiplicative dependent
fractional uncertainties are averaged, meaning that they aren’t reduced, but also don’t increase.

This algorithm only uses previously defined uncertainties, and does not generate any new ones.

6.7.6 Wavelength Position Uncertainty

The wavelength positioning uncertainty is dependent on the amount of uncertainty in the
wavelength scale location coupled with the measured ground signal, which is determined via the
Pen-ray measurement, discussed in section 5.2.3. If the measured signal has a high spectral
gradient, small errors in the wavelength position can cause high uncertainties in the resulting
signal measurement.

This is one of the few algorithms in this section that can be reused, once for the nadir science
data scans, and once for the SSI scans. In both cases, the spectral gradient in the images is
calculated, and multiplied by the wavelength scale uncertainty at each wavelength bin. The
result is the wavelength position uncertainty.

6.7.7 Aperture Position Repeatability (Large and Small Apertures)

The instrument aperture is on a tightly controlled, motorized wheel. It is expected to maintain its
position with an uncertainty of 0.0003 degrees. However, the instrument does not have the same
throughput if the aperture is moved. To estimate the signal uncertainty due to uncertainty in the
aperture position, a measurement of a uniform, constant light field was made at different aperture
positions.

For the large aperture, the throughput versus aperture position is shown in Figure 108, and for
the small aperture, it is shown in Figure 109.

The gradient at zero degrees from nominal is 1.3%/deg, and 3.3%/deg for the large and small
apertures respectively. The resulting uncertainty from a 0.0003 degree motion of the aperture
wheel is 4 ppm and 10 ppm respectively.
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Figure 108. Large aperture throughput versus aperture position deviation from nominal angle.
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Figure 109. Small aperture throughput versus aperture position deviation from nominal angle.

6.7.8 Polarization Uncertainty

The HySICS instrument polarization is shown in Figure 110. This is a ground measurement that
cannot be verified on-orbit, and is not expected to change through the entire mission. This
instrument polarization interacts with the scene polarization to produce an error in the
measurement. The scene polarization used in the uncertainty budget is a simple line, with 20%
polarization at 350 nm, and dropping to 0% polarization at 2300 nm. The scene error is merely
the multiplication of these two arrays, shown in Figure 111. Since there is no measurement of
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the scene polarization while HySICS is scanning the Earth, the nominal error is used as the

polarization uncertainty for every scene.

HySICS instrument polarization
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Figure 110. HySICS Instrument Diattenuation.
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Figure 111. Nominal scene error due to polarization sensitivity.
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6.7.9 OSF Leakage SSI and Ground Measurement Uncertainty

The order sorting filter is made from three separate interference filters, paneled together on the
vacuum window in front of the detector array, as shown in Figure 112. Like all interference
filters, there is a small amount of unwanted leakage light that is transmitted. Using the
transmission versus wavelength plots of the order sorting filter from the HySICS balloon flight,
shown in Figure 113, the amount of second-order leakage light can be predicted. The fractional
uncertainty is the ratio of this leakage light to the expected signal. If necessary, it may be
possible to measure this leakage light and digitally remove the leakage during post processing.
The second order light from the grating, however, has twice the dispersion of the first order,
meaning that some interpolation between every other wavelength bin would be necessary,
causing some error. The OSF leakage uncertainty assumes that all the leakage light is an error
source in both the SSI measurement and the ground measurement.

Figure 112. HySICS balloon instrument order sorting filter. The filter contains three regions, one that is
nearly transparent (clear, on the right), one that blocks light below 650 nm (red, in the middle), and one that
blocks light below 1200 nm (black, on the left).
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6.7.10 Point Spread Function Uncertainty

The optical point spread function (PSF) is a measurement of how an instrument “sees” a point
source at infinity. It is an optical impulse function, and is uses as an indication of the distortion
of the instrument. For HySICS, the point spread function at various wavelengths and field
angles is shown in Figure 114.

The point spread function can be convolved with the measured scene to estimate the field
distortion. The convolution results in a blurring of the image, as shown in Figure 115. The
blurring does not attenuate or vignette power, but rearranges it, and features with high spatial
gradients become smoother.

Error caused by the point spread function blurring the image is estimated based on the size of the
region to be measured. For HySICS, a 15 x 15 km square is used as the measurement region.
The error is found by a comparison of the total power in a high-resolution scene with and
without the PSF convolution. For a nominal scene, the HySICS PSF error is shown in Figure
116. This PSF error map is directly used as the PSF fractional uncertainty in all images. Work
to repeat the error analysis on many different ground scenes will continue in the future.
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Figure 114. HySICS point spread function at various wavelengths (in color) and field angles (plots from top to

bottom).
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Convolved with widest HySICS PSF
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Figure 115. Left: High resolution scene obtained from Landsat data. Right: scene convolved with widest PSF

to show blurring.
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Figure 116. HySICS PSF fractional error in a nominal Earth scene.

6.7.11 Camera Electronic Timing Uncertainty

The camera electronic uncertainty is measured using a high precision oscilloscope. The start and
stop edge signals can be read out from the FPE, and the timing difference between them
represents the full integration time. For the HySICS camera, the integration time is specified as
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an integer number of row readout times, where a single row time is 122.85 us, and the number of
row times can go up to 538, or 66.211 ms (including the zero offset). The full timing
measurement of the HySICS balloon camera is shown in Figure 117, where the horizontal axis is
given in row times, from 1 to 2047. The data is fit to a line, and the residual, given in ppm of the
full range, is plotted in Figure 118. The electronic linearity of the camera is better than 1.6 ppm
across its full range. The CLARREO HySICS camera performs similarly. This level is easily
good enough to rely on it as a standard to determine gain uncertainty, and used to precisely vary
the amount of light to be detected the sensor. The electronic linearity uncertainty is counted
twice, once for the nadir science scans, and once for the SSI scan, although it is so low that it is
inconsequential in the full uncertainty budget.

Integration time - zero offset (us)

10 10 10° 10
Integration tirme (row times)

Figure 117. Electronic linearity measurement. The horizontal axis is in row times, and integer number of
16.8 us, and the vertical axis is the measured integration time.



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 166

Residual from linear fit (pprm)

05 Lo vl Lol Ll L v
10 10 10 10 10
Integration time (row times)

Figure 118. Electronic timing linear residual. The electronic timing of the HySICS balloon camera is better
than 1.6 ppm across its full integration time range.

6.7.12 Scatter Uncertainty

The instrument scatter was measured during the calibration and characterization campaign over
multiple tests, including with bright monochromatic light sources that were varied across the full
spectral range, and similar diffuse and broadband light sources. The data set has been mined to
identify the most consequential scatter sources. The maps of the two most significant scatter
sources are shown in Figure 119 and Figure 120. As of the time of writing, these error maps are
directly used as uncertainties. In the future, they will be investigated to determine if they can be
converted to scatter slope maps that can be multiplied with the image to attempt to estimate a
per-image scatter.
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Figure 119. "Sidecar scatter'" error map, in percentage.
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Figure 120. "UV Edge Scatter' error map, in percentage.

6.7.13 Per Pixel Scan Rate Uncertainty (previously called pointing uncertainty)
[algorithm 7A]

Since the SSI integration relies on knowledge of the pointing to provide the per-pixel scan rates,
an uncertainty in the pointing knowledge is required. This uncertainty is being studied by the
HPS team. As a placeholder, the uncertainty is specified as 500 ppm of the scan rate.
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6.7.14 Along slit Pixel FOV Uncertainty [algorithm 7A]

The second scaling factor necessary for the SSI integration is the along-slit per-pixel FOV. This
FOV was measured in the lab, and shown in Figure 121. There are two glitches in this data set
that have not been removed in this plot, but are understood and can be ignored at approximately
row 65 and row 350. The FOV uncertainty is approximately 3 urad without averaging or curve
fitting. These techniques will be applied to further reduce the uncertainty. Since this data is
from a measurement on the ground, it is not expected to change throughout the mission. It is
saved as a vector, and propagated into the uncertainty as a fraction of the pixel FOV size.
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Figure 121. Along-slit per-pixel field of view.

6.7.15 Integration Along or Across Columns [algorithm 7B and 7C]

To perform the SSI integration, pixels are summed down columns (section 5.2.1.1.2) and across
images (section 5.2.1.1.3). This summation does not generate any new uncertainties, but it does
require a propagation of uncertainty step. Like the other similar steps, the resulting uncertainty

is necessary for further uncertainty study, but it is not saved in the uncertainty list.

In the summation, independent uncertainty contributors are summed in quadrature, and additive
dependent ones are just summed. Multiplicative dependent contributors are summed in
fractional form.

6.7.16 Acquisition Period Uncertainty [algorithm 7D]

The final scaling factor required for the SSI integration is the acquisition period of the images.
Together with the scan rate, it can be used to determine per-image scan motion of each pixel. If
this factor is used, it will take the place of both the acquisition period and the scan rate scaling
factors.
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The acquisition period is determined by the FPGA signal to the FPA. The timing oscillator
driving the FPGA has an uncertainty of 10 ppm, which is directly used in the uncertainty
propagation for this step.

6.7.17 Spectral Distortion Correction Uncertainty [algorithm 8B]

The spectral distortion correction, described in section 5.2.2.4, uses wavelength data to estimate
the wavelength scale distortion on the FPA. The distortion is given as a surface polynomial, as
shown in Figure 80. To estimate the uncertainty in the fit, a monte carlo simulation, is used to
perturbe the surface polynomial given the confidence intervals of all the coefficients. This
generates hundreds of new surface polynomials that are also used to attempt a distortion
correction. The standard deviation of each pixel in the corrected images is used as the
uncertainty in the distortion correction.

As stated in section 6.7.1, the uncertainties associated with interpolating a solar spectrum are still
being studied, but will be incorporated into to this uncertainty in the future.

6.7.18 BTDF Correction Uncertainty [algorithm 8B]

As described in section 5.2.2.2, the relative BTDF of the transmissive diffuser must be known to
correct for it in the large aperture flat field. The transmissive diffuser BTDF was measured, and
is shown in Figure 81. The uncertainty measured from multiple BTDF measurements is 106

6.7.19 Creation of Flat Field [algorithm 8B]

The flat fields are created as described in section 5.2.2.3. There are several steps required to
propagate per-pixel uncertainties through this process. While the signal on each pixel has a
known uncertainty value, the normalization factor, or dividing by the mean of a column, requires
finding the average of many pixels in a column. The uncertainties are propagated through this
averaging step in a similar way as they are for the 3-pixel binning algorithm.

Independent uncertainties are reduced by the square root of the number of pixels used. The
additive dependent uncertainties are averaged, and the multiplicative dependent fractional
uncertainties are averaged, meaning that they aren’t reduced, but also don’t increase.

This algorithm only uses previously defined uncertainties, and does not generate any new ones.

6.7.20 Glint Uncertainty

In order for the Spectralon flat field to be accurate, the light incident on the diffuser must be
constant throughout the whole scan. While this is not in question from the Sun light, glint
sources, such as reflections off the instrument, off the ISS structure, or even reflected light from
the Earth, which could change over the course of a single scan, can cause error in the flat field
estimation. Simulations of the ISS structure glint are on-going, but expected to be small. As a
placeholder, their uncertainty contribution is set at 0.1% of the total light, and is the dominant
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uncertainty term in the Spectralon flat field scan, and one of the dominant contributors in the
overall uncertainty budget.

Perhaps the largest glint source is Earthshine, defined as light reflecting off the Earth and
incident on the Spectralon diffuser. A full analysis of the worst-case scenario has shown that the
expected Earthshine variation during the course of the scan can be as high as 600 ppm of the
total light given a large transition on the Earth (such as snow to water across the full field of
view) with a pitch angle of 86.5 degrees below the solar disk. While possible, this scenario is
unlikely, and the Earthshine error is generally nonexistent.

6.7.21 Peak Alignment Uncertainty [algorithm 8A]

Since the flat field scan moves the solar peak in the spatial direction along the sensor, it is
possible to use only the image information to determine its pixel location, which is required for
an accurate flat field calibration. In the original flat field analysis from the HySICS balloon
flight, the measured solar peak as it crossed each pixel was used to determine the peak
alignment. The solar peak, as measured by every pixel, is shown in Figure 78. The solar peak
location, when only the image data is used, is difficult to determine at sub-scan rate levels due to
shot noise and read noise. However, the ability to align these peaks is greatly improved given
the 5 arcsec pointing knowledge that CLARREO Pathfinder is expected to have access to via the
fine sun sensor. At the expected scan rate of 18.75 arcsec/image (4 images per pixel of a
stationary solar location,) a 5 arcsec knowledge error in the solar peak location corresponds to
just over a quarter of an image (0.267 images), and equates to a maximum of 100 ppm of error in
the signal level if 5 images are used at the top of the solar peak.

Since the Spectralon flat field will also be a scan over the solar disk, it is again necessary to line
up each solar peak as it crosses over an individual pixel on the camera. Because the solar peak is
being diffused by a nearly Lambertian diffuser, it will be extremely wide compared to the solar
disk. As a result of the wide peak, the sensitivity to peak alignment is significantly diminished
compared to that of the solar flat field, and its associated uncertainty is nearly negligible. It is so
small as to be difficult to estimate, but is likely less than 1 ppm for 5 arcsec knowledge of the
pointing. As a conservative placeholder, 100 ppm is used in the uncertainty budget. There is
very little effect on the total uncertainty between 1 ppm and 100 ppm for this term.

6.7.22 Transmissive Diffuser Comparison Uncertainty

During the characterization and calibration campaign, it was attempted to verify that the
transmissive diffuser aperture created the same flat field as the large aperture, which cannot use
the Sun for a flat field measurement. The two flat fields, one with just the bare aperture and one
with the transmissive diffuser, are shown in Figure 122.
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Figure 122. Flat field comparison test. Image on the left was generated without a diffuser, and the image on
the right was generated with a diffuser.

By eye, these flat fields are extremely similar. The difference image is shown in Figure 123.
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Figure 123. Difference image of the two comparison flat fields. Values are fractional.

The standard deviation of the lit portion of this image is 0.28%, which is used as the comparison
uncertainty between the large aperture and transmissive diffuser flat fields. It is likely this value
is significantly overestimating the uncertainty, since the comparison between the two scans is so
difficult. Future data analysis work will be done to attempt to reduce this uncertainty.
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6.7.23 Pointing Uncertainty

Since the solar spectral irradiance scan is assembled and integrated over many overlapping
images, as discussed in section 5.2.1, uncertainty in the oversampling factor leads to an
uncertainty in the unit conversion factor. The oversampling factor is generated via two
parameters, the pointing of the instrument with respect to the center of the solar disk, and the
width of the slit. In essence, if the slit is slightly larger than assumed, there will be slightly too
much power measured during the SSI. However, during a ground scene measurement, the slit
will still be slightly larger than assumed, making the calibration valid.

The pointing error, or jitter, in the measurement is apparent in the FSS (fine sun sensor) data, as
seen in Figure 61. The measurement uncertainty is due to the power gradient during the scan, as
shown in Figure 124. The higher the gradient, (e.g. right at the edge of a solar measurement) the
more total error generated by pointing uncertainty.
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Figure 124. Total power during an SSI scan, in DN, and gradient versus pointing position.

The total uncertainty in each image of the scan is determined by the scan power gradient
multiplied by the pointing uncertainty. The resulting values are added in quadrature from each
image of the scan, giving a total uncertainty for the measurement. This uncertainty is then
applied equally across the full spectral range.

During the HySICS balloon flight, the FSS uncertainty was 1.06 arcsec, and the full scan

uncertainty was 0.011%.

6.7.24 Creation of Blank Aperture Image [algorithm 9A]

The blank aperture image is created by averaging a scan of blank aperture images (section 5.2.4).
This averaging step does not generate any new uncertainties, but it propagates the per-pixel
uncertainties through averaging multiple images. Independent uncertainties are reduced by the
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square root of the number of pixels used. The additive dependent uncertainties are averaged, and
the multiplicative dependent fractional uncertainties are averaged.



CLARREO Pathfinder/Algorithm Theoretical Basis Document LASP Engineering Division
Document No. 151599revE Page 174

Appendix A - Diffraction Calculation

The lost light, outside the collection window, can be determined by starting with the diffraction
equation for an infinite half-plane [10]:

73

I(r,0) =1y 16m2rsin?(¢/2)

with the variables defined by the geometry shown in Figure 125. The incident intensity is given
by I,. 6 and ¢ both represent the diffraction angle, and are related by 8 — ¢p = %ﬂ A is the
wavelength dependency, and 7 is the distance from the edge to the measurement point.

Incoming light

6 J' Infinite half-plane
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Figure 125. Geometry for diffraction from infinite half-plane.

The equation can be converted to represent the total fraction of diffracted light that misses a
collection window [14]:

I(cle'n.l'ﬂ)_l_I(d)Min,zlﬂ): A 1 s 1 74
Irotal It 4T°R |tan(@uin1/2) * tan(uin2/2)

I(¢Min,1'77) and I((I)Min,zﬁ)
ITotal ITotal
fraction of diffracted light between the top and bottom edge of the collection window, given by

the angles ¢y 1 and ¢y 2, and the input aperture plane, given by an angle of . The radius of
the input aperture is given by R, and the radius of the collection window is given by r,. Light is
always diffracted into the plane perpendicular to the tangent of the input aperture edge. The total
fraction of lost light is found by integrating the above equation around the circumference of the
input aperture.

given the geometry in Figure 126. In this equation, represent the
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R

Figure 126. Geometry for calculating the total fraction of light that falls outside a collection window.

Although the collection window in the derivation of the lost light equation is circular, it can be
any shape, as long as the minimum acceptance angles angles, ¢y 1 and ¢py, 2, can be
determined. A rectangular collection window, similar to the collection window from a HySICS
solar irradiance scan, is shown in Figure 127. Finally, since the 4MA telescope is located
directly behind the entrance aperture, the collection window acceptance angles, ¢y, 1 and

P umin, 2, are found using the 4AMA Zemax simulation. Figure 128 shows one edge angle, ¢pip, 1,
for the 0.5 mm input aperture given the HySICS balloon collection window, defined by the slit
size, 14.4 mm x 28.297 um, and a linear, cross-slit scan from -1.5 degrees to +1.5 degrees. After
integrating around the input aperture, and repeating for all wavelengths, the total lost power
fraction for this scan is shown in Figure 129.

The uncertainty in the lost light from given in a diffraction calculation is 1.8% of the amount of
lost light, a level set by NIST. The lost light from diffraction is added to the detected light from
the solar irradiance scan to account for the total spectral irradiance, as shown in Figure 130,
which represents the total amount of light entering the instrument aperture.

Front view Top view
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Figure 127. Diffraction geometry for a rectangular collection window, similar to HySICS. The left figure
shown the diffraction if the input light is moving into the page, and diffracts off the edge of the input
aperture. From the top view, on the right, the ¢y;, ; angle between the incoming ray and the diffracted ray is
visible.
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Figure 128. Minimum acceptance angle all the way around the aperture, given the HySICS 4MA, slit, and
scan geometry. The acceptance angle is periodic, with the minimum values of 1.5 degrees (defined by the
scan extents), and the maximum value of just over S degrees located at the corners of the collection window.
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Figure 129. Lost power due to diffraction over the entire wavelength range. This plot shows that at 1000 nm,
approximately 10,000 ppm (1%) of the light is lost to diffraction.
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Figure 130. Total integrated light in HySICS balloon solar spectral irradiance scan, including correction for
lost diffracted power. This is the un-calibrated total measured light from the sun.

Appendix B -

In the flat field testing we discovered an unexpected and not fully understood behavior in the
FPA, which has been dubbed the ‘cursed row’ phenomena. The flat field test worked by
illuminating the FPA with a light pattern, which was walked from the bottom of the FPA to the
top in steps of 1 row. A few images from one scan are shown in Figure 131.

Field Angle Scan Selected Images
Position 205 Position 305

Position 5 Position 105

Position 405

200 400 600 200 400 600 200 400 600 200 400 600 200 400 600
Position 5 Position 105 Position 205 Position 305 Position 405

400

200 400 600 200 400 600 200 400 600 200 400 600 200 400 600

Figure 131. A set of images from a flat field scan with color scales showing the full range (top) and low level
structure (bottom).

While the exact dynamics of the cursed are not fully understood, the general manifestation is
known and easy to recognize. Specifically, there is a row (the ‘cursed row’) on the FPA, that,
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when illuminated, leads to whatever light pattern is on that row being written over the entire FPA
at a low level. This can be seen in the above images, in the image for Position 105 on the bottom
row, where you can see vertical streaks extending over the whole range of the FPA, that are not
present in the images for the other positions.

Position 105
— 100

450
455
460
465

470

475

480 -100

100 200 300 400 500 600

Figure 132. The bottom of the FPA in Position 105 from Figure 131. The hard edge in the light pattern at row
467 is from the slit — below this row no light can reach the FPA. The streaks can be observed to extend into
this dark region, and even into the two extra rows at the bottom of the image, which are not sensitive to light.

Additionally, if we zoom in on the bottom few rows of the detector, we can see that this effects is
magnified in the two extra rows, as shown in Figure 132. In the instrument, the slit provides a
hard edge blocking light from rows below row 467. You can see the streaks extend below this
edge, and in particular, in rows 479 and 480, the extra rows, the streaks are magnified. As these
rows are not sensitive to light, is how we originally determined this was not an optical
phenomena.

The exact row for which this phenomena occurs is determined by the integration time setting for
our operation, and we specifically expect it to be present for any integration time setting between
55 and 536 row times.

There are additional complications in the phenomena beyond having whatever light pattern is in
the cursed row being written over the FPA. There is evidence that a range of rows directly above
the cursed row, of unknown width, also have an effect when illuminated. This can be seen in

Figure 133. In particular, the top left plot shows the mean signal in the full FPA over a full scan.
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Figure 133. The mean signal in the FPA as a function of scan position for a flat field scan (top left), and the
mean signal in the extra rows (bottom left). The power initially rises as the light walks onto the detector, then
is level as it walks up, until it reaches the cursed row, where it jumps suddenly. The dip following the jump
indicate that illuminating the rows above the cursed row lead to a depression of the signal. On the right is an
image where the light first walks onto the cursed row, showing the characteristic vertical streaking.

Initially the power rises as the light walks onto the FPA. Once the patterns is on the FPA, the
power is constant as it walks up, until it first reaches the cursed row. At this point, the signal
suddenly jumps. As the light pattern continues to walk up, the signal is observed to drop, and
when the light pattern walks off the cursed row, the signal drops down below baseline. This
indicates the effect of the rows directly above the cursed row — when illuminated, they cause a
low level depression in the signal over the full FPA.

Because the full dynamics of the cursed row are not understood, and we are largely able to avoid
it with a proper choice of integration time, we have not attempted an exact correction. In some
tests however, it is unavoidable. In particular, for the tests taken in the cold target test campaign
for the LED data, it is present in all the data taken between integration times 55 and 537. This is
important for the linearity and full frame dark pedestal correction characterization.

To deal with the cursed row in these data sets, we decided to build a simple correction that
corrects for the net effect of the cursed row. In Figure 134, we see a sample linearity curve as
described in section 5.1.3.7.
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Figure 134. Linearity curves for the warm target data sets as described in Section 5.1.3.7. The net effect of the
cursed row is the jumps in the data around 5000 DN, and then in the final two points of the purple, yellow,
and red curves.

The cursed row is responsible for the jumps in the curves present around ~5000 DN and in final
two points of the purple, yellow, and red curves. To correct for this, the magnitude of these
jumps is first characterized — this shows the net effect of the cursed row phenomena. This effect
is modeled as

b=l gt an) 7
F lfmax int +ZO 9 cr

Here, sig is the signal absent any cursed row effect, /ris the linearity factor, /4 is the
normalization constant, int is the integration time setting, zo is the true integration time offset,
and a,, characterizes the effect of the cursed row. By extrapolating the previous trend in the
linearity curves, we characterize the magnitude of the jump for the final two data points in the
purple and yellow data sets. This difference, Alf, is then use to give the a,

l int+ z 76
acr — Alf fmax( - O)
sig

To correct for the cursed row effect, the signal for any data taken at an integration time between
55 and 537 is adjusted by this factor. The results can be seen in Figure 135, where the jumps due
to the cursed row have largely vanished.
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Figure 135. The linearity factors after correcting for the cursed row effect. The jumps are largely gone.

A quick implementation of the cursed row correction is given here.

Step | Description

1 Load the cursed row proportionality constant, o

2 Loop through each image

3 If the integration time is between 55 and 536 (inclusive), sum the image from rows 1 —
478 and columns 3 - 640

4 Multiply the sum by the proportionality constant, o

5 Subtract the product from the image.




