
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 99, NO. E3, PAGES 5587-5600, MARCH 25, 1994 

Galileo infrared imaging spectrometry measurements 
at the Moon 

Thomas B. McCord,'"^ Larry A. Soderblom,^ Robert W. Carlson,'' Fraser P. Fanale/ 
Rosaly Lopes-Gautier,^ Adriana C. Ocampo/ Jennifer Forsythe,^ Bruce Campbell,^ 
James C. Granaban,' W. D. Smythe,'* P. R. Weissman/ K. J. Becker,^ K. Edwards,^ 
Lucas Kamp,"* Juliana Lo,^ R. Mehlman,^ J. Torson,'* G, E. Danielson,^ 
D. L. Matson," H. H. Kieffer,^ and T. V. Johnson" 

Abstract. Imaging spectrometer observations were made of the surface of the Moon during the 
December 1990 flyby of the Earth-Moon system by the Galileo spacecraft. This article documents 
this data set and presents analyses of some of the data. The near infrared mapping spectrometer 
(NIMS) investigation obtained 17 separate mosaics of the Moon in 408 spectral channels between 
about 0.7 and 5.2 |im. The instrument was origioally designed to operate in orbit about Jupiter and 
therefore saturates at many spectral channels for most measurement situations at 1 AU. However, 
sufficient measurements were made of the Moon to verify the proper operation of the instrument 
and to demonstrate its capabilities. Analysis of these data show that the NIMS worked as expected 
and produced measurements consistent with previous ground-based telescopic studies. These are the 
first imaging spectrometer measurements of diis type from space for the Moon, and they illustrate 
several major points concerning this type of observation and about the NIMS capabilities 
specifically. Of major importance are the difference between framing and scanning instruments and 
the effects of the spacecraft and the scan platform on the performance of such an experiment. The 
science return of subsequent NIMS and other investigation measurements will be significantly 
enhanced by the experience and results gained. 

Introduction 

The Galileo spacecraft flew past the Earth-Moon system 
on December 8, 1990, in order to obtain a gravity assist and 
enable it to reach Jupiter orbit in 1995. This was not the 
initially planned trajectory, but the dramatic changes in tlie 
launch schedule, due to the Shuttle Challenger disaster, required 
that a new trajectory be adopted after most subsystems and 
instruments were built. The first scientifically interesting 
event along the new trajectory after launch was the encounter 
with Venus in February 1990. The near infrared mapping 
spectrometer (NIMS) results from the Venus encounter were 
presented previously [Carlson et aL, 1991]. The spacecraft 
flew past the asteroid Gaspra in August 1991 and iigain 
encountered the Earth-Moon system on December 7-8, 1992. 
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An important and unique data set was produced in the December 
1990 Moon encounter, which is documented in this article. 
The results of the analysis of some of these first Earth-Moon 
encounter data are also presented- 

Becatjse the encounter was not part of the planned 
baseline mission, the capabilities of the spacecraft and 
instruments were not fully implemented, tested, and calibrated 
at the time of the encounter; but the performance of some 
subsystems will be improved for later encounters. For 
example, of specific interest is the pointing stability of the 
spacecraft scan platform, which was not yet fully up to the 
expected capability, and thus the pointing direction of the 
NIMS, located on the scan platform, jittered unexpectedly by 
several pixels while measurements were being made. Also of 
importance is the factor of 5 difference in distance from the 
Sun between the planned operating environment near Jupiter 
and at the Moon. Thus, the brightness of the Moon was about 
25 times greater than that for which the instrument was 
designed. This led to saturation of some of the detectors during 
some of the Moon measurements, a condition which was 
anticipated when the measurements were planned after 
instrument delivery to the spacecraft, but about which nothing 
could be done. 

The Instrument 

The NIMS [Carbon et al, 1992] is the first of several 
imaging spectrometers planned for NASA deep space and 
Earth-looking missions. It is basically a "whisk broom" 
imaging spectrometer (see Figure 1) covering the spectral 
range 0.7-5.2 pm with up to 408 adjacent and partially 
overlapping spectral channels. An internal mirror is used to 
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Figure 1, The NIMS instrument is shown [from Carlson et al., 1992, Figure 2] as it would appeal sitting in the 
spacecraft scan platform. The cone angle motion of the platform is illustrated by the large arrows. The internal 
20-position spatial scan, produced by motion of the secondary mirror, is in the orthogonal cross-cone direction. 
The position of the initial pixel in a major frame is shown as pixel 1. The plane of spectral dispersion is parallel 
to the plane of cone angle motion. 

scan twenty 0.5-mrad pixels (instantaneous field of view 
(IFOV)) along a line. The spacecraft and scan platform motion 
scans the 20-pixel line to build up a two-dimensional image. 
There are 17 individual detectors (two silicon and 15 InSb) 
spaced across the entire focal plane of the spectrometer which 
measure 17 different spectral channels simultaneously. The 
grating is scanned to move the dispersed spectrum across the 
17 detectors in 24 steps in the highest spectral sampling 
mode. 

The sequence of building up the 408 images, each at a 
different spectral channel, is important in understanding the 
data sets. The first grating setting is selected and then the scan 
mirror steps across the 20-pixel line while measurements by 
each of the 17 detectors are recorded simultaneously for each 
pixel. Then the grating is stepped to the next position so that 
the next adjacent spectral channel is placed on each of the 17 
detectors and the 20 pixel line i.s again scanned. This is 
repeated 24 times over about 8.67 seconds in the highest 
spectral sampling mode. Other modes are available where 12. 6 
and 1 grating positions are used, which produce more sparsely 
sampled spectra. 

This operation requires that the spectrometer optical axis 
pointing direction and azimuth, relative to the scene to be 
observed, be held constant within a small fraction of the IFOV 
of the spectrometer for 8.67 seconds while the spectrum is 
built up out of 17-channel segments. If there are changes while 

the spectrum is being built up, each spectral channel 
measurement does not sample the same area on the object, and 
brightness as well as spectral differences across the object 
become mixed in the data set and masquerade as absorption or 
emis.sion features in the spectrum for each pixel. 

The Measurement Conditions 

The NIMS observations were made as the Galileo 
spacecraft both approached and receded from the Earth-Moon 
system on its way from Venus, to the asteroid Gaspra, to its 
eventual return to the Earth-Moon system in December 1992. 
The purpose in encountering the Earth was to add energy to the 
Galileo orbit. As mentioned, this became necessaiy after the 
change in launch vehicle and date, and was not part of the 
original baseline mission. The science measurements made 
during this encounter also were not planned as part of the 
baseline mission. Nevertheless, strenuous attempts were made 
to acquire data in order to test and calibrate the instruments and 
associated subsystems, and to acquire new knowledge of the 
Moon, especially its farside where no Earth-based or spectral 
observations had been made and where few spacecraft had 
observed. 

Figure 2 shows the spacecraft trajectory during the 
encounter with the locations marked where NIMS image cubes 
of the Moon were obtained. Table 1 describes each of the NIMS 
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Figure 2. The trajectory of tiic Galileo spacecraft during the first Earth-Moon encounter, inc Moon actually 
moved in its orbit by about 13 degrees dui'ing the elicounter which lasted about 24 hours. The time and place of 
Moon measurements for all scan platform instruments aie shown. 

measurement conditions. Multiple image cubes were obtained 
at most measurement points so as to assure that the entire 
Moon was imaged, because of uncertainty at this early stage in 
the mission in the spacecraft pointing, and to acquire 
repetitive data for the same condition to check instrument 
performance. A sample of the NIMS scan pattern is shown in 
Figure 3 for the observation Called Moon 7 ("7" refers to the 
"OAPEL" number designation in Table 1). Each line in Figure 3 
is composed of 20 pixels; the lines are scanned by scan 
platform and spacecraft motion. For each pixel, there are 408 
spectral channels. Thus, each data set, formatted as an image 

cube, consists of 20 x n x 4Ö8 data numbers (DNs), where n is 
the number of lines measured. Each DN is encoded to 10 bits. 
Four swaths were measured for Moon 7 with the following Une 
numbers associated with each swath: swath 1. lines 1-39; 
swath 2, lines 40-78; swath 3, lines 79 117; and swath 4, 
lines n 8-156. Thus, n is 39 for each swath, or 156 total. 

For each observation, the scan platform, located on the 
nonspinning portion of the spacecraft, was instructed to point 
to a specific place in inertial space, where the optical axis of 
the NIMS was calculated to intersect the location on the Moon 
to be observed. The NIMS scanning mirror and grating were 
then commanded to scan to build up the full spectriim for the 
20-pixel line. The spacecraft and scan platform motion carried 

the NIMS 20-pixel FOV acro.ss tlie area on the Moon to be 
measured. 

For the early observations, the geometry was such that 
the spinning portion of the spacecraft passed several booms 
through the FOV of the NIMS, periodically producing 
obscuration and introducing glint and thermal emission into 
the measurements. Also, the jitter of the spacecraft and ils .scan 
platform during the time the NIMS built up each image cube 
moved the optical axis from the programmed position, in a 
stochastic manrier, so that all spectral channels in a measured 
spectrum do not correspond to the same pixel footprint on the 
Moon, this was at least partly due to the star tracker and its 
servo system and software, which has since been improved. 

The pixel size on the Moon is about 200 km for most of 
the measurements so there are a maximum of about 18 pixels 
obtained across a lunar diameter. For the earlier measurements 
made during approach phase and at large phase angles, the 
illuminated region of the Moon was a crescent covering the 
eastern part of the nearside. Figure 4 shows the approximate 
regions of the Moon covered by the Moon 7 and Moon 10 
observations presented in this analysis. During the receding 
phase of tlie encounter, the near-full Moon was presented with 
the subspacecraft point tracing over the western part of the 
frontside and onto the lunar farside. The brightness of the 
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Figure 3. The NIMS scan pattern for íünar observation 
Moon 7 is shown superimposed over the predicted Moon 
position. Four swaths are apparent. Each swath has 39 lines 
with 20 pixels per line. The lines are numbered from 1 to 156. 

Moon became so great as full Moon and smaller phase angles 
were approached that most NÍM3 detectors were saturated and 
no useful measurements could be obtained. 

Data Reduction 

The Galileo NIMS Moon data for the first Earth-Moon 
encounter were processed to prepare image cubes from which 
spectra of individual areas could be extracted and maps of 
spectral properties could be prepared. All data were first 
reformatted after receipt on the ground and then an attempt was 
made to assign each DN to a specific position in inertial space. 
When the geometric reconstruction was first applied, it was 
quickly noted that the images and spectra showed large 
excursions from the expected products. After further 
investigation and analysis of the spacecraft inertial guidance 
system records, it became apparent that the spacecraft and scan 
platform had made rapid and random excursions of several 
NIMS IFOVs or pixels in amplitude during the 8.67 seconds 
required to build up an image cube. This caused many 17- 
detectur speetral segments, which were each measured 
simultaneously for a pixel, to he displaced spatially from the 
intended location in inertial space by up to several pixels. 
Thus, the spectrum extracted from the resulting image cube for 
a particular pixel showed large amplitude excursions from the 
expected smooth lunar spectrum. The excursions ¡n the 
spectrum amplitude are the result of tlie slit of tlie spectrometer 
moving quasi-randomly across albedo features and photometric 
function gradients on the Moon while the spectrum was being 
recorded, and they masquerade as spectral features. 

Considerable study was required by the NIMS team and by 
the spacecraft operators in order to understand the unexpected 
scan platform motion. A major part of tlie problem was traced 
to the star tracker servo loop and its software. This became 
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Figure 4. Predicted Moon position and approximate illumination for NIMS lunar observations (a) Moon 7   and 
(b) Moon 10. The shaded region.s indicate where the Moon is not illuminated. 

clear when studying a Moon data set recorded when the star 
tracker was turned off. The star tracker problem was the result 
of a mis-alignment and a lack of having in.stalled some 
necessary control software since it was not scheduled to be 
available until later in the mission and therefore was not 
provided any funding early enough to support the unplanned 
Earth-Moon encounter measurements. 

A method was developed to attempt to correct for the 
spacecraft motion. This involved placing each 17-detector 
spectrum segment onto an ineitial space grid using the record 
from the inertial guidance system located on the scan platform 
of the Galileo spacecraft. One shortcoming of this record is 
that the frequency of the po.sition sampling is lower than some 
of the motions. Several methods were attempted to perform the 
spatial position correction and image cube data set 
reconstruction which differed in the method used to combine 
the 17-detectof spectral segments into a full 4()8-eIement 
.spectrum for a particular location in inertial space. 

One method resulted in an image cube in which 64 
micropixels were created for each NIMS pixel. Then the center 
of each 17-detcctor .spectrum .segment was assigned a position 
at one of these raicropixels. There were, of course, many 
micropixels for which there were missing i7-detector 
segments of the complete spectrum; thus, this new image cube 
is called a sparse cube. To extract a spectrum from this cube, a 
footprint or pixel size is selected and then all spectrum 
segments with spatial position centers falling within this 
footprint are averaged together into a complete spectrum. Each 
spectrum segment included in the extracted spectrum samples 
the optical properties of the region of space covered by one 
NIMS resolution element. The element is centered on a sparse 
cube location within the footprint chosen for extraction and 
its area may be entirely within the footprint or may extend 
outside the area of the footprint by up to half a NIMS 
resolution element. No tneasurement of an extraneous area 
should be included but there may be spectral segments 
missing. In addition, the spatial sampling is not uniform 

across the footprint, for each spectrum segment covers a 
slightly different area. Thus, the spectral character of the 
footprint is not truly represented in the retrieved spectrum and 
is affected by variations in the spectrum and biightness across 
the footprint and nearby areas. 

A second spatial offset is introduced by a slight 
asymmetry in the way the NIMS spatial scanning mirror 
moves. The mirror scan is boustrophedonic, that is, the first 
20-pixel line is scanned in one. direction and the next is 
scanned back in the t)ppositc direction. The scans are slightly 
offset by up to a quarter of a pixel, apparently due to effects 
encountered during launch. Corrections have not been made for 
this effect because it is not yet properly calibrated. The 
accuracy of the geometric corrections overall is estimated to be 
about half a NIMS pixel. 

Figure 3 showed four swaths making up the Moon 7 
ûb.servation. For each observation, it wa.s necessary to place 
each 20 pixel by n-pixel spatial swath measurement from the 
inertial space reference system onto the Moon and create a 
mosaic of NIMS swaths to depict the entire Moon. This was 
done by using the spacecraft scan platform position 
information and by fitting the data to the Moon limb. This 
step is therefore subject to any error in scan platform position. 

The second method of making the spatial correction is 
similar but the resulting spectral segments are immediately 
averaged into a cube with square NIMS resolution pixels. All 
segments whose center falls within this footprint are averaged. 
The NIMS resolution was approximately 200 km for the Moon 
7 data set and 175 km for the Moon 10 data set. This resulting 
cube was therefore less than 20 x 20 pixels in .size and was 
called a condensed cube. This second cube was analyzed along 
with the sparse cube to obtain a measure of the accuracy of the 
spatial corrections. 

The spatially reconstructed and resampled image cubes 
weie then corrected for the signal offset from zero caused by 
detector thermal signal and other fixed offsets. This offset 
remained very stable in the original data at about 27 DNs, 
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Figure 5. Two forms of the image at 0.7 jim derived from the Moon 10 observation after ti-eatment with a 
Minneart photometric caiTection. Moon 10 covers approximately the western half of the lunar frontside. (a) An 
itnage from the sparse image cube which shows the location of the centers of the NIMS pixels where spectrat 
segments containing this spectral channel exist, (b) The same image after a geometric interpolation was made, 
using the nearest neighbor method described in the text. A search radius of 4 pixels around each point was u.sed 
for the nearest neighbor search. The number of pixels are expanded over the original NIMS measurement through 
a resampling process. 

varying only about plus or minus 1 DN. This dark signal was 
subtracted from each data set treated. 

image planes from the sparse cube for the Moon 10 
observation were analyzed to study particularly the spatial 
properties of the data, because Moon 10 is the measurement 
with the greatest spatial coverage for which the spectra! 
measurements were not nearly completely saturated. Before 
this was done, a correction for the photometric function was 
made to adjust the brighmess of the image to that which would 
be seen from near zero degree phase angle. The sparse cube was 
divided by a Miiineart photometric coiTection calculated for the 
emission and incidence angle for that location. This removed 
the first-order brightness variation across the Moon due to the 
lighting geometry. The Minneart function used is 

h = ( cos i r ( cos e p ^ 

where / and e are the incidence and emi-ssion angles, and k is 
derived by interpolating between published values for this 
parameter as a function of phase angle [Minnaert, 1961]. 

Figure 5a shows an image extracted at 0,7 \im from the 
Moon 10 data cube to show the population of the cube at that 
wavelength or spectral channel. The brightness of each DN 
location in Figure 5a illustrates the value of that DN. Spatially 
interpolating this image produces a visually recognizable 
image of the Moon (Figure 5b), and agrees with a brightness 
map of the Moon for approximately the same geometry. 
Spatial interpolation was performed on each plane separately 
using a weighted approach. If a pixel in the plane already 

contained a value at that wavelength, that DN value was carried 
through. To fill in empty points, a search within a user- 
specified radius of pixels was performed and the DN value of 
the nearest neighbor to the empty point was duplicated. If 
there were several pixel values equidistant from the empty 
point, the values were averaged. For Figure 5b, a radius of 4 
pixels around each point was searched. 

Analysis of the spectra was carried out using the Moon 7 
data set, preferentially, because this was obtained at a large 
phase angle and there are few saturated spectral channels. 
Spectra are presented here only for the reflected sunlight 
spectral region, i.e., from 0.7 |xm to about 2.5 ¡im. An 
example of DN spectra extracted both from the sparse cube and 
the condensed cube of the Moon 7 data set at the same lunar 
location for the approximate spatial resolution of NIMS, about 
200 km of the Moon, is .shown in Figure 6a. Mare Imbrium 
Area 1 is an area in Mare Imbrium north of Copernicus. The 
approximate coordinates of the area are 43°N, 8°W, The lower 
pair of spectra has no offset subtraction or photometric 
function correction, while the upper pair does have these 
corrections applied. For most Moon 7 data, a simple cos(i) 
photometric correction was applied. A footprint of about 200 
km in diametei', centered on the coordinates given, was used to 
search the sparse cube for spectral segments, and the NIMS 
pixel nearest these coordinates was selected from the 
condensed cube. 

These spectra are not corrected for the different gains of 
each of the 17 detectors, and offsets are apparent between each 
detector segment (24 spectral channels corresponding to 24 
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Mare tmbrlum Area 1: Raw (lower) & Photo-Corrected (upper) Data 
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Figure 6a. Data number spectra from the Moon 7 data set for an area called Mare Itnbrium Area 1 [43 °N, S'W], a 
maria region. The lower two spectra are "raw" data from the NIMS; the solid line is extracted from the sparse 
image cube, and the dashed line is extracted from the condensed image cube, as described in the test. The upper set 
of spectra is the result after subtracting the offset and applying a cosine photometric function to approximate the 
brightness which would have been recorded if the lunar area was observed near zero phase angle. Note that the 
plotted line connects each detector and that at each detector barrier thei« is some overlap in wavelength. Eight 
detectors are shown with 24 points per detector. 

grating steps). Note also that there is an approximately two 
spectral channel overlap between detectors (for this highest 
spectral sampling mode), so that the ending spectral channels 
for each detector are approximately the same as the beginning 
spectral channels of the next detector. This produces a double- 
valued spectrum at these spectral Channels. Figure 7 shows the 
wavelength ranges for the first eight NIMS detectors. Because 
the in-flight calibration of the instrument could not be 
performed before the Moon encounter, a gain correction is not 
incorporated at this stage. 

Note also that the spectra in Figure 6a show a number of 
features which are periodic with the grating settings. These are 
due to the spatial excursions of the NIMS IFOV on the Moon 
during and between grating settings which have been 
incompletely removed by the correction process attempted. 
Because the Moon has strong albedo boundaries and 
photometric function gradients at the resolution of the NIMS 
IFOV and because the motion of the IFOV had a magnitude of 
up to two NIMS IFOVs within the period of a grating step, it is 
very difficult to correct for all the effects. A method of 
removing these residual features was devised which uses the 

periodicity of the excursions seen in the spectra. An algorithm 
was constructed which searched for and removed features in the 
spectrum which occurred at the same grating settings for each 
of the 17 detectors. The algorithm reads an input spectrum, 
computes an average value across all detectors for each grating 
position, and divides the input spectrum by this average, 
matching the appropriate grating positions. Our knowledge of 
the lunar spectrum assures us that this will not remove the 
broad spectral features associated with the Moon, Figure 6b 
shows the smoother depatterned spectra for the same Mare 
Imbrium area as Figure 6a. The wavelength overlap at detector 
breaks shown in Figure 7 is still apparent in the smoothed 
data. 

Analysis 

As mentioned, the NIMS was designed to observe Jupiter, 
a much darker object than the Moon, and for this reason, the 
infrared portion of the array of detectors saturated longward of 
about 1,3 (xm at the phase angle of Moon 10 and smaller. 
Although the spatial coverage of the Moon 7 data is worse due 
to the illuminated area being closer to the apparent limb, less 
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Figure 6b. Data number spectra for the same lunar area, Mare Imbrium Area 1, of the Moon 7 data set, after the 
depatteming algorithm was run to remove most of the periodic artificial spectral features due to incomplete 
compensation in the geometric correction process for scan platform movements during the measurement of the 
image cube. 

NIMS Detector Ranges 
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Figure 7. The wavelength ranges covered by the first eight detectors are shown for the NIMS instrument 
operating in long map mode (24 spectral channels per detector segment, corresponding to 24 grating steps). The 
overlap of each detector is approximately two channels. 
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Figure 8a. Spectrum ratio from Moon 7 data for a maria area divided by a highlands area using the DN spectra 
for the Mare Irabrium area shown in Figure 6a and a highlands area around Alphonsus [14°S, 2'W]. Note that a 
relative absorption band near 1 |im and a weaker band near 2 |rm is evident with a band depth of about 5% of 
continuum for the stronger band. 

Mare Imbrium Area 1:   Boxfllter of Size 5 on Final Normalized Ratio 
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Figure 8b. The same ratio spectrum as shown in Figure 8a but after a five-channel running average was 
calculated to remove the higher frequency variations. 
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Sinus Medii: Normalized Ratio to Alphonsus 
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Figure 8c. A similar DN ratio spectrum, but for two highlands areas. Note that tittle or no absorption band 
effects are apparent. 

lUare Imbrium Area 1: Sparse/Condensed Ratio, nrin 
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Figure 8d. Ratio of the sparse and condensed image cubes of the depatterned DN spectra for the Mare Imbrium 
area shown in Figure 6a. Note that the variations evident are of the nature that would be expected if they were due 
to slight differences in the spatial sampling of the image cubes. 
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Saturation is encountered. Therefore, the analysis of spectral 
signatures in the Moon 7 data, in which the signal was lower, 
was pursued. Of particular interest in this study was the 
identification of the 1 |im and 2 |xni absorption bands 
associated with the mafic minerals divine and pyroxene. 

Again, note that the image cubes obtained to this point in 
the analysis have had no instrument calibration applied, 
except dark subtraction, since inflight calibrations could not 
be made near the Earth-Moon 1 encounter due to mission 
operations restrictions, and since ground calibrations may not 
he accurate enough hecause of changes in detector and 
electronic performance over the unusually extended time period 
between ground calibration and flight due to delays in launch. 

A way of proceeding to derive spectral information from 
the Moon data is to calculate ratios of spectra from different 
lunar regions. This was and is a standard technique using 
ground-based telescopic observations. Figure 8a, shows a ratio 
spectrum for the Mare Imbriura Area I treated in Figure 6 (a 
mostly maria region) divided by a region near the Alphonsus 
crater (a mostly highlands region centered on 14°S, 2°W). This 
ratio spectram shows the familiar apprp\imalely 1 (im and 2 
jAm pyroxene absorption bands with the strength difference 
expected for these two areas, based on ground-based telescope 
measurements [e.g., McCord et al., 1981; Pieters, 1991]. The 
ratio spectrum calculated was again treated by the depatterning 
algorithm and also scaled to have an average near unity. There 
is still residual jitter in the ratio spectra mostly due to 
incomplete removal of the 17-detector periodic amplitude 
components. Treating these spectra with a 5-spectral-channel 
running boxcar filter produces a smoother spectrum [Figure 
8b]. The feature just shortward of 1 ¡J,m is probably due to the 
effect of a much reduced signal at the crossover point between 
the silicon and InSb detectors and their filters [Carlson et al, 
1992]. 

A check on this analysis and the conclusion can be made 
by treating another lunar area. Figure 8c shows a ratio 
spectrum for two mostly upland areas; Sinus Medii [0°N, 2°W] 
divided by Alphonsus. In this ease, no pyroxene bands are 
visible, as expected from ground-based spectral studies. 

Figure 8d shows a ratio of the sparse and condensed cubes 
spectra for the Mare Imbrium area. This tests for the types of 
features introduced by slightly different spatial sampling. The 
sparse/condensed ratio clusters its values around 1.0 which 
suggests that the larger trends (1 |Llm and 2 |im bands) still 
observed in Mgures 8a and 8b could not be influenced by the 
spatial sampling errors/variances. 

With this knowledge of the validity of the spectral 
information in the data sets, we return to the spatial analysis 
for the Moon 10 data set to display the spatial extent of 
spectral properties. An analysis was undertaken to calculate 
absorption band strength maps for the l-jim mafic mineral 
band, due mostly to the mineral pyroxene. First, an average 
spectrum for the lunar surface was calculated using the entire 
Irnbrium/Proccllarum region of the Moon 10 data set. The 
photometrically corrected image cube was then divided by this 
average spectrum to obtain a normalized cube. No depatterning 
algorithm was applied for this analysis. 

The next step was to calculate band depths in the mafic 
mineral absorption region by the method: 

2*(DN^)/(DN;-i-DNp 

where DN^ is the DN at band center, DN; is the DN longward of 

the band, and DN^ is the DN shortward of the band. This 
technique will produce low values for deeper absorption 
features relative to the reference spectrum, and high values for 
areas with bands shallower than the reference area. The 
technique used, which preserved the spatial resolution of the 
data while avoiding the effects of dividing values with different 
spatial footprints (due to the scan platform jitter), involved 
the following steps: 
1. Choose five neighboring bands in each of the three 
spectral regions (short, center, long) required for the band 
depth map. The.se three sets must cover the same five grating 
positions. 
2. Combine the corrected DN values for the sparse data into a 
single image plane for each group of five bands. Where two or 
more original DN values overlap, take their average. In 
practice, overlaps occurred for a small percentage of the 
points, and the variance between vahies was relatively small, 
3. Interpolate the three combined maps by a nearest 
neighbor search, which averages any equidistant nearest 
values. 
4. Form the band depth ratio from the three interpolated 
average band images. 

This technique produced band depth maps with the highest 
possible spatial sampling, but avoided the problems which 
arose when the scan platform jitters were not considered. In 
this method, some data are still averaged, which presumably 
introduces pointing errors into the resultant means. The 
weighting for data points in all three images however is 
identical in the combination process, so large fluctuations in 
the ratios are not likely. 

Figure 5 piesenled the photometrically corrected "red" 
(0.7 |im) albedo for Moon 10. Figure 9 presents the 
interpolated 0.94 /ira band depth map. The band-depth map is 
based on a short continuum in the 0.792-0.818 |im region, a 
band center in the 0.931-0.957 |41" region, and a long 
continuum in the 1.167-1.219 |im region. These locations 
were largely decided by the need to stay within certain grating 
positions, which are spaced 24 spectral channels apart, and by 
the detector saturation longward of 1.3 )Xm for this Moon 
measurement. The original orthographic projection is shown. 

The overall behavior of the band depth is consistent with 
known lunar properties. The southern highlands have higher 
ratio values, because they are more deficient in mafic minerals 
than the mare reference. The Apennine Mountains are also 
visible in this map as high ratio values. The mare regions have 
lower ratio values, again consistent with the location of the 
reference region. Two regions with low ratio values are 
associated with the crater Kepler and the Aristarchus region. 
The.se data suggest that there are greater exposures of immature 
mare material in these two regions, consistent with previous 
studies [e.g., McCord et al, 1981; Pieters, 1991]. Copernicus 
crater is not well defined in these maps because it exposes 
highland material from beneath the Maria, There is also a 
subtle band-depth ratio boundary in northeastern Mare 
Imbrium. 

Conclusions 

The first Galileo-NIMS Moon Encounter data set is 
presented and documented, and a portion of the NIMS Moon 
data has been analyzed. Ratio spectra are derived which show 
the classical l-^im and 2-|im mafic mineral absorption bands. 
Band-depth maps were calculated and show lunar features 
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Figure 9. An image showing the variations in strength of the 1 (im mafic mineral absorption band in the lunar 
spectrum. This is derived from the Moon 10 data set illustrated in Figure 4. The image has been spatially 
interpolated using the same nearest neighbor approach as Figure .^b but with a search radiu.s of 2 pixels around 
each point. 

known to be associated with mineralogical differences. These 
spectral data products are similar to and consistent with those 
derived from ground-based measurements. These results 
demonstrate that the NIMS is fuiiciioiiing as planned and is 
producing useful data. Now that the idiosyncrasies of the 
spacecraft and the instrument are understood, further analysis 
can be pursued productively. 

This effort reported here also demonstrates the importance 
of measuring all spectral channels simultaneously, or at least 
having a very stable platform while scanning a spectrum. 
Finally, this exercise indicates the value of having actual 
operational experience with a complicated instrument, 
including having to deal with actual data, before the baseline 
measurements are begun. 

The Galileo spacecraft again encountered the Earth-Moon 
system in December 1992. More NIMS measurements were 
made at that time. Many of the spacecraft problems 
encountered iti 1990 were corrected, and the encounter di.stance 
was reduced by about a factor of 4. Thus, higher-quality NIMS 
data sets have been acquired and will be reported. The results 
presented here are greatly aiding in theii- analysis. 
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