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ABSTRA CT

Solar-band imagery from geostationary meteorological satellites has been utilized in a number of important
applications in Earth Sciencethat require radiometric calibration. Becausethesesatellite systemstypically lack
on-board calibrators, various techniqueshave beenemployed to establish \ground truth", including observations
of stable ground sites and oceans,and cross-calibrating with coincident observations made by instruments with
on-board calibration systems. The Moon appears regularly in the margins and corners of full-disk operational
imagesof the Earth acquired by meteorological instruments with a rectangular �eld of regard, typically several
times each month, which providesan excellent opportunit y for radiometric calibration. The USGSRObotic Lunar
Observatory (ROLO) project has developed the capability for on-orbit calibration using the Moon via a model
for lunar spectral irradiance that accommodates the geometriesof illumination and viewing by a spacecraft. The
ROLO model has been used to determine on-orbit responsecharacteristics for several NASA EOS instruments
in low Earth orbit. Relative responsetrending with precision approaching 0.1% per year has beenachieved for
SeaWiFS as a result of the long time-series of lunar observations collected by that instrument. The method
has a demonstrated capability for cross-calibration of di�eren t instruments that have viewed the Moon. The
Moon appearsskewed in high-resolution meteorological images,primarily due to satellite orbital motion during
acquisition; however, the geometriccorrection for this is straightforward. By integrating the lunar disk image to
an equivalent irradiance, and using knowledgeof the sensor'sspectral response,a calibration can be developed
through comparisonagainst the ROLO lunar model. The inherent stabilit y of the lunar surfacemeansthat lunar
calibration can be applied to observations made at any time, including retroactively. Archived geostationary
imager data that contains the Moon can be usedto develop responsehistories for these instruments, regardless
of their current operational status.
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1. INTR ODUCTION

The Earth's surface and clouds have been observed for many years by meteorological satellites operating in
geostationary Earth orbit (GEO), distributed in longitude around the globe. Imagesfrom solar-band channels
(visible and shortwave infrared, � 0.4{2.5 � m) have been used to monitor important climate variables such as
surface insolation, surface albedo, aerosol optical depth, and cloud optical properties. Quantitativ e analyses
using GEO imagery require that the instruments be calibrated, and monitoring of long-term changesrequires
accurate assessment of sensorsystem responsechangesover time. Becausethe solar channelsof meteorological
instruments typically lack on-board calibration systems,a number of methods have beenemployed to establish
calibrations, including useof pre-launch laboratory measurements,11 vicarious techniquesusing observations of
desertsites8 and oceans,5 and statistical analysisof star observations for relativeresponsetrending.2 Techniques
have been developed for cross-calibrating GEO imagers against well-calibrated research instruments on scenes
matched closely in location and geometry.6, 7
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Full-disk operational imagesof the Earth from GEO instruments having a rectangular �eld of regard include
margins and corners that view deep space. The Moon appears regularly in these areas, typically several times
each month. Use of the Moon as a calibration referencesource is complicated by its complex photometric
behavior and by the periodic variations in the face of the Moon that is presented to an observer on Earth or in
orbit, i.e. lunar libration. However, the re
ectance properties of the lunar surfaceare extremely stable,3 thus
these geometric e�ects can be expressedanalytically with a photometric model for the Moon. Such a model,
onceestablished,can be applied to spacecraftobservations made at any time, including in the past.

The US Geological Survey RObotic Lunar Observatory (ROLO) project has developed a model for the
lunar spectral irradiance that accounts for phase and libration explicitly . The stabilit y of the ROLO model
over its operational range of geometries currently is better than 1%. If the Moon in a GEO image is not
signi�can tly clipped on an edge,a calibration can be realized through comparison of the lunar disk-integrated
irradiance against the ROLO model predictions. With a long-term set of observations, ROLO lunar calibration
has demonstrated the capability for relative sensorresponse trending with precision approaching 0.1% yr � 1.1

Applying ROLO lunar calibration to GEO imagery has the potential to generateglobal data setswith the level
of precision necessaryfor long-term climate data records.

2. ROLO LUNAR CALIBRA TION

ROLO is a NASA-sponsoredprogram established to enhancethe capabilities for on-orbit calibration of solar-
band imaging instruments on NASA EOS satellites. The approach is an accurate radiometric characterization
of the Moon that allows construction of photometric models to predict the lunar irradiance and radiance for the
speci�c geometry of a spacecraftobservation of the Moon. Recent ROLO e�orts have produced a model for the
spatially integrated lunar disk-equivalent irradiance.4, 9 This model is now mature, although the current version
is basedon a subsetof the full ROLO observational database.

The complications of using the Moon as a radiometric calibration target primarily stem from its complex
photometric behavior, the spatial variegation of the surface,and the variation in the particular hemisphericarea
of the Moon that is viewed at a given time and location, i.e. lunar libration. Although in general the sameface
of the Moon is always turned toward Earth, the optical librations result in about 59% of the lunar surfacebeing
viewable from Earth. ROLO modeling results have found that the variation in lunar irradiance due to librations
are on the order of 5% over the range of observed angles.4, 9

While it may be possible to construct an analytic photometric function for the Moon based on physical
principles, this becomesuntenable for dealing with libration. The Moon's orbit is inclined 5.1� to the ecliptic,
and its spin axis is tilted 6.7� from the normal to its orbital plane. The orbit precesseswith a node-to-node
repeat time of about 18.6 years. The combination of the lunar orbit orientation, eccentricit y, tilt of the lunar
spin axis, and the 23.5� tilt in the Earth's spin axis result in variations in the hemisphereof lunar surfacethat
is presented to an observer on Earth or in orbit, both in longitude and latitude, as well as in the lunar disk
diameter. The limits of apparent motion (optical librations) are � 8.1� in longitude and � 6.7� in selenographic
latitude for an Earth-basedobserver. The diurnal, monthly, and seasonalvariations describe a longitude/latitude
pattern similar to a Lissajous �gure, with a repeat time equal to the period of the precessionof nodes, roughly
18.6 years.

The ROLO observational program and development of the empirical irradiance model are described in detail
in Ref. 4. Brie
y , lunar image observations have been acquired over a period of 6+ years, covering phase
anglesfrom near-eclipseup to 90� and a wide range of libration angles(although not both simultaneously) in
32 wavelength bands from 350 to 2500 nm. Corrections for the atmosphereare generated for each observing
night from nightly multiple stellar extinction measurements. For irradiance model inputs, the spatially resolved
image data are calibrated to exoatmospheric radiance, then integrated over the entire lunar disk, regardless
of illuminated fraction. These quantities function as irradiances, and follow the one-over-R-squared law for
distances. The data are corrected to standard distances: Moon{observer = 384,400km, Sun{Moon = 1 A.U.
Model development and �tting of the irradiance data has beendone in the natural log of re
ectance, converted
by

I k = Ak � 
 M Ek =� (1)



where I k is the distance-correctedirradiance sum and Ak the disk-equivalent albedo for band k, 
 M is the solid
angle of the Moon (=6.4177� 10� 5 steradian) and Ek is the solar spectral irradiance at the e�ectiv e wavelength
� S;k of a band for solar radiation. The model analytic form is an empirically-derived function in the primary
geometric variables, and includes terms for the opposition e�ect:
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where g is the absolute phaseangle, � and � are the selenographiclatitude and longitude of the observer, and
� is the selenographiclongitude of the Sun. There are 8 coe�cien ts that are constant over wavelength (cn and
pn ), plus 10 valuesfor each band for a total of 324 coe�cien ts. A complete list of coe�cien ts for model version
311gis given in Ref. 4.

The mean absolute �t residual over all 32 ROLO bands after �tting � 1200 data points in each band is
0.0096 in ln A. The �tting processutilized a subset of the extensive ROLO observational database,currently
containing over 85000individual lunar imagesand several hundred thousand star images. The subset that was
usedspannedabout onequarter of the orbit precessionrepeat cycle. Improvements in the geometricspeci�cation
of lunar irradiance are expected from utilizing the full database,and would be enhancedfurther with acquisition
of additional observations (although the observatory is still functional, lack of funding halted regular telescope
operations in September 2003). Re�nements to the data reduction system are ongoing.

A formal protocol has been developed for the interface between ROLO and spacecraft instrument teams
participating in ROLO lunar calibration. A description is available online at:
www.mo on-cal.org ! SpacecraftCalibration ! Information ExchangeItems
Although this system has been developed for use with NASA EOS instruments, it can readily accommodate
almost any solar-band imager. An amount of imageprocessingand data formatting is required of the participat-
ing instrument teams, but ROLO typically provides preliminary assistancewith the standard formats for lunar
calibration information exchange. The processrequires the Relative Spectral Response(RSR) for each of the
spacecraftinstrument bands, then for each lunar observation: the time in UTC and spacecraftlocation in J2000
coordinates at the middle of the imageacquisition, the scan-rateinformation necessaryfor determining oversam-
pling factors, and the lunar irradiance computed using the normal instrument calibration coe�cien ts. ROLO
computes all ephemerisand geometric parameters and corrects to standard distances, then queries the lunar
model and interpolates the output to the instrument band wavelengths. Results are reported as comparisons:
the percent discrepancybetweenthe modeled and instrument-generated irradiances.

3. THE MOON IN GEO OPERA TIONAL IMA GES

Full-disk operational images of the Earth taken by GEO imagers typically have a rectangular �eld of regard
(FOR) with margins around the Earth disk, scanningpast the limb and viewing deepspace.For GOES imagers,
the nominal scan FOR for full-disk imaging is 20.8� E{W � 19� N{S, while the Earth disk diameter is about
17.4� from geostationary orbit, resulting in margins of 1.7� and 0.8� respectively. From geostationary orbit the
Moon's diameter rangesbetween 0.44� and 0.51� , thus for the GOES visible imagers, whosedetectors have an
instantaneous �eld of view of 28� rad on a side and an e�ectiv e E{W sample size of 16� rad, the full Moon at
perigeewill be imaged in � 318 N{S lines by � 556 E{W pixels. The declination of the Moon varies along its
phasecycle due to the inclination of the lunar orbit betweenlimits of � 18� and � 29� , depending on the point in
the precessioncycle. During normal GOES operations in which full-disk imagesare acquired every three hours,
the Moon will appear unoccluded in the image margins or cornersof the FOR several times each month.

Figure 1 shows a GOES-12 image taken 30 August 2004,17:45UTC, that has captured the Moon at phase
angleof about 9� and declination {9.3 � . This imagehasbeencorrected for oversampling,however the Moon still
appearselongateddue to the motion of the satellite during the image acquisition time. A GOES full-disk scan
nominally takes26 minutes to complete; the lunar disk is scannedin about 42 seconds.During this latter time
the apparent motion of the Moon acrossthe FOR is � 0.17� . A subsampleof Figure 1 of the region containing
the Moon is shown in Figure 2(a). The sawtooth pattern of scanline o�sets seenat the East and West limbs has
two amplitudes, resulting from the boustrophedonic raster acquisition sequenceand the Moon being o�-center



in the full image. Theseo�sets can be corrected by straightforward repositioning of scanlines; such a correction
is discussedin the next section.

Figure 1. GOES-12 visible channel full-disk image acquired 2004 August 30, 17:45:14 UTC. The nearly full Moon is
captured in the southeast corner.

The relativebrightnessof the Moon is somewhatlessthan typical Earth scenes.Figure 2(b) showsa subsample
from the sameGOES-12 image, matched in sizeto the Moon image of Figure 2(a). The histograms of Figure 3
weregeneratedfrom the regionsof Figure 2 using the full-disk raw imagedata, without oversamplingcorrections.
For both image subsamples,the histogram salient features are contained within a range maximum of 400 DN
(out of the 10-bit full dynamic range, 0{1023). The phaseangle of the Earth view in Figure 2(b) is about 8.7� .
The lunar image histogram shows the spaceclamp level at � 10.6 DN, and the distribution of highlands and
maria in a contiguous grouping, expected for a bright target with a sharp edgeagainst the dark background of
space. Three major peaksare seenin the Earth scenehistogram, corresponding to the brightness levels of the
oceans,landmasses,and cloudsin the scene.The dynamic rangeof the near-full moon coverssomewhatlessthan
half that of the Earth scene,although it spansthe full rangeof oceanand almost all of the rangeof the clear arid
lands of the southwestern US and northern Mexico. Thus the Moon is particularly well-suited for calibration
of GEO imagers for cloud-free applications such as the estimation of atmospheric aerosolabundancesand land
surfacealbedo.



(a) (b)

Figure 2. Subsamplesof Figure 1 showing: (a) the Moon, (b) the southwestern United States and northern Mexico,
Paci�c Ocean, and Gulf of California. The subsample sizesare identical for both images.

Figure 3. Histograms of raw pixel counts for the two subsampled regions. Top: for the Moon image of Figure 2(a),
Bottom : for the Earth sceneof Figure 2(b). Both histograms were generated using full-disk image data, uncorrected for
oversampling.



4. APPLICA TION OF ROLO LUNAR CALIBRA TION TO GOES IMA GES

The ROLO method for on-orbit calibration using the lunar spectral irradiance is established and is actively
being applied to several spacecraft instruments. Capabilities have been developed to assist instrument teams
with prediction of lunar observation opportunities and the maximum radiance levels expected for a particular
observation geometry. These tools can be readily adapted for use with archived GOES visible-channel image
data.

4.1. Lunar Irradiance Comparison

Measurement of lunar irradiance from a calibrated radiance image requires accurate knowledgeof the oversam-
pling factor. For GOES, this can be determined from the mirror scanrates if theseare known with high accuracy.
Alternativ ely, it can be computed by �tting an ellipse to the illuminated edgeof the lunar disk (avoiding the
terminator) after applying sampleo�set corrections for the apparent motion of the Moon acrossthe image �eld.
For the lunar image of Figure 2(a), an average9.31 pixels o�set was applied cumulativ ely to groups of 16 image
lines, with an additional 2 pixels o�set for alternating groups of 8 lines. Results of the steps in this processare
shown in Figure 4.

Figure 4. Stepsin GOES-12 lunar image processing. Top: subsampleof the full-disk image, uncorrected for oversampling.
Lower left: with scan line o�set correction to remove the apparent motion of the Moon across the FOR. Lower right:
with oversampling correction basedon an elliptical limb �t.



The disk-equivalent lunar irradiance I 0 is derived from integration of the radiance image:

I 0 = 
 p

N pX

i =1

L i (3)

whereL i is an individual radiancemeasurement (i.e. pixel) on the Moon, 
 p is the solid angleof onepixel in the
scan-correctedimage, and Np is the total number of pixels on the lunar disk. In practice the spacebackground
level should have zero averageradiance, and the actual summation could extend beyond the disk. Henceif the
oversamplefactor is known a priori , the summation can be performed on the calibrated image without a scan
line o�set correction.

Using GVAR data processingtools, the lunar subsampleregion of Figure 1 (uncorrected for oversampling)
was output in radiance units, W m� 2 sr� 1 � m� 1. After applying the pixel o�set correction described above,
a multiple-p oint elliptical �tting routine was used to determine the extent of the Moon in the image. Pixel
radiancesweresummedover this elliptical area,but extending slightly past the limb edges.From theseprocesses
and ephemeriscalculations for the Moon and GOES-12, the following valueswere found:

semi-major (down-scan) axis 262.0 pixel
semi-minor axis 152.1 line
oversamplefactor 1.722
summedradiance 5.551� 106 W/(m 2 sr � m)
number of pixels summed 126300

Moon{GOES-12 distance 414213. km
pixel solid angle 4.380� 10� 10 steradian
GOES-12 lunar irradiance 2.4315 � W/(m 2 nm)

The irradiance, down-scan size of the Moon, and the GOES-12 satellite location at the center of the lunar
image acquisition time, estimated to be 18:06:05UTC, were given as inputs to a test run of the ROLO lunar
irradiance model. Output was generatedfor a narrow passbandcentered at � 650 nm, a proxy for the GOES
visible channel. The results show the instrument irradiance to be 10.52%lower than the ROLO model. Although
this is a single observation comparison and the actual instrument spectral responsefunction was not modeled
directly, the result is consistent with GOES-12visible-channel degradation over time (e.g. Ref. 7).

4.2. Capabilities for Long-term Resp onse Characterization

The current ROLO irradiance model (version311g)has�tted the calibrated exoatmosphericirradiance data with
residuals under 1% over the full range of geometric variables, which includes the e�ects of lunar libration and
opposition e�ect backscatter. The inherent stabilit y of the lunar surfacere
ectance is estimated at better than
one part in 108 per year.3 With this level of stabilit y, a time-seriesof lunar observations comparedagainst the
ROLO model can determine sensorresponsetrends with sub-percent precision.1 Lunar model comparisonscan
also support cross-calibration of satellite instruments, using the Moon as a common target.

In support of spacecraftteamsusing lunar calibration, ROLO hasdeveloped tools for prediction of Moon ob-
servation opportunities. A test run using GOES satellite orbital parametersand the nominal full-disk acquisition
scheduleof every three hours shows that the Moon will appear unoccluded in the cornersof GOES imageswith a
phaseanglewithin the ROLO operational rangeof � 90� at least onceper month. This prediction capability can
be used as a selection method for archived GOES data. Becausethe lunar irradiance model can be applied to
observations made at any time, responsehistories could be developed for any of the GOES satellites, including
those that have beendecommissioned.

An additional capability is to estimate the detailed spatial response(line-spread function and MTF) from the
responsepro�le crossingthe bright limb of the Moon into space.Becausethe radiance o� the Moon is virtually
zero, the apparent brightnesspro�le in spaceadjacent to the bright limb of the Moon is an extremely sensitive
measureof scattering, related to possibledegradation in quality of optical surfaces.This is especially important
for applications that usethe contrast of small features.



4.3. Limitations

The method for ROLO irradiance comparisonswas developed primarily to support multispectral imagers with
relatively narrow channel band widths, � 10{30 nm, whereasthe spectral responseof geostationary visible chan-
nels is typically much wider. A recent e�ort has been initiated to accommodate wide-band instruments with
a more rigorous band interpolation scheme, utilizing a weighted complement of the ROLO bands to cover the
spectral range. For an imager that has no prior radiancecalibration, the accuracyof the ROLO irradiance com-
parisons will be constrained by the uncertainty in the ROLO model absolute scale. The current model version
derivesits absolute scalefrom observations of the star Vega;uncertainty estimatesare � 5{10%. An e�ort to tie
ROLO to the NIST radiometric scaleis current work in progress.10

5. CONCLUSION

The ROLO program hasdeveloped the techniquesand tools to allow useof the Moon for on-orbit characterization
of imaging system radiometric responseutilizing the lunar disk-integrated equivalent irradiance. An empirical
model for the lunar spectral irradiance wasbuilt from an extensive set of ground-basedradiancemeasurements of
the Moon, correctedfor the atmosphereand calibrated using the star Vega. The ROLO data set spansa su�cien t
portion of the lunar orbit precessioncycle such that the model treats the e�ects of libration explicitly , aswell as
the basicdependenceon phaseangle, including the enhancedbackscatter \opp osition e�ect". Model �t residuals
are at the 1% level, indicativ e of its stabilit y over the range of geometric variables. Comparisons of on-orbit
lunar irradiance measurements against ROLO model results have been conducted for several instruments, and
are utilized in-line to data products for one (SeaWiFS). The SeaWiFS work has shown that the ROLO lunar
calibration method is capableof determining sensorresponsetrending with sub-percent precision.

Full-disk images of Earth acquired by geostationary instruments will capture the Moon at phase angles
useful for lunar calibration at least once per month. The Moon in GEO images appears skewed due to the
satellite orbital motion during the image acquisition time, but this doesnot exclude their usewith ROLO lunar
calibration. The brightness of the Moon spans roughly half the dynamic range of a typical Earth scene,but
covers all of the range of clear oceanand most of that of clear land.

The stabilit y of the ROLO irradiance model meansthat it can be applied to observations made at any time
without lossof precision. The tools developed to assistspacecraftteamswith lunar observation opportunities can
be usedto �nd imagesthat contain the Moon in a GEO imager archive. With a long time seriesof observations
to compare against ROLO lunar irradiance predictions, response trending with a precision level of a fraction
of a percent can be achieved. A potential additional bene�t of analyzing lunar imagesis the abilit y to observe
degradationof the imageroptics over time by examining the sharpedgeof the Moon against the black background
of space.
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