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SPECTROPHOTOMETRY OF THE MOON FOR CALIBRATION OF SPACE-BORNE IMAGING 
INSTRUMENTS; Hugh H. Kieffer and Robert L. Wildey, U.S. Geological Survey, 
Flagstaff, AZ 86001 

The importance of long-term observation and monitoring of the Earth's 
surface, oceans, and atmosphere has increased the need for absolute 
radiometric calibration of spacecraft imaging instruments. We are beginning 
an observing program of accurate spectrophotometry of the Moon to allow it to 
be used as a calibration target for Earth-orbiting spacecraft. We encourage 
comments on this plan, suggestions for specific passbands to be used, and 
cross-calibration with other lunar or stellar absolute radiometry efforts. 

The in-flight calibration subsystems of imaging instruments are 
themselves subject to offset and drift, and many do not calibrate the entire 
optical system. Calibration through the use of well-characterized ground 
targets can be done, but it requires near-simultaneous measurements, a 
substantial ground campaign, and a difficult correction for the atmosphere. 

We plan to provide new radiometric information needed to allow the Moon 
to be used as a well-characterized radiometric source for calibration of 
~arth-orbiting instruments. In addition to direct use of the radiometric 
information, such detailed knowledge of the lunar brightness enables better 
use of the Moon for measurement of the MTF and scattered-light performance of 
instruments . 

The Moon has several unique properties pertinent to our program: it is 
within the dynamic range of most imaging instruments, it is surrounded by a 
black field in both reflective and thermal bands, and its surface brightness 
distribution can be better known than that of any other natural object at 
which most instruments can be safely pointed. Although the Moon's 
photometric properties are thought to be intrinsically constant over long 
time scales (natural rate of change estimated at <lo-' per year [I]), the 
non-Lambertian character of the lunar photometric function and the effects of 
lunar libration must be considered. 

At modest spatial resolution, the normal albedo (in V band) ranges from 
9% to 23%, with a mean value near 12.5% [2]. The Moon appears gray in the 
visible, but it shows a general increase in reflectivity into the near 
infrared [3]. Variation of color between different locations on the Moon is 
small, and those spectral features that do exist are relatively broad [4,5]. 
At small phase angles, the Moon brightens dramatically; this "opposition 
effectn [6] increases up to the point where lunar eclipse begins. Current 
knowledge of the lunar photometric function is limited to a few wavelengths, 
to a few small areas, or to the spatially integrated lunar brightness (the 
phase function) [7,8]. 

The Moon has several additional characteristics that require 
consideration in treating it as a radiometric standard. Light from the whole 
Moon has small negative polarization at small phase angles, becoming most 
negative at '-1.2% near a phase angle of '12O, then increasing through 0 
polarization near 24O up to about +8% at phase angles near 90°. Individual 
areas (at <'lo arcsec resolution) typically have polarization at phase angles 
less than 15O of 1.2% or less at 361 nm, and polarization decreases toward 
longer wavelengths out to at least 1 pm [9]. The degree of polarization is 
approximately inversely proportional to albedo greatest for dark areas, and 
least for bright areas [6]. Variations with albedo are small for phase 
angles less than about 40°. Early work indicated that near full moon, 
polarization near and parallel to the limb of the Moon is about 0.1%-0.2% 
[lo]. Because the Moon's surface can become as hot as 400 K [ll], thermal 
emission becomes important for longer wavelengths; at 400 K it contributes 
about 0.1% at 1.8 pm, 1% at 2.0 pm and 10% at 2.3 p. Thermal models and 
prior infrared measurements [I21 would allow correction for thermal emission 
to about 115 of these levels. Simultaneous measurements of lunar radiance 
near 3.5 pm would allow correction for thermal emission to better than 0.5%. 

Current knowledge of the radiometry of the Moon is limited to attempts 
to calibrate the absolute spectral reflectance at a few points (131 and 
measurements of the integrated lunar brightness at a few wavelengths (71. To 
support high spatial-resolution instruments, extensive radiometric 
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observations will be made with resolution of 4.4 arcsec, corresponding to an 
instrument in Earth orbit at an altitude of 705 km with 15-m resolution at 
nadir. The wavelengths of reasonable transparency of the Earth's atmosphere 
between 0.3 and 2.5 p will be covered. Because the technology to do 
radiometry with imaging spectrometers has not yet been developed, we will 
use a discrete set of passbands defined by interference filters; on the 
order of 20 wavelengths will be used. 

Two filter-imagery systems, with different detector technologies, will 
operate simultaneously. Each will have its own telescope, boresighted on a 
common mount. No beam splitter or fold mirrors will be involved, and each 
telescope and detector system will be axial, so that the detection systems 
should be insensitive to polarization. For wavelengths from 0.3 to 1.0 pm, 
a conventional 512 x 512 astronomical silicon CCD will be used. The exact 
type of infrared array to be used is still under study. An in-dome 
radiometric standard will be observed at least as often as the beginning and 
end of astronomical observations each night. This standard will utilize a 
NIST-traceable halogen standard lamp and a nearly ideal diffusing surface 
large enough to illuminate the full aperture of the telescopes. This 
facility will be part of the circuit for a portable radiometer standard, and 
the connection to NIST is expected to be established about every 6 months. 

The telescope system will be highly automated and entirely under 
computer control. Most of the telescope time will be spent observing 
standard stars, especially those in a band along the Moon's orbit. This 
both allows quantitative determination of atmospheric extinction (needed to 
correct to exo-atmospheric radiances) and ties the radiometric system to 
existing standard star systems. Design and planning for this lunar 
radiometry facility has begun, and routine observations are scheduled to 
begin in the fall of 1993. 

Observations will be made each month when the Moon is at 90° phase or 
less on all photometric nights. (At the planned observatory site in 
Flagstaff, there are approximately 100 photometric nights each year.) 
Observations will continue for at least 4-112 years; observations over at 
least 114 the Saros cycle are required to cover the range of lunar 
libration. All observations will be reduced to a single optimized 
selenographic projection to produce a photometric model of each pixel for 
each wavelength band. Initial error budget analysis indicates that the 
expected long-term precision is '0.8% and absolute radiance '2.3%. The 
largest contribution to uncertainty of absolute radiometric accuracy is the 
calibration of the standard lamp. 

To avoid being low in an instrument's dynamic range, spacecraft- 
calibration observations may be needed at small phase angles (but greater 
than 1.5O, where lunar eclipse phenomena begin). 

For any specific spacecraft observation, the precise illumination and 
observation geometry can then be used to calculate a radiometric image of 
the Moon at full model spatial resolution in each wavelength. This 
radiometric image can be geometrically transformed to match the resolution 
and orientation of the spacecraft instrument image. The ratio between the 
"calibrated" spacecraft instrument image and this model image represents the 
factor between the two calibration systems. 
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