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ABSTRA CT

Production of reliable climate datasetsfrom multiple obsenational measuremets acquired by remote sensing
satellite systemsavailable now and in the future placesstringent requiremerts on the stability of sensorsand
consistencyamong the instruments and platforms. Detecting trends in environmental parameters measuredat
solar re ectance wavelengths (0.3 to 2.5 microns) requires on-orbit instrument stability at a level of 1% over
a decade. This benchmark can be attained using the Moon as a radiometric reference. The lunar calibration

program at the U.S. Geological Survey has an operational model to predict the lunar spectral irradiance with

precision 1%, explicitly accourting for the e ects of phase,lunar librations, and the lunar surface photometric
function. A system for utilization of the Moon by on-orbit instruments has been established. With multiple

lunar views taken by a spacecraftinstrument, sensorresponsecharacterization with sub-percert precision over
seweral yearshas beenachieved. Meteorological satellites in geostationary Earth orbit (GEO) capture the Moon
in operational images; applying lunar calibration to GEO visible-channel image archives has the potential to
develop a climate record extending decadesinto the past. The USGS model and system can provide reliable
transfer of calibration among instruments that have viewed the Moon as a common source. This capability
will be enhancedwith improvemerts to the USGS model absolute scale. Lunar calibration may prove essetial

to the critical calibration needsto cover a potential gap in obsenational capabilities prior to deployment of
NPP/NPOESS. A key requiremert is that current and future instruments obsene the Moon.
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1. INTR ODUCTION

The increasing awarenessof the Earth's changing climate has led to increasedreliance on global obsenations
from space-basedemote sensingsystemsto provide monitoring of the environmental variables that constitute
the basisfor climate modeling and the prediction of climate variabilit y. Earth-viewing instruments aboard space-
craft such asthe NASA EOS researt satellites have produced multi-y ear datasets of ervironmental parameter
measuremets. Developing the ensenble of thesedata products into climate recordsrequires consistencyof the
data betweeninstruments, and calibration stability of the sensorsover long time scales.

Substartial e orts have beendedicatedto maintaining stable calibrations for instruments in orbit. For sensors
in the solar re ectance wavelength range, 350{2500 nm, major challengesarise from degradation of on-board
calibration hardware and a lack of practical absolute radiance standards suitable for ight use. The need for
spacecraftinstruments to periodically view a calibrated multisp ectral source has driven interest in using the
Moon as a calibration target. An operational systemto utilize the Moon's re ected light! has been established
at the U.S. Geological Survey in Flagsta, AZ under NASA sponsorship.

The lunar calibration developmert work conductedat USGShasshown that practical useof the Moon involves
a photometric model of the lunar disk that coversthe geometry of the Moon's illumination and viewing virtually
without restriction, to accommalate typical spacecraftlunar obsenations. The focus of USGS modeling e orts
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has been on the spatially integrated lunar irradiance?; the capability now exists to predict this quantity with
precision 1% over the full range of geometry covered: phaseanglesfrom eclipseto 90 , and all lunar librations
visible from Flagsta. This level of precision enablesrelative sensorresponsetrending for on-orbit instruments
with sub-percert per year precision, meeting the stability requiremert for climate specied in the NIST report
on Satellite Instrument Calibration for Measuring Global Climate Change, NISTIR 70472 Additionally , the
current and future capability of lunar calibration enablesmultiple sensorsto view the samesource,the Moon,
to provide a consistert radiometric scalefor the data products derived from the instruments.

2. USGS LUNAR CALIBRA TION

A facility to establishthe Moon as a radiometric standard for on-orbit instrument calibration was developed at

the U.S. Geological Survey Flagsta ScienceCenter as a NASA-funded project in support of the EOS space-
basedprogram.' 45 A detailed description of the USGSIunar calibration facility, models, and methods is given
in Ref. 2. The USGS work has determined that accommalating the photometric geometry (illumination and
viewing) of a lunar obsenation from a spacecraftrequiresa model to provide cortin uouscoverageof the geometric
variables. Further, the most useful quantit y for calibration purposesis found to be the lunar irradiance, derived
for an imaging sensorby spatial integration of all pixels on the Moon. The USGSlunar irradiance model explicitly

accourns for the e ects of phase,the spatial variegation of the lunar surface,the changesin the hemisphereof
the Moon preserted to an obsener (the lunar librations), and the strong badcscatter enhancemen at low phase
angles(the \opp osition e ect"), aswell asthe straightforward distance dependencies.

The basisfor the USGS lunar modelsis an extensive databaseof radiance imagesof the Moon acquired by
a purpose-built ground-basedobsenatory located on the USGS Flagsta campus, called the RObotic Lunar
Obsenatory (ROLO). ROLO wasin operation for more than 6 years, acquiring over 85,000lunar imagesin 32
wavelength bands from 350 to 2450 nm. Figure 1 shows the lter passbandsfor the dual ROLO telescopes,
covering the VNIR (350{950 nm) and SWIR (950{2450 nm) ranges. These bands include seweral commonly
found in terrestrial remote sensingapplications, and also traditional stellar photometry bands. Obsenations
were made on clear nights during the bright half of eadh month, First Quarter to Last Quarter lunar phase.
The 6+ year time span provides coverageof the 18.6-year lunar libration cycle su cien t for modeling, although
libration coverageis limited to visibilit y from Flagsta and may be sparsefor narrow rangesof phaseangles. The
majorit y of observingtime wasdedicatedto imaging stars, for the purp oseof determining atmosphericopacity for
correcting the lunar images. The ROLO databasecontains seweral hundred thousand calibrated stellar images.

Data inputs for the irradiance model are derived from processedROLO lunar images, calibrated to exoat-
mosphericradiance and summedover all pixels on the lunar disk (including the unilluminated portions) to give
the disk-equivalert irradiance I :

Wo
lk= p Lix 1)

i=1
where L is an individual radiance measuremen (i.e. pixel) on the Moon in band k, , is the solid angle
of one pixel, and N, is the total number of pixels in the lunar disk image. Developmert of the model terms
and coe cien ts, and actual model operation, is done in dimensionlessre ectance, converted from the summed

irradiance valuesby:

Ik = A wmEx= ()

where Ay is the disk-equivalert re ectance (albedo), u is the solid angle of the Moon at standard distance
(=6.4236x10-5 steradian) and E is the solar spectral irradiance at the e ectiv e wavelength s of a band for a
lunar spectrum. The analytic form of the disk re ectance model is a function in the primary geometricvariables
of illumination and viewing of the Moon; for wavelength band k:

x3 DS _
INAx = axg + Bbx 3 '+c +c +e +cy  +dye TP+ dye 97 + dyccod(g ps)=p) (3)
i=0 j=1
where g is the absolute phaseangle, and are the selenographiclatitude and longitude of the obsener, and
is the selenographiclongitude of the Sun. In a multi-step tting process, 1200data points are tted for eac of
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Figure 1. Spectral responseof the ROLO bands, normalized to 1.0 maximum. The ordinate is linear in the upper portion
of the plot to display the shape of the primary response. In the lower portion, the wings are displayed on a logarithmic
scale. Outside of response above 0.002, the raw measuremern values have been Itered with a Gaussian of sigma 8 nm.
The integers near half maximum responseare the ROLO Iter numbers.

the 32 ROLO bands. The band-averagedabsolute residual for the nal t is0.0096in In A, or 1%in irradiance.
This value represerts a measureof the model's capability to predict in-band variations in the lunar irradiance
over the full range of the geometric variables. For a recen set of 7 dedicated lunar obsenations acquired by the
Hyperion instrument on EO-1 during November 2005, comparisonsagainst the lunar model agreewithin 0.74%
over nearly the ertire Hyperion spectral range, where the phaseanglesranged from 7.4 to 81.0 and included
obsenations both before and after Full Moon.

Uncertainty in the lunar model absolute accuracy scaledagainst Sl radiometric units, remains at the 5{10%
level. Inter-band irregularities in the model outputs require an adjustment to produce a smooth re ectance
spectrum that is expected for the Moon. Thus the model's reliabilit y for prediction of irradiance variation with
geometry far exceedghe absolute accuracy Reducingthis uncertainty is a high priorit y for improving the utilit y
of the Moon as a transfer standard for inter-calibration of instruments which have dissimilar bands.

Spacecraftinstrument teams accessUSGS lunar calibration through a largely formalized set of information
and data exchanges. A detailed guide to this processcan be found on the lunar calibration website:

www.mo on-cal.org ! SpacecraftCalibration



Along with other data items speci ¢ to ead lunar obsenation, the spacecraftteam must provide their measured
lunar irradiance, computed with the usual instrument calibration coe cien ts. Model results generatedby USGS
are reported to spacecraftteams as the discrepancy between the instrument and the model, expressedas a
percertage di erence from unity:

P = Iinstrumen t 1 100% (4)
Imodel
3. APPLICA TION FOR SENSOR CALIBRA TION STABILITY | SeaWiFS

The reliabilit y of the USGS model for predicting the lunar irradiance over a wide range of geometry meansthat
a set of multiple obsenations of the Moon taken by a spacecraftinstrument can reveal trends in the sensors'
radiometric responsewith high precision. The prime example for this has been SeaWiFS. SeaWiFS has viewed
the Moon roughly monthly since November 1997, having acquired more than 100 lunar obsenations to date.

Using a pitch-over attitude maneuver in combination with an ability to roll the spacecraftup to 20 from
nadir, SeaWiFSviewsthe Moon at 7 phaseangle, either before or after Full Moon. This provides high signal
strength while avoiding the opposition e ect backscatter enhancemeh The pitch maneuwer starts when the
spacecraftpassesinto the Earth's shadow after a South polar crossing(SeaWiFSis in a Sun-syndironous orbit
with a N{S equator crossingtime at local noon), and is timed sucd that the instrument FOV scanspast the Moon
asthe spacecraftpasseghe sub-lunar point on the orbit ground track. The pitch rate is 0.15 per second,thus
SeaWiFSoversamplesthe Moon by a factor of about 4. The SeaWiFSIFQOV is 1.6 1.6 mrad per pixel, resulting
in a lunar image size of about 6 24 pixels.

The SeaWiFSinstrument team has utilized the lunar viewsto develop a correction for time-dependert sensor
response degradations. Figure 2 shows lunar irradiance comparisonsfor 85 SeaWiFS obsenations, given as a
percertage discrepancybetween SeaWiFSmeasuremets and the USGSmodel, as per Eq. 4. Becausespacecraft
attitude telemetry is not available to the SeaWiFS team, the oversampling of the Moon must be determined
from measuremen of the down-track spatial extent of the Moon in a SeaWiFS image. This measuremen
processis suspected of producing a correlated temporal jitter in the time seriesof lunar irradiance comparisons;
the correlated jitter has beenaveragedover seweral SeaWiFS bands and removed for the plots showvn here. In
Figure 2(a), changesin sensorresponseare visible in most bands, with noticeable decreasesn bands 7 and 8.
Figure 2(b) shows the results of applying the temporal responsecorrection developed by the SeaWiFSteam from
the rst 66 lunar views. There is someresidual, largely uncorrelated jitter at the 1% level, but the corrected
long-term responsetrends are lessthan 0.1% per thousand days.®

The sensorresponsecorrections developed for SeaWiFS have beenvital to e orts in ocean color monitoring
conducted using SeaWiFSdata. The level of calibration precision achieved for SeaWiFSusing the Moon meets
the criteria for visible-band instrument stability for climate change speci ed in the NISTIR 7047report.® The
SeaWiFS example demonstratesthe utilit y of a long-term set of regular obsenations of the Moon acquired by
remote sensingsatellite instruments.

4. POTENTIAL CLIMA TE APPLICA TION | GEOST ATIONAR Y
METEOR OLOGICAL IMA GERS

Archivesof visible-channel imagesfrom meteorologicalsatellites in geostationary Earth orbit (GEO) represen a
potential climate record extending decadesinto the past. However, becausethe weather mission doesnot require
high levels of calibration for visible-wavelength data, most meteorologicalinstruments lack on-board calibration
systemsfor these channels. Operational scansof the Earth from GEO imagerstypically sample spacein the
margins and cornersof a rectangular eld-of-regard (FOR). The Moon appearsregularly in theseregions,o ering
an opportunit y to apply lunar calibration to the visible-channel sensors.

Figure 3 shows an example of a GOES-12 image that has captured the Moon in a corner of the FOR. An
initial comparison of the lunar irradiance generatedfor this GOES-12 image is described in detail in Ref. 7.
Ongoing collaborative e orts between USGS and NOAA are developing time-serieslunar calibrations for the
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Figure 2. Lunar irradiance comparisons for 85 SeaWiFS views of the Moon. The ordinate is the di erence between
SeaWiFS measuremerts and the USGS model, expressedas percert discrepancy. A band-correlated temporal jitter has
been averaged and removed from these series. (a) Sensorresponse changeswith time are clearly visible at levels of 5%
in band 7 and 13%in band 8. (b) Results of applying a temporal correction developed by the SeaWiFS team { response
trends are lessthan  0.1% per thousand days for all bands. The vertical distribution of individual band plots shows the
di erence in absolute scale between SeaWiFS and the lunar model.

visible channel imagers on GOES-10 and GOES-12; preliminary results are reported by Wu et al. in these
Proceedings®

The simultaneous presenceof the Moon in an Earth disk image shows the range of radiances compared
betweenthe Moon and Earth scenes.Extracts from the GOES-12image of Figure 3 are givenin Figure 4. Both
subsamplesare identical in size,for comparisonof their histograms. The Moon image appearsskewed due to the
orbital motion of the GOES satellite during image acquisition; full- eld scanningover the lunar disk areatakes
about 42 seconds.The Moon histogram shows the zero-radiancelevel (\space clamp") at 29 DN, clipped by the
plot scale. The brightnessrange of the Moon, here for lunar phase9.6 , coincideswith that of clear land.

The task of processingthe seriesof GOES-10and GOES-12 lunar imageshas revealed some hindrancesto
the application of lunar calibration to archived GEO images. Capture of the Moon by fortuitous coincidence
with the GOES operational schedule has yielded a lower frequency of obsenations than what is neededto
extract the level of precisionin sensorresponsetrending achievable with the lunar model, such as demonstrated
for SeaWiFS. A signi cant fraction ( 40%) of the GOES Moon imageswere found to be clipped on an edge,
either by the Earth or the edge of the image frame. Clipped imagescan be utilized with the USGS system,
however deriving reliable irradiance comparisonswill require implementation of a more robust spatial modeling
method for handling them. This task has beenproposedas part of a plan for developmert of a climatology from
GEO archives. An unexpected result that demandscloser scrutiny involves seweral instanceswhere the GOES
archive contains two imageswith Moon capturesthat wereacquired 1 hour apart. The di erences in the lunar
irradiance comparisonsfor these pairs exceedsthe formal model uncertainty by at least a factor of 2, possibly
indicating a spatial dependencyof the sensorresponse (the Moon appearson opposite sidesof the Earth disk),
such as a scanmirror angle e ect. However, it must be emphasizedthat the GOES lunar image processingis
still preliminary; the irradiance valuesare subject to revision.



Figure 3. GOES-12 visible channel full-disk image acquired 2004 August 30, 17:45:14UTC. The nearly full Moon is
captured in the southeast corner.
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Figure 4. Subsamplesof Figure 3 and corresponding histograms. Top: the Moon; Bottom: Southwestern United States
and northwestern Mexico. The 3 distinct modes seenin the Earth histogram correspond to ocean, land, and cloud.



The above issuesnotwithstanding, lunar calibration of GOES has beensuccessfuin showving sensorresponse
trends that are consistert with other methods of vicarious calibration.® The infrequent chance lunar image
captures has prompted NOAA to institute monthly dedicated scansof the Moon for both GOES-10and GOES-
12. This is strongly recommendedfor all Earth-viewing sensors. The USGS program has developed a software
tool for predicting the appearanceof the Moon in a GEO imager FOR basedon the satellite two-line-elemer
orbit parameters. This tool can be usedto locate possible Moon captures in a data archive, or for planning
future dedicated obsenations.

5. THE MOON AS A COMMON CALIBRA TION SOUR CE FOR SPACECRAFT
INSTR UMENTS

The circumstance of the Moon being available to all Earth-orbiting spacecraft,combined with the applicability
of the lunar irradiance model to obsenations of the Moon made at any time, meansthat the Moon can sere
as a common radiometric standard for Earth-observing sensorsystems. Although the absolute accuracy of the
current USGS model remains uncertain at the 5{10% level, the capability for in-band comparisonsof lunar
irradiance measuremets is under 1%. Thus multiple lunar views by an individual instrument, or by dierent
instruments with similar bands deployed on the sameor dierent platforms, can be inter-compared with this
level of precision.

Figure 5 shows lunar irradiance comparisonsplotted as the spectrum of P in Eq. 4 (percert disagreemem
betweenthe instrument and the USGS lunar model) for 7 on-orbit imaging instruments. The plots represen
averagesof a number of obsenations taken by ead instrument, ranging from 1 for ASTER to 70 for SeaWiFsS.
The di erence betweeninstruments is 6%in the silicon detector range (< 950nm). Part of this discrepancymay
be explained by the useof di erent solar spectral irradiance models for on-board solar di user-based references.
But the inconsistency among instruments at comparable wavelengths displayed in Figure 5 exceedsthe formal
uncertainty in the lunar model for relative comparisons.
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Figure 5. Lunar calibration comparison of 7 on-orbit imaging instruments. The ordinate is the spacecraft reported
irradiance ratio ed to the USGS model, expressedas a percertage di erence from unity. Sea= SeaWiFS, on SeaStar; MTI
= Multiband Thermal Imager (DOE spacecraft); ALI = Advanced Land Imager on EO-1; Hyp = Hyperion on EO-1;
MODT = Moderate Resolution Imaging Spectroradiometer (MODIS) on Terra; AST = Advanced Spacelorne Thermal
Emission and Re ection radiometer (ASTER) on Terra; MISR = Multiangle Imaging SpectroRadiometer on Terra.



Within similar wavelengthbands, the current USGSlunar model enablesusing the Moon asa known sourcefor
transfer of calibration betweenspacecraftinstruments. Anticipated re nements to the model absolute accuracy
will extend the capability of lunar calibration to providing a consistert radiometric scalefor all instruments
that view the Moon. This is important for establishing calibration consistency among instruments that are
usedfor climate measuremets, particularly where the operational time spansdo not overlap, thus precluding
simultaneous obsenations of other vicarious calibration targets. The possibility of the EOS instruments' end-
of-life occurring prior to deployment of the NPOESS Preparatory Project (NPP) is an example.

Although USGSe orts toward improving lunar model absolute accuracy are ongoing? there is a recognized
need for high-accuracy lunar irradiance measuremets to arm traceability of the model absolute scaleto S
radiometric units. Proposedmethods include dewvelopmert of a hyperspectral irradiance radiometer, calibrated
at NIST, own asa high-altitude balloon payload.©

Light re ected from the Moon exhibits weaklinear polarization, which may a ect the irradiance measuremets
of somespacecraftinstruments. The ROLO telescopesare ertirely on-axisin optical design,and henceinsensitive
to polarization. For the integrated Moon, polarization is negative at low phaseangles,with a minimum 1.2%
atg= 11 (negative phaseangleindicating before Full Moon). Polarization passegshrough zeronear 24 , with
two positive branchesreaching maxima at g= 94 and +105 ,!! the degreedepending upon the distribution
of highlands and maria (and hencelibration) and wavelength, up to about 9% and 12%, respectively, in blue
light.*?

6. SUMMAR Y

The task of formulating a climate-quality databaseof environmental measuremets from the many diversedata
products generated by multiple space-basedEarth observing missions requires rigorous calibration and inter-
calibration of the remote sensinginstruments that acquired the obsenations. Calibration stability for sensor
systemsand consistencyamonginstruments are key. At solar-re ectance wavelengths, meeting the stability and
accuracygoalsfor climate are particularly challenging, typically utilizing multiple calibration pathways, including
on-board spectral sourcesand/or solar di users, and viewing vicarious targets, often by seweral instruments
closely spacedin time.

The Moon is attractiv e as a calibration target { it is an extended, far- eld sourcethat is obsenable by any
Earth-orbiting spacecraft. The variations in lunar brightness have been modeled with high precision by the
lunar calibration program at USGS, and an operational system for using the Moon has been established. This
systemworks with the spatially integrated lunar irradiance. The USGS model can predict the lunar irradiance
with precision 1% over its full range of geometric coverage. With a time seriesof lunar views collected by
a spacecraftinstrument, sensorresponse characterization with sub-percert precision is achievable. Temporal
responsecorrections for the sensorson SeaWiFS, developed from multiple lunar views, have demonstrated the
capability to meet the stability requiremerts for climate speci ed by NISTIR 70473

Using the Moon, inter-calibration of instruments with similar wavelength bands currently can be realized at
the level of precision of the USGS model, 1%. This is irrespective of the obsenation geometry (within the
range of coverage,e.g. phaseanglesup to 90 ), and largely independert of the model absolute calibration. The
absolute scaleof the lunar model is undergoingre nement; current uncertaintiesare 5{10%. With improvemert
of the absolute scale,lunar calibration canenablea consisternt radiometric scalefor Earth-observing sensorsthat
view the Moon as a common source.

The utilit y of lunar calibration canonly be realizedif current and future instruments view the Moon. Visible-
channelimagerson geostationary meteorological satellites capture the Moon in normal operational images. The
value of regular lunar views has beenrecognized;NOAA hasrecertly instituted monthly scansof the Moon for
both GOES-10and GOES-12.
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