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— Other uses for Lunar Observations
e TIRS Straylight Correction

— Summary
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Jomt project between NASA and USGS
E NASA — Instruments and spacecraft
development, on-orbit checkouts,
commissioning
=17 e USGS - Ground segment and post-
commissioning operations

Remote Sens. 2015, 7(3)
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8 Spacecraft Status

All systems nominal

in CA band of about -1.2% .
Some changes in the primaryonbeaid.calibration lamps

TIRS . .

A-side anomaly swap to B-side 2 — March 2015
Reflections from the internal TIRS telescope structure
near the third lens caused out-of-field response at
about 15° off axis (outside TIRS nominal field of view)
— correction routine implemented for products

11/14/17
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* Pushbroom Radiometer, 15° FOV

e Eight 30 m multispectral bands
* One 15 m panchromatic band

Center Wavelength | Bandwidth [ Lower Band | Upper Band
Band # Band (nm) i (nm) Edge (nm) E[:nge (nm)
1 Coastal/Aerosol 443.0 16.0 435.0 451.0
2 Blue 482.0 60.0 4520 5121
3 Green 5614 573 5327 590.1
4 Red 654.6 375 635.9 673.3
5 NIR 864.7 283 850.5 878.8
6 SWRR 1 1608.9 84.7 1566.5 1651.2
7 SWIR 2 2200.7 186.7 21074 2294.1
8 Panchromatic 589.5 1724 503.3 675.7
9 Cirrus 13734 204 1363.2 1383.6

Nadir Port

Solar
Cal Port /

Solar Diffuser
Wheel

Secondary
Mirror

Focal Plane

Focal Plane #

Electronics

~7000 Detectors per band in 14 Focal Plane Modules (FPM)

Primary
Mirror

Mirror

Calibration Devices
* On-board lamps

* Solar diffuser

* Lunar
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OLI Signal-to-Noise Performance at Ltypical

Aug-2015 SNR continues to
exceed requirements
by 2-3 times; Landsat-7
ETM+ by 8-10 times

Coastal/Aerosol Blue Green Red NIR SWIR1 SWIR2 Pan Cirrus
band

¥ OLI SNR Requirement {median at Ltyp) ¥ 0Ll On-Orbit SNR median (Ltyp) W Ltyp Requirement * 1.5

Precision of Calibrator Data (approximate range)

Calibrator | Coastal SWIR-1
Aerosol

Lamp +0.15% +0.02% +0.01% +0.01% +0.01%
Solar +0.10% +0.05% +0.05% +0.05% +0.05%
Lunar +0.10% +0.10% +0.10% +0.50% +0.30%
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OLT?:;]_Iibration Stability

OLI CABand 1 Trends: Band Average
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4 optical element refracting telescope
Focal plane consists of 3 staggered QWIP arrays

Two spectral channels:
10.6 um - 11.2 pm known as “Landsat 8 band 10”
11.5 um - 12.5 um known as “Landsat 8 band 11”

Dark band to monitor focal plane drift

Push-broom configuration: ~1850 detectors across-
track per band

185 km ground swath (15 degree); 100 meter pixel
Ssize on ground;
resampled to 30 meter pixels in final product

For calibration purposes, a Scene Select Mechanism
(SSM) can
switch instrument view between:
Nadir — Deep Space Port — Blackbody Calibrator
(OBC)

SCA-A

Dark Band

Band 10

Band 11

~28 cols overlap

SCA-B

Dark Band

Band 10

Band 11

~28 cols overlap

Band 11

Band 10

Dark Band

SCA-C

11512 Rows

!

Along Track
Direction

640 cols
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 Noise characterization based on collects of OBC
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Landsat-8 Status Summary l

it

* Landsat-8 has been exceeding expectations in terms of data quantity and quality
— currently acquires up to 740 images per day — requirements are 400 per day.

* OLI has been extremely stable on-orbit
— At most 1% change is band average response in Band 1, Coastal Aerosol (CA)

e variation between the calibration sources is ~0.2%

— All calibration techniques working and consistent
* Increase in “brightness” of working diffuser relative to other calibrators
* Larger scatter in lunar response in SWIR bands, particularly SWIR-1 and Cirrus
* Ol reflectance absolute calibration generally consistent to 3% with vicarious techniques

— Small detector to detector variations (generally sub 0.1%) that are well corrected
— SNR performance 2-3 times requirements
— 100% detector operability

* TIRS has been extremely stable on-orbit
— At most 0.5% change in band average response
— Noise ~8 times better than requirements
— 100% detector operability

— Stray light compromises image uniformity and absolute calibration; adequately
corrected in band 10 for many applications with simple bias factor

11/14/17 2nd GSICS Lunar Calibration Workshop, Xian, China 10 @a



Landsat-8 Lunar Calibrations

IIIII. .

i

Based on experience on EO-1 (ALl & Hyperion instruments) since 2001*

* Lunar Cals are performed
monthly between 5 and 9 deg
lunar phase angle

— The moon is imaged by a
spacecraft pitch motion.

— The pitch rate is constant
and well controlled during
the imaging interval.

— Roll and Yaw rates are
negligible.

— Orientation of the scan is
such that the bright limbs
are at the top and bottom
of the image. This provides
better estimates of the
lunar y-size

* Irradiance values of the lunar
image are integrated and
compared to the Rolo model.

— Image is filtered to remove
stars and other artifacts

—

Start

TIRSIA €— Orbit 10rbit 2 = ITIRS|B

TIRSC

L

TIRSA € Orbit 20rbit 1—> TIRS|B

— No further background
correction beyond those in
the L1R process.

Start

*Calcon Workshop on Lunar calibrations 2006;
IEEE JSTARS EO-1 Special Issues June 2003 & April 2013

TIRS

11/14/17 2nd GSICS Lunar Calibration Workshop, Xian, Chin
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Higher uncertainties in the SWIR Bands

OLI SWIR2 Band 7 Trends: Band Average &
Focal Plane Temperatures
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The observed quasi-seasonal variations in SWIR2 does
not appear to be correlated to temperature effects

2nd GSICS Lunar Calibration Workshop, Xian, China

—rauses-




Development of SLIM Lunar Irradiance Model <5
WA _ e

Hugh H. Kieffer
Celestial Reasonings
hhkieffer@gmail.com

775-782-0767

* Spacecraft and Earth-based Lunar Irradiance Model, SLIM

* Support any bands in the 330-2500 nm region

* Based on as many spacecraft as possible

* Follow many of the concepts used by be ROLO

* But, treat ROLO data as just another instrument (current effort uses
version 3)

* Use a structure that can readily incorporate additional instruments

There is only one Moon
We need to develop our best estimate of what it is

.Il/14/17 2nd GSICS Lunar Calibration Workshop, Xian, China 13 @‘



On-going mgdel improvement effort

Modeling considerations -
1. Spectral coverage of model input data

Sources

1500
Wavelength[nm]

11/14/17
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Model Considerations - continued ;

Phase angle coverage

| 1/‘
W | f / /
}\ Hl
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Model considerations- continued

Libration coverage

11/14/17 2nd GSICS Lunar Calibration Workshop, Xian, China 16 @



e N - S — 1 S (._"

Very preliminary results

Using only OLI, Hyperion, MODIS and VIIRS

Does not include non-linear terms, eg the phase angles,
Current Rolo model residuals for solar longitude, etc.

Difference Ratio

1500

Wavelength [nm]

11/14/17 2nd GSICS Lunar Calibration Workshop, Xian, China 17 @



Very preliminary SLIM results

Using only OLI, Hyperion, MODIS and VIIRS

Does not include non-linear terms, eg the phase angles,
residuals for solar longitude, etc.

Continuous wavelength coefficients

Input Data/SLIM

Standard deviation

11/14/17
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Philosophic Issues/Future work

How to adjust for large differences in the number of data points for an instrument,

ROLO: 1239, 32 bands each

OLl: 675, 9 bands

Hyperion: 20, 196 bands reduced to 26
MODIS-Aqua: 53, 12 bands provided
VIIRS: 27, 14 bands

How to account for the different uncertainties among the datasets

Use calibration residual level to refine the uncertainty for next iteration.

How to join the band-by-band results spectrally in a plausible manner.

Lab measurements of the Lunar photometric properties are smooth across wavelengths
The first attempt yielded promising results

Incorporate other datasets including those from GOES, Pleiades, and others who
would like to contribute to the effort.

11/14/17
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Other uses for Lunar Observations ”j
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Landsat 8 Thermal Infrared Sensor (TIRS)
Stray Light Correction

* Aaron Gerace
e Matthew Montanaro

-4/17 2nd GSICS Lunar Calibration Workshop, Xian, China 20 @—'



Image artifacts indicate straylight issue

" LW ] - o . M

Y B8y

Two major artifacts:
1. Non-Uniform Banding

2. Absolute Calibrqtion Error

T T
: —a— B0y error band11
o @ Boy error band10

Apparent Temperature Error (K)

-2
2013100 2013150 2013200 2013250 2013300 2013350 2014035

Day of Year
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Lunar raster scan definitively showed stray light

“ L}

e Raster-scan the moon around
the out-of-field ] ]
ANEN AAI|
IREA

e Should see “nothing” when
moon is outside field-of-view

Moon position
& approx. size

<— band10

NS bandl1l
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Map of stray light locations from lunar positions
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Reverse ray trace produces stray light map for each detector

Stray light map for one detector on array  Stray light map for one detector on array
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* Unique PSF for each detector (i.e.- different stray light signal for every detector)
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Stray light removal algorithm: Optlcal model with out-of-field data

-l - L} LaTR™L ¥ Vs R TIREERENCEPLART T Ny .

StrayLight = a - (Ext.Sampled )+ b

=a.(2Lexti 'Wi)"'b

Calculated signal to
remove from TIRS interval

Stray light positions for goo
this detector & frame | r“

\

Direct LOS for this
detector & frame

TIRS interval outline ——p»

External Image data »

500 1000 1500
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Stray light removal algorithm: Optlcal model with TIRS data only

aF\ L& % - - TIaTR™ P e e TARTS - TTEEREONTOy EEES .

StrayLight = a - (Ext.Sampled )+ b
= a.(ELext,- Wl)+b

Calculated signal to

Stray light positions for remove from TIRS interval

this detector & frame

\!‘,:""
d

' o
\ 3000

Direct LOS for this
detector & frame

1000

"

/'

Nearest latitude/longitude
forthese vectors outside
the interval will be at the
edge of the interval

TIRS interval outline ——p»

6000

500 1000 1500

_ 2nd GSICS Lunar Calibration Workshop, Xian, China 25 @'



V

Stray light correction with and without out-of-field knowledge

Original Image

RMS of Residuals
©c o o o o o
o —_ N w NN an (o))

- 11/14/17

! L}

. .

Corrected w/ out-of-field Corrected w/ only

Banlel Heavy black = oriéinal
...................... Grayz correctedW/GOES'
...................... Black = corrected W/TIRS o

1000 1500

Detector Number

500
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Full- Scene Correction Validation

W L} 3 e T TR S TE N b .

* During L8/Terra underfly period, TIRS centered on MODIS field-of-view
* Compare TIRS current product and corrected product to Terra/MODIS for all of the
following locations:

\\ £

¥13/32
16/39 N \(
223/4 B R X3 OU e
+-230/45 ¢ 2/a3\ 280
- 4275
- 4270

112/74 880 —
220/80 &
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Example validation data usmg Path 010, Row 030: Band 10

o L LW __§ _ L AW N e TR TR L ST T Ny .
Profile 1
— 0.5 .
X, After correction (greep)
S oW it
B10 (Earth Explorer - MODIS) B10 (Stray light corrected - MODIS) %
5-05
g Before correction (red)
[0
-1
50 50 g
(]
F 15
100 100 g
* 2 50 100 150
150 150 xtrack position
200 200 Profile 2
<
50 100 150 200 50 100 150 200 ﬁ%
S .05
©
a -1
£
(]
VERMONT: '_. '1 5
s (o
Q.
s HAN:\‘PEQ':-HRF < -2 X X X
0 50 100 150
% xtrack position
Std. Deviation [K] RMS Error [K] Mean Error [K]

Current |Corrected| Current [Corrected| Current |Corrected|
Profile 1| 0.258 0.102 1.275 0.103 || -1.248 | 0.013 ||
Profile 2| 0.253 0.074 1.145 0.094 | -1.117 || _0.058.
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Example validation data using Path 010, Row 030: Band 11

W L} L ] e T TR S T N Tow . DT TS

Profile 1

B11 (Earth Explorer - MODIS) B11 (Stray light corrected - MODIS)

App. Temperature Error [K]
[\

50 50
-3¢t
100 100
“0 50 100 150
150 150 xtrack position

Profile 2

200 200

50 100 150 200 50 100 150 200

NOVA SCOT!
VERMONT:

App. Temperature Error [K]
[\

1 { NEW
HAMPSHIRE

Albanyl_ 7 _4 s L '
M;ASSAC;U;ETTS 0 50 100 1 50
‘ xtrack position
Std. Deviation [K] RMS Error [K] Mean Error [K]

Current |Corrected| Current |Corrected| Current Correcteq
Profile 1| 0.573 0.127 2.935 0.357 -2.879 -0.334 |
Profile 2| 0.529 0.093 2.281 0.175 -2.220 -0.149.
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Example validation data using Path 022, Row 030: Band 10

&F. IE EE at FRAT VI =N e VN S TART,  TTEERNTo. RN
Profile 1
B10 (Earth Explorer - MODIS) B10 (Stray light corrected - MODIS) — 05
0.5 X,
S
100 100 i
[U]
Ei -0.5
200 200 o
[]
o -1
300 300 %
F 15
e
400 400 < . .
0 50 100
500 500 xtrack position
Profile 2

600 600

700 700

800 800

100 200 300 100 200 300

App. Temperature Error [K]

-15
gy~ 2 . .

MINNESOTA 0 50 100
e X xtrack position
| Std. Deviation [K] RMS Error [K] Mean Error [K]

Current |Corrected| Current |Corrected| Current |Corrected

S | Profilel| 0201 | 0101 | 1.141 [/ 0.151 | -1.123 | 0.113
SN (Profile 2| 0.246 |L_0.1141| 0.856 0.176 || -0.820 | 0.135
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Example validation data using Path 022, Row 030: Band 11

. L& 1§ Y _ ” TILTEL PTS S e TR T TR BT, T TNy .
. Profile 1
B11 (Earth Explorer - MODIS) B11 (Stray light corrected - MODIS) 1 :
S 1 X
S
100 100 w
@
ERl
200 200 )
@
a -2
300 300 5
| ol 3t
o
400 400 <, . .
0 50 100
500 500 xtrack position
Profile 2
600 600 1 .

700 700

800 800

100 200 300 100 200 300

App. Temperature Error [K]

,\ 4 50 100
&5 xtrack position
M CHIGAN \
\/// A Std. Deviation [K] RMS Error [K] Mean Error [K]
C Current |Corrected| Current |Corrected| Current |Corrected|
e profile 1] 0451 || 0113 || 2.448 || 0.124 || -2.406 || 0.054 |
e profile 2| 0.494 [ 0163 | 1552 [L0227 ] -1.472 | 0.158

_ 2nd GSICS Lunar Calibration Workshop, Xian, China 32 @'




In terms of Percent Radiance error with Terra/MODIS
10

Large difference
between TIRS and
MODIS due to the
Earth changing
between the two
overflight times

" L}

Path 198 desert

Path 191 clouds

. —

Radiance eryor [%]

0 5 10 15 20 25 30 35
Profile #

+ Current Product
0 Stray Light Corrected
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Correction Algorithm Summary j
» M ~ R Y -

Algorithm uses only TIRS interval data (no other sensor data) with optical
model

Able to be run in “real time” (i.e.- no significant processing lag) to produce
corrected TIRS scenes
Significant issues with external sensor (e.g. - GOES) data limit its utility:

* Band shape

* View angle

* cross-cal between sensors required for global coverage
TIRS-on-TIRS was implemented into USGS ground processing system.
Products available through “Landsat 8 Collection 1” data archive.

Validated correction using Terra/MODIS data during the Terra/Landsat 8
under-flight period following launch.

11/14/17
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TIRS Stray light references j
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Publications:

* Gerace, A., Montanaro, M., & Connal, R. (2017). Leveraging intercalibration
techniques to support stray-light removal from Landsat 8 Thermal Infrared Sensor
data. Journal of Applied Remote Sensing, 12(1), 012007. [doi:
10.1117/1.JRS.12.012007]

* Gerace, A., & Montanaro, M. (2017). Derivation and validation of the stray light
correction algorithm for the Thermal Infrared Sensor onboard Landsat 8. Remote
Sensing of Environment, 191, 246-257. [doi: 10.1016/j.rse.2017.01.029]

 Montanaro, M., Gerace, A., & Rohrbach, S. (2015). Toward an operational stray light
correction for the Landsat 8 Thermal Infrared Sensor. Applied Optics, 54(13), 3963-
3978. [doi: 10.1364/A0.54.003963]

 Montanaro, M., Gerace, A., Lunsford, A., & Reuter, D. (2014). Stray light artifacts in
imagery from the Landsat 8 Thermal Infrared Sensor. Remote Sensing, 6(11), 10435-
10456. [d0i:10.3390/rs61110435]

Aaron Gerace (gerace@ocis.rit.edu)
Matt Montanaro (matthew.montanaro@nasa.gov)

S
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Summary .~; j

* Landsat-8 approaching 5 years of service
 OLI-2 is stable

— Good agreement among all calibration devices
— Higher uncertainty for the SWIR bands in the lunar data

* On-going effort to improve the model for both relative and
absolute radiometry
— Developing algorithms to incorporate differences among the
instruments/data sources.
* Lunar observations was useful to examine and diagnose
image artifacts in both the OLI and, especially for the TIRS

— Straylight correction routine for successfully incorporated in the
Landsat-8 TIRS image products.
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* USGS Earth Resources Observation and Science (EROS)
— http://landsat.usgs.gov/

 NASA Goddard Space Flight Center (GSFC)
— http://landsat.gsfc.nasa.gov/

* NASA Jet Propulsion Laboratory (JPL)
— http://www.jpl.nasa.gov/

* Rochester Institute of Technology (RIT)
— http://www.cis.rit.edu/

* South Dakota State University (SDSU) Image Processing (IP) Laboratory
— http://iplab2out.sdstate.edu/

* University of Arizona (UofA) Optical Sciences Laboratory

— http://www.optics.arizona.edu/
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* Thank you
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