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Analysis of Lunar Spectra
and Multiband Images

Richard Evans
Geologic Lunar Research (GLR) Group

Part I. Assembly and Use of a
Spectrograph to Study Lunar
Mineral Composition

This section describes the assembly
and use of a simple transmission
spectrograph to study the mineral
composition of lunar features. The
spectrograph is paired with a small
backyard telescope and a videocam
having increased near infra-red (NIR)

sensitivity. A 100 line/mm grating and
25 micron diameter slit are optimal for
obtaining lunar spectra from 390 to 1100
nm. Characterization of lunar mineral
spectra is based upon broad mafic
absorption troughs in the 900 to 1100
nm range. The spectrograph can be used
to detect a wide variety of lunar minerals
including low calcium pyroxenes
(orthopyroxenes such as norite or noritic
anorthosite), high calcium pyroxenes
(clinopyroxenes such as gabbro and
anorthositic gabbro), and olivines
(dunite, troctolite, and olivine). The
presence of anorthosite, the primary
component of the lunar highland crust,
can be inferred by lack of an absorption
trough at these wavelengths. Ilmenite, a
titanium rich basalt, has a broad
absorption between about 500 nm and
600 nm. Spectral curves are generated
by first dividing the observed lunar
feature spectra by the observed spectra
of the Apollo 16 landing site. The result
is then multiplied by calibrated spectra
of the Apollo 16 landing site based on
specimen 62231 available from the
USGS (see http://speclab.cr.usgs.gov/
planetary.spectra/planetary-sp.html)
which is bidirectional reflectance data.
These arithmetic operations are
performed in EXCEL after conversion of
the spectra to txt image files.

Obtaining location specific spectra
from extended objects such as the moon
requires use of a slit and a grating. The
slit defines the geography from which the
spectra are obtained while the grating
serves to linearly disperse the spectra to
the desired resolution. The more lines per
millimeter in a transmission grating, the
greater the spectral resolution. The slit
image defines the zero order spectrum
while repeating spectral dispersion

Abstract

This paper describes techniques that
amateur astronomers can use to obtain
and analyze spectra and multiband im-
ages of lunar features. The paper is di-
vided into three sections. The first de-
scribes the assembly and use of a simple
slit grating spectrograph for obtaining
spectra of discrete lunar features as well
as data calibration and geologic analy-
sis using both reflectance and derivative
plots. The second section makes use of
calibrated Clementine multiband images
of lunar features. In addition to review-
ing standard image analysis techniques
such as use of ratio and false color im-
ages, multivariate image analysis tech-
niques are also described. The final
section discusses the calibration and
analysis of amateur multiband images of
lunar features.
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patterns defined as the 1st order, 2nd

order, 3 rd order spectra etc. occur with
increasing distance from the slit image.
A blazed grating concentrates most
(typically about 80%) of the spectral
brightness in the 1st order spectra and
the other orders are not useful. Since
the slit image defines the area of lunar
geography from which the spectra are
obtained, it must always be present in
the same imaging field as the complete
1st order spectra. This places a practical
maximum on the spectral resolution
because as resolution increases,
spectral dispersion increases. This
increases the spread of the 1st order
spectra on the imaging CCD and also
the distance between the slit image and
the 1st order spectra. For this reason,
the most useful slit and grating
combination for the lunar spectral
work described in this paper was found
to be a 100 line/mm b lazed
transmission grating and a 25 micron
wide slit. This combination allows
study of a suitably narrow swath of
lunar terrain while ensuring that the slit
image and 1st order spectra are both
present on the imaging chip. The
principal remaining considerations in
assembling a lunar spectroscope with
these specifications were 1) ensuring
that the instrument was stable, compact
and lightwe igh t , 2) th at th e
transmission grating could be easily
selected or de-selected to enable
imaging of both the lunar spectra and
the lunar geography from which the
spectra were obtained, 3) that the slit
could be easily selected or de-selected
and was also moveable within the
imaging field, 4) that the focus of the
slit image was adjustable, and 5) that
the telescope backfocus was sufficient

to focus the lunar geography under
study with the spectroscope and
imaging camera in place.

Raw uncalibrated lunar spectra are flux
spectra and are the result of variations in
im ager s en s it iv it y ac ro s s th e
wavelengths recorded. They can be
initially plotted as relative reflectance
versus pixel number along the spectrum.
Raw spectra contain absorption band
artifacts introduced by the Earth’s
atmosphere (telluric bands) and also
contain numerous solar Fraunhofer
lines. Although the latter are useful in
that they can assist in assigning specific
wavelengths to pixel numbers along the
x axis, all such artifacts must ultimately
be removed and the flux spectrum must
be converted to uniform imager
sensitivity across the wavelengths
recorded.

In the visible and NIR wavelengths,
water vapor and water ice in the
atmosphere are the principal sources of
artifactual absorption banding. The raw
lunar spectra are processed by dividing
the observed lunar feature spectra by the
observed Apollo 16 landing site spectra
and multiplying the result by the
calibrated Apollo 16 landing site
available from the USGS
(s ee h t tp :/ / s pec lab .c r .u s gs .go v/
planetary.spectra/planetary-sp.html).
This has the effect of normalizing
imager sensitivity to uniform sensitivy
across all wavelengths and also
removing the artifactual telluric and
Fraunhofer absorption bands. Mafic
minerals may be detected by absorption
troughs present at specific locations
between 900 and 1100 nm (Klima RL,
Pieters CM, 2005; Pieters C and Englert
P, 1993). Non-mafic components
(principally anorthosite) show no
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absorption troughs at these wavelengths.
A more detailed procedural discussion is
provided later in this paper.

I. Spectroscope Assembly

Because of backfocus considerations,
the spectroscope was assembled to pair
with a 9.25 inch F10 Schmidt
Cassegrain telescope although any
telescope with sufficient backfocus
could be used. Components will be
described starting with the telescope and
ending at the imager. To maximize
stability, a 1.25 inch star diagonal was
inserted into the visual back of the
telescope to receive the spectroscope.

The Slit

A Lumicon 1.25” diameter 5 filter
holder was inserted into the star
diagonal. This filter holder served as a
receptacle for the 25 micron slit. 25
micron slits are available in various slit
lengths (typically between 3 and 6 mm)
and with various slit holder assemblies.
Slit length is not critical. Round 25mm
slit assemblies are easily mounted in
1.25 inch diameter clear glass filter
cells. With the slit mounted, the 1.25
inch cells are screwed into an empty
receptable on the 5 filter holder. Another
type of slit assembly consists of a 25 x 3
x 70 mm rectangular metal bar. This
type of assembly can be secured to the 5
filter holder with light blocking tape.
Whichever slit assembly is used, the slit
position is changed by sliding the filter
holder bar. It is important that one filter
receptable be left empty.

For this study, a 25 micron wide by 6
mm long fixed width Oriel slit made by
Newport Optics (#77725) was used.

Using a Hitachi KPF-2A videocam with
a 35mm focal length objective lens and
the spectrometer placed at prime focus
on the 9.25 inch F10 Schmidt
Cassegrain telescope, the slit covers an
area of 15 kilometers wide by 680
kilometers long. This allows spectral
imaging of a 15 km wide swath of any
band of lunar terrain present along the
680 kilometer long terrain zone imaged
by the slit. Since the slit is freely
moveable, there is a great deal of
flexibility in selecting features in
approximately the left third of the
geographic image with reasonable
assurance that the entire spectrum will
remain within the imaging field of view
of the videocam. At prime focus, the 640
x 480 pixel geographic image will have
a resolution of about 2.94 kilometers per
pixel. When the slit is superimposed on
the geographic image, it is roughly 5
pixels wide.

The Collimating Lens

A height adjustable collimating lens
is necessary to focus the slit image
crisply on the imager. A Lumicon 0.4 x
telecompressor lens was selected for this
purpose and was screwed into the empty
barrel of a 1.25 inch eyepiece (note:
only the eyepiece barrel was used, not
the eyepiece lens assembly). The
telecompressor lens was inserted into the
Lumicon filter holder described above
and the lens was moved up and down
until the slit assembly was in perfect
focus before tightening the set screw.

The Transmission Grating

A 100 line/mm Patton Hawksley
blazed transmission grating was chosen.
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This grating consists of a 1.25 inch
filter-type assembly which readily
screws into a second Lumicon 5 filter
holder. Once the spectroscope is
completely assembled, very slight turns
of the grating in the Lumicon holder are
necessary to ensure that the 1st order
spectra are perfectly parallel to the slit
image and that maximal spectral
dispersion has been achieved. One
receptable in the second Lumicon filter
holder must remain empty. Depending
on the lunar brightness (phase
dependent) this receptacle is used for a
suitable neutral density filter so that
when switching from recording spectra
(dimmer) to lunar geography (very
bright), the imager gain does not need
adjustment to prevent oversaturation of
the image.

The second Lumicon 5 filter holder
containing the transmission grating is
added to the spectroscope assembly by
inverting it over the telecompressor lens
assembly that projects from the 1st

Lumicon 5 filter holder, and tightening
the set screw. Note that this is the
opposite orientation from how this filter
holder was designed to be used, and the
transmission grating will be located on
the bottom of the filter holder adjustable
bar.

The Imaging Coupler

A coupling adapter of some sort is
necessary to bridge the distance between
the transmission grating filter holder
assembly described above and the
imaging videocam. For the present
study, portions of a Meade eyepiece
projection coupler were used for this
purpose. The bottom of the coupler was
wound with masking tape to provide a

tight friction insertion into the
transmission grating filter assembly.
The top of the coupler provided a 30
mm diameter receptacle which received
the CCTV objective lens of the imager.

The Imager

The spectroscope can be used with
many small lightweight analog or digital
imaging cameras, and the Lumenera
075M is excellent for use at visual
wavelengths and would be an excellent
choice for studying minor pyroxene
bands in the 450 to 550 nm range.
However, because the principal mafic
absorption trough is present at between
900 and 1100 nm, the imager used must
be very sensitive at these wavelengths.
For this reason, a Hitachi KPF-2A
analog videocam (with good sensitivity
between 400 and 1200 nm) was used for
this purpose in the present study. The
analog image was digitized using a
National Instruments frame capture
board (PCI-1410). It was found that the
optimal objective lens for use with the
spectroscope was a 35mm focal length
F1.6 Fujinon CCTV lens. The lens has
manual ir is and manua l focus
adjustment.

Increasing Spectroscope Stability

Once mounted on the telescope, the
assembly was additionally stabilized by
a tight wire truss between the
spectroscope and the back of the
telescope which maintained it in a rigid
vertical position. Additional support for
the Hitachi imager was provided by both
taping its front surface to the imaging
coupler and inserting a thin 1-2 mm
shim between the camera and imaging
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coupler. These precautions ensured that
the spectroscope and imager did not flex
regardless of the telescope elevation.
Figure 1 shows the spectrograph with a
Lumenera 075M imager attached.
Figure 2 shows the spectrograph/
telescope assembly prior to attachment
of the wire truss, with the Hitachi KPF-
2A imager attached.

Figure 1-1

Figure 1-2

II. Obtaining Lunar Spectra

General Guidelines

A few imaging guidelines serve to
maximize the effectiveness of obtaining
useful lunar spectra. First, imaging
should be done as close to full moon as
possible, as this provides the best
spectral brightness. The sky must be
completely clear (it must especially be
free of thin layers of wispy clouds) and
free of water vapor/ice crystal haze.
Seeing conditions should be better than
average as it is necessary to obtain a
crisp focus of the lunar feature. Spectra
from the Apollo 16 landing site must be
accurately recorded as rapidly as
possible either before or after spectra of
each lunar feature of interest are
recorded. Th is will min im ize
atmospheric absorption band variations
between the two sites and facilitate a
more accurate spectral calibration during
image processing. The slit should be
positioned within about the left hand
third of the imaging field as this allows
the complete 1st order spectra from 300
to beyond 1100 nm to appear in the
same imaging field as the slit image. If
the slit is centered in the middle of the
imaging field or too far to the right, then
the 1st order spectra will be out of the
field of view. The spectroscope and
imager must be kept rigid and free of
flexure. If a Schmidt-Cassegrain or
Maksutov telescope is used, its corrector
plate must checked frequently and must
be kept free of dew and free of frost.
Focus is critical. The slit is focused by
adjusting the height of the collimating
(0.4x telecompressor) lens. The lunar
feature must be focused after de-
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selecting both slit and grating in favor of
an unobstructed/undispersed view. The
telescope used must provide sufficient
backfocus to allow crisp focusing of the
lunar feature by turning the focus knob
or adjusting the electric focus. Finally,
with the slit and grating in place, minute
turns of the grating assembly in the filter
holder will be necessary to obtain a 1st

order spectral image that is parallel to
the slit image and which shows maximal
dispersion. Such a 1st order spectral
image will show numerous crisply
focused fine Fraunhofer lines.

Determining Slit Location

The approximate slit location can be
determined by first viewing the lunar
geography without the presence of a slit
or grating and moving the lunar feature
to the left hand third of the image. The
grating is then selected and the slit is
slowly moved into approximately the
same position within the imaging field
that the lunar occupied. While the slit is
being moved into position, it is helpful
to take note of the similarities in the
albedo pattern present in the spectral
image and the albedo of the lunar feature
(as well as adjacent terrain both above
and below the feature) in the geographic
image. Both the slit image and the
complete 1st order spectra must be
present within the same imaging field.
It may be necessary to re-position the
lunar feature and the slit closer to the
left margin of the imaging field to
accomplish this. Variations of albedo in
the 1st order spectra correspond to
albedo patterns in the geographic image
for the same slit location. A neutral
density filter will likely be necessary to
avoid image oversaturation with the very

sensitive Hitachi KPF-2A camera. The
camera gain should never be changed
when switching between slit image/
spectral views and views of lunar
geography obtained without the slit and
grating. The precise slit position can
also be determined by overlaying the
slit/spectral image onto the geographic
image in Photoshop and assigning about
a 20% saturation to the slit/spectral
layer. This, however, is a bit time
consuming and is most useful for
checking the exact slit position for a
spectral image that has already been
recorded.

Recording Spectra

Once the slit is positioned on the
lunar feature of interest and the grating
is in place, then spectra may be
recorded. It is essential that the slit
image and 1st order spectra are parallel
to each other and that maximal spectral
resolution is obtained by very slightly
turning the grating assembly in the filter
holder. Numerous fine Fraunhofer
lines will be visible in the spectrum. The
Hitachi KPF-2A camera used with the
National Instruments PCI-1410 frame
capture board allows the rapid recording
of a series of snapshots of the spectra as
either PNG or TIFF files. It is generally
sufficient to obtain about 5 snapshots for
possible later stacking. However, near
full moon there is no need to stack
images as single images are sufficiently
bright. There should be no drift between
snapshots. It is essential that a
geographic image taken with neither slit
nor grating in place also be obtained for
subsequent determination of the exact
geographic slit position. Images may be
obtained in either 8 bit or 10 bit format.
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The latter produces 16 bit greyscale
PNG or TIFF images while the former
produces 8 bit images.

The slit and spectrum image below
sho ws a b r ight s pect ra l ban d
corresponding to the eastern rim wall of
Copernicus. Numerous Fraunhofer lines
and atmospheric absorption lines are
also present in the spectrum. The blue
region of the spectrum faces the slit
image while the red and infrared portion
of the spectrum is toward the right hand
side of the image.

Figure 1-3

The exact slit position is provided by
superimposing the slit and spectrum
image onto the geographic image as
shown below. The geographic image
also provides a ready means of
calculating the dimensions of the region
of the rim wall sampled by the slit. The
slit position for each crater whose
spectra was recorded in this paper can be
found in Appendix 1-3.

Figure 1-4

III. Processing Lunar Spectra

Pretreatment of Images:

Standard darkfield and flatfield
images are not necessary because
image processing will involve division
of the observed feature spectrum by the
co-aligned spectrum of the observed
Apollo 16 landing site. This pixel
division eliminates the very faint
repeating banding pattern characteristic
of analog cameras like the Hitachi
KPF-2A. This faint banding pattern,
shown in Figure 1-5 below, appears
only upon illumination of the chip. It
also eliminates the Fraunhofer and
atmospheric absorption lines. The
recorded spectra across the entire x-
axis (including the slit image itself) is
cropped for the observed feature and
for the observed Apollo 16 landing
site. A quick but noisy spectral plot for
a single pixel row can be obtained as
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follows. The spectral images are manually
co-aligned in Photoshop and the height of
each cropped image is then reduced to 1
pixel. The images are then rotated 90
degrees clockwise and are converted into
txt image files using the freeware program
ImageJ. The txt files are imported into
adjacent columns of an EXCEL
worksheet for further processing. This
technique and subsequent processing
procedures are discussed under Method 1.
Although this procedure is rapid and easy,
it produces a much noisier result than
averaging multiple pixel rows in the
feature spectrum. The preferable row
averaging procedure is discussed under
Method 2.

Figure1- 5

Near full moon single snapshot spectra
are sufficiently bright and no stacking of
images in needed. It may be helpful to
rotate the spectra a few degrees to obtain
perfectly cropped images of the spectral
band representing the lunar feature of
interest.

Alignment of the Observed Lunar
Feature Spectrum and the Observed

Apollo 16 Landing Site Spectrum

Method 1

The cropped spectra of the lunar
feature and the Apollo 16 landing site
obtained as described above are copied
as separate layers to a blank image of at
least 100 pixels greater width and at
least three times the pixel height of the
cropped spectra. This work area is used
to position and align the spectra so that
they are positioned one directly above
the other and so that the zero order slit
image and all of the observed
Faunhoffer lines are in perfect alignment
with each other. The layers are then
combined (i.e. flattened) into a single
layer in Photoshop and the two spectra
are then re-cropped with identical same
pixel dimensions, beginning several
pixels to the left of the zero order spectra
and continuing as far to the right as is
allowed by the least wide of the pair.

In the image pair shown in Figure 1-6a
and 1-6b, the upper cropped spectrum is
of the eastern rim of Copernicus crater
while the lower cropped spectrum is of
the Apollo 16 landing site which was
obtained during the same imaging session.
The zero order spectrum of the slit
appears larger in the upper image due to
the increased brighness of Copernicus as
opposed to the dimmer image of the
Apollo 16 landing site.

Figure 1-6a and 1-6b
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Conversion to txt image files

Using the image size menu in
Photoshop, cropped and co-aligned 8 bit
spectral images of the lunar feature and
the Apollo 16 landing site can be
adjusted to a pixel height of 1 and the
images rotated 90 degrees clockwise.
They can then be opened in ImageJ and
converted to txt image files. However,
to reduce noise it is necessary to use 16
bit format and to plot an average of all
pixel rows in the spectral band of the
feature rather than using just a single
row of pixels. This is done by rotating
the spectral band image (in 16 bit TIFF
format) 90 degrees clockwise without
adjusting its pixel height and converting
it to a txt image file using ImageJ. The
image file is imported into an EXCEL
worksheet as a tab delimited file. Each
column represents a row of pixels in the
spectral band image. Each column’s data
cells are averaged together, row after
row. The resulting average values are
further processed in EXCEL as
described below.
The data is calibrated by replacing pixel
values along the x axis with actual
wavelengths. This is easily done by
identifying at least two Fraunhofer lines
by reference to a solar spectrum. Many
bands can be used, but the F and A
bands were used in this study. Since
these lines are present at 486.1 and 759.4
nm, all other pixel values along the x
axis can be re-defined as wavelengths.
Next, a simple pixel division is
performed for each wavelength in which
the pixel greyscale values of the
observed lunar feature is divided by the
pixel greyscale value of the observed
Apollo 16 landing site spectrum. The
result should include all wavelengths to

which the camera showed sensitivity.
For full moon images this typically will
be the range from about 390 nm to about
1050 nm. The result is stored as a
separate column in the worksheet.

Method 2

With some practice, it is possible to
work directly with txt image files for the
observed lunar feature and the observed
Apollo 16 landing site in EXCEL without
previously co-aligning the visual images
from which they were produced. Using
the slit image greyscale values, the
adjacent spectra can be quickly co-aligned
on the worksheet and perfect alignment
can be verified by checking prominent
Fraunhofer lines. Fraunhofer lines will
always appear at the same number of
pixels to the right of the slit image. This
allows rapid determination of the
relationship between pixel numbers along
the x-axis and spectral wavelength
numbers. A more detailed discussion of
determination of calibration of
wavelengths along the x axis is provided
in Appendix 1-2 of this paper.

Interpolation of the Calibrated Apollo
16 Landing Site Data Set from the
USGS:

The calibrated Apollo 16 Landing
Site data set available from the USGS
(s ee h ttp ://s pec lab .c r.us gs .go v/
planetary.spectra/planetary-sphtml)
starts at 300 nm and continues beyond
the imaging range of the Hitachi KPF-
2A camera in 5 nm increments. This
imaging set must be interpolated to
produce a new data set corresponding to
the specific wavelengths obtained for
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our observed spectra above.
This is done by assuming linearity in the
USGS data set over each 5 nm segment
and interpolating a value for the
observed wavelengths obtained above.
This is a time consuming process, but
generally needs to be done only once for
each camera/slit/grating combination
because the pixel interval from the slit
image to a particular identifiable
Fraunhofer absorption band will be
constant. The interpolated Apollo 16
landing site data from the USGS are then
added to the worksheet as a separate
column adjacent to the observed
wavelength column. Typical column
assignments in the EXCEL worksheet
are: A=wavelength numbers calculated
from pixel values along the x-axis;
B=interpolated USGS calibrated Apollo
16 landing site values corresponding to
each wavelength in Column A;
C=greyscale values of the spectrum of
the observed lunar feature; D-greyscale
values of the spectrum of the observed
Apollo 16 landing site; E=result of
dividing Column C by Column D;
F=result of multiplying Column E by
Column B. A plot of Column F yields
the calibrated reflectance/continuum
curve for the observed lunar feature.
This process is described in more detail
below.

Generation of Spectral Reflectance/
Continuum and Derivative Curves for
the Observed Lunar Feature

Using the same EXCEL worksheet, the
column containing the result of division
of the observed lunar feature greyscale
values by the observed Apollo 16
landing site greyscale values is
identified.    The  result for each
wavelength is now multiplied by the

interpolated USGS Apollo 16 landing
site calibrated spectra which was added
to the worksheet as described in the
preceding section.

This result represents the spectral
reflectance/continuum vs wavelength
curve for the lunar feature under study
(Pieters CM, 1986, 1999 and 2000). This
curve is generated using the chart option
in EXCEL. The chart width should be
compressed and the chart height
lengthened to emphasize the spectral
features. A reflectance/continuum plot
for Tycho using a single pixel row
across the central peaks in 8 bit format is
shown in Figure 1-7a below. Figure 1-7b
is the result of averaging 14 rows of data
in 16 bit format. The noise reduction
resulting from row averaging and use of
16 bit format is very apparent in this
comparison.

Figure 1-7a

Single pixel row plotted

GEOLOGIC LUNAR RESEARCH SELENOLOGY TODAY # 7
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Figure 1-7b

Average of 14 pixel rows plotted
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The absorption trough shown above
reflects a mixture of central peak, impact
glass/crater floor, and possibly crater wall
spectra. There is mafic absorption near
1000 nm that is consistent with a high
calcium pyroxene such as occurs in
gabbro (Tompkins et al., 2001; Pieters and
Tompkins, 2005). However, the trough is
more broad than would be the case if the
spectra represented only central peak
material (Tompkins et al., 2001)
consisting mainly of gabbro. The position
of the slit for Tycho is shown in Appendix
1-3.

In addition to use of a simple
reflectance vs wavelength plot, it is
sometimes also useful to create a plot of
the first derivative of reflectance vs
wavelength (Singer and Geissler, 1988).
This technique has been used in the
analytical chemistry community since
the 1950s, but has recently been used in
terrestrial and lunar geology.

   It measurese he slope of the reflectance

   curve and   its main  utility   has  
been to better separate adjacent and
overlapping spectral peaks. 1st, 2nd, 3rd,
4th and even higher derivative plots can
be made. Peak or trough centers can
often be accurately determined using the
2nd derivative and higher derivatives. To
create a derivative plot it is necessary to
first curve-fit a function (typically either
polynomial or trigonometric) to the
spectral data after application of a
smoothing spline. The 1st derivative (or
higher derivatives) can then be
calculated. Freeware is available to
approach this mathematical problem
u s in g E X C E L 
w w w . x lx t r f u n . c o m / X l X t r F u n /
XlXtrFun.htm, however derivative plots
used in this paper were created using
TableCurve2D (see www.systat.com).

The result of applying a curve-fit
function to spline smoothed data for
Figure 1-7b is shown in Figure 1-7c
below. The r2 value for the curve-fit was
0.9853. The 1st, 2nd and 4th derivative
plots for the curve-fit data are shown in
Figures 1-7d through 1-7f below.

Figure 1-7c

Figure 1-7d
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Figure 1-7e

Figure 1-7f

Derivative plots for the 2nd derivatives
and higher can better define peak band
centers and reveal hidden previously
unsuspected minor peaks. The 5th

derivative is often cited as being the
most accurate, but could not be
reproduced with the software used here.
In order to achieve better spectral
correlation specifically with Clementine
data, it is also possible to convert the
initial spectral reflectance/continuum
curve to bidirectional reflectance (Yu G,

Kaydash VG, et al., 1999). This can be
done by converting the observed spectral
data for the lunar feature and the
observed spectral data for the Apollo 16
landing site to standard geometry (phase
angle 30 degrees, emission angle 0
degrees). This will have the effect of
multiplying the observed reflectance/
continuum curve by a constant and will
not change the shape of the curve.
To summarize, this section demonstrates
a technique that amateur astronomers
can use to quickly assemble a very
capable low resolution spectrograph
suitable for lunar spectral studies. It then
describes a basic methodology by which
this spectrograph can be used (in
conjunction with a small backyard
telescope and a videocamera with
extended NIR capability) to obtain the
spectra of mafic mineral components of
lunar features. Because spectral
imaging was done at low power, slit
spectra were not intended to be specific
to crater walls, crater floors, central
peaks, or specific areas of impact melt.
Rather, the intention was to obtain a
combined general spectra of the crater
which doubtless contains elements of
many of these features. Future work
done under higher magnification will,
however, be capable of obtaining spectra
specific to these crater subregions.
Interpretation of recorded spectra is
based mainly on the presence and
character of mafic absorption between
900 nm and 1100 nm. Deposits of pure
anorthosite can be distinguished as can
deposits of low calcium pyroxene
(orthopyroxenes) such as norite. Pure
anorthosite shows no absorption trough
in the 900 to 1100 nm wavelength band.
Norite shows an absorption trough that
is shifted toward 900 nm. Quenched
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impact melt glasses tend to have broad
absorption troughs that are rich in either
iron, titanium or both. Iron rich glasses
have broad troughs between about 950
and 1000 nm. Although high calcium
pyroxenes (clinopyroxenes) such as
gabbro and olivine rich deposits show
prominent absorption troughs near 1000
nm, these are difficult to differentiate
from each other without measuring the
spectral response at 2000 nm. Olivines
have no absorption trough at this
wavelength. Concentrated olivine
deposits , however, usually have
absorption troughs at wavelengths
shifted beyond 1000 nm, toward 1100
nm. Ilmenite, a high titanium volcanic
basalt, has a broad absorption band
between about 500 and 600 nm. At
present there does not appear to be a
correlation between the titanium
concentration of the ilmenite and the age
of the basaltic lava.
Th e s ect ion desc r ibes a bas ic
methodology by which the obtained
spectra can be calibrated to produce an
accu ra t e re f lec t an ce / co nt in uu m
spectrum which assists in the further
characterization of the mafic component.
Techniques involved in creation of
derivative spectra and their applications
are also described. Once the basic
technique is learned, the methodology
outlined above may be used to obtain
and interpret spectra from innumerable
lunar features. In addition, bands other
than the principal mafic absorption band
between 900 and 1100 nm may be
studied. Many minor pyroxene
absorption bands exist between 450 and
550 nm and many appear to have
received little attention in the literature.
These wavelengths are of interest
because they are more nearly free from

telluric band interference.   Recently,
reports of spectral observations at these
wavelengths have been reported for
asteroids including Vesta but few recent
citations are available for lunar features
at these wavelengths (Kaletzke et  al.,
2006).

Part 2: Multivariate Analysis of
Multiband Lunar Images

Multiband images are superimposable
lunar images of a feature taken at
different discrete wavelength bands. The
Clementine probe surveyed the lunar
surface using five band visible/nir
images taken at 415nm, 750 nm, 900
nm, 950 nm and 1000 nm as well as
other images further into the infrared.
Calibrated Clementine five band images
are available to the public at the USGS
map-a-planet website (see http://
pdsmaps.wr.usgs .gov/PDS/public/
e x p lo r e r / h t m l / m o o n p ic k . h t m ) .
Multiband images can be used to create
ratio and false color images that provide
insights into the mineral composition of
lunar features. They do not have the
spectral resolution of spectra obtained
with the slit/grating method discussed in
Part I of this paper, but they do provide
much greater spatial resolution than the
very small geographic area assessed by a
slit spectograph. A detailed discussion
of the creation and use of such images is
provided in a previous issue of
Selenology Today (Evans, 2006). For
example, mafic materials can be
identified by the presence and precise
wavelength of an iron absorption trough
between 900 nm and 1100 nm. For
example, the composite ratio image of
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Bullialdus crater shown below was
created from Clementine five filter
im ages by u s in g th e ch ann e l
as s ign m en ts R ed =750/900 n m ,
Green=750/1000 nm and Blue=750/950
nm. The individual ratio images were
created by performing a pixel division of
images taken at the respective
wavelengths. This mafic ratio image
shows a reddish coloration of the central
peaks of Bullialdus indicative of a low
calcium orthopyroxene such as norite.
The bluish green areas in the crater wall
are indicative of the high calcium
pyroxene, clinopyroxene, which is found
in lunar gabbro. These two minerals are
distinguished  by a slight shift in  the
location of the iron absorption band
which is detected by the composite ratio
images. In addition to creating and
studying ratio images, it is also possible
to perform multivariate statistical
analysis of multiband images. This type
of analysis can reveal previously
unsuspected correlations between pixels
within the multiband image group.
Powerful freeware is available which is
capable of such analyses .
(see http://www.microimages.com/
tntlite/.

Figure 2-1

TNTmips lite software can be used to
combine individual multiband images
into a multidimensional data hypercube
which can be processed to extract
spectral reflectance plots for any pixel
location. The data can be statistically
processed using many different
techniques to reveal previously
unsuspected information.    These
algorithms include supervised and
unsupervised statistical techniques.
Unsupervised algorithms such as
principal component analysis and self
organizing map classification rely on the
proximity of pixels to each other when
the five multiband images are mapped in
mathematical 5-dimensional space.
Spectral angle classification is a type of
supervised classification that matchs
pixels in the five Clementine image set
according to their degree of angular
proximity (in n-dimensional space) to a
user defined pixel cluster. Other
supervised classification algorithms
identify pixels with a strong correlation
to a user defined spectrum. These
algorithms include matched filtering
analysis, derivative matched filtering
analysis, adaptive matched filtering
analysis, and cross correlation analysis.
Obviously, these techniques improve as
the number of images in the data set
increases. They are especially useful
when a very large number of
narrowband filter images taken at
contiguous wavelengths is used (i.e.
hyperspectral imaging). However, they
are valuable even with a five filter data
set. Examples of supervised and
unsupervised classification methods
available in TNTmips lite are shown for
Bullialdus crater.
Figure 2-2a shows a false color
composite image created by assigning
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the first three principal component
images of Bullialdus crater to the red,
green and blue channels of a blank color
image. The principal component images
were created from the set of five
Clementine UVVIS/NIR images using a
P h o t o s h o p p l u g - i n ( s e e
www.re ind eergraph ics .com ) bu t
principal component images can also be
readily created within TNTmips lite.
One principal component image is
generated for each multiband image in
the data set, however higher number
principal component images tend to
represent most of the noise in the data
set. In fact, principal component analysis
has been used as one method of
removing noise from a dataset since it
does tend to segregate into higher
number principal component images.

Figure 2-2a

The combined principal component false
color image shows mafic features not by
their iron absorption trough, but by a
statistical grouping of similar pixels
across 5-dimensional space. The first
three principal component images are
shown respectively in Figures 2-2b, 2-
2c, and 2-2d.

Figure 2-2b

Figure 2-2c



page 17

GEOLOGIC LUNAR RESEARCH SELENOLOGY TODAY # 7

Figure 2-2d

Spectral angle classification is a
s up ervis ed mu lt iva r ia t e im age
classification algorithm which is similar
to principal component analysis. It maps
the Clementine five band image data to 5-
dimensional space, but then it performs a
match against a user defined pixel group.
Figure 2-3a shows a particular small pixel
grouping on the floor of Bullialdus crater
together with its spectral signature. The
image was generated in TNTmips lite.

Figure 2-3a

The spectral angle algorithm is used to
identify all other pixels across the five
image UVVIS/NIR Clementine data set
that are spatially related to the user
selected pixel group. A strong
correlation (i.e. match) is indicated by
darker coloration in Figure 2-3b.

Figure 2-3b

This algorithm shows the strong statistical
correlation of the user selected cluster
with other pixels on the floor of the crater.
Matched filtering algorithms select pixels
that have a strong similarity to a user
defined spectrum or to the spectrum of a
group of pixels selected by the user.
Figure 2-4a shows the matched filter
result for the same user selected pixel
cluster identified in Figure 2-3a . In
matched filtering, strong correlation is
indicated by brighter pixels.
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Figure 2-4a

The derivative matched filter algorithm
is quite similar to the matched filter
algorithm, however, the match is made to
the first derivative of the reflectance
spectrum. As discussed in Part I of this
paper, derivative spectra can be useful in
better distinguishing mixtures of
minerals having overlapping peaks.
Figure 2-5a shows the results of a
derivative matched filter algorithm
applied to the same pixel group on the
floor of Bullialdus that was defined
above. A strong correlation is shown by
darker greyscale values.

Figure 2-5a

Part 3. Calibration of User
Created Lunar Multiband Images

The Clementine calibrated UVVIS/NIR
images provide tremendous spatial
resolution, but some amateurs may want to
create their own multiband images by
using broadfilters with small telescopes.
This section discusses how to calibrate
such images and use them for the same
types of analyses that were outlined above
for Clementine calibrated images.
This section attempts a relative
calibration of five band spectral images
taken through a small telescope and
compares the results with Clementine
reflectance data. The method used is based
upon use of the Apollo 16 site and Apollo
16 laboratory speciman 62231 as
calibration standards. There is no attempt
to achieve an absolute calibration of the
five filter images by either correcting for
phase angles outside of the 20 to 50
degree range in which reflectance values
agree reasonably well with the standard
geometry used by Clementine, or by
correcting the photometric function for
lunar curvature effects that are present to
some extent in the telescopic five filter
images. The results of the relative
calibration are compared to Clementine
false color and ratio images.

Introduction
The Clementine orbiter took a series of
UVVIS and NIR filter images of the lunar
surface. These images were obtained at
standard geometry (i.e. bidirectional
reflectance with e=30 degrees and i=0
degrees). It took professional astronomers
years to achieve an absolute calibration of
these filter images. The absolute
calibration addressed not only radiometric
and photometric considerations but also
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relied on laboratory spectra of lunar soil
samples taken from the Apollo 16 landing site
(speciman 62231).

Details of the Clementine calibration are
given by Pieters (Pieters, 1999).

Comparisons of calibrated Clementine
UVVIS images with those of Earth based
telescopes were conducted by Opanasenko
(1999) who found systematic differences in
the absolute calibrations. Hillier et al. (1999)
also examined differences between telescopic
and Clementine reflectance values and
calcualted reflectance correction and phase
photometric correction factors applicable for
phase angles of between 0 and 85 degrees at
wavelengths between 400 and 1000 nm.

Original Clementine images covered quite
small geographic areas of the moon which
had fairly uniform angles of emission and
incidence.

Subsequent creation of larger mosaic images
combining multiple individual images was
quite labor intensive because of the need to
correct for the photometric effects of lunar
curvature and albedo variation across a larger
spatial area. (Robinson, 1999).

This study sought only to perform a relative
calibration of five filter images obtained at
prime focus using a 9.25 inch F10 Schmidt
Cassegrain telesope typical of instruments
available to amateur astronomers.

Images were obtained through broadband
filters with band centers located at 400, 750,
905, 950 and 990 nm.

The filters were obtained from Knight Optical
Inc. (http://www.knightoptical.co.uk/ ) and
have specifications listed in Table 3-1.

Five filter images of lunar features were
obtained at prime focus at phase angles
between of 20 and 50 degrees.

The Apollo 16 landing site was also imaged
as a calibration site during each imaging run.
Directional hemispheric reflectance data for
Apollo 16 site speciman 62231 was obtained
from the USGS PDS node (see http://pds-
geosciences.wustl.edu/missions/lunarspec/i
ndex.htm ).

Images were obtained in 8 bit bmp format.

Table 3-1

Band
Center
(nm)

Band
Width
(nm)

%
Trans-
missio

n

Filter Diame-
ter (mm)

400 40 45 25
750 40 75 25

905 45 75 25

950 70 75 25
990 70 75 25
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Relative Calibration of Filter Images
Lunar feature images were divided by

the average recorded greyscale value of
the Apollo 16 landing site for each of the
five filter wavelengths. Pixel divisions
were performed using the freeware
program ImageJ (http://rsb.info.nih.gov/
ij/ ). Directional hemispheric reflectance
values for each filter band center were
obtained from the USGS PDS node for
Apollo 16 speciman 62231. Each
reflectance value was divided by the
reflectance value for the 990 nm filter to
produce a calibration factor for each filter.
Results of the lunar feature image
greyscale value/average Apollo 16
landing site for each filter were multipled
by this calibration factor. Images were
then co-registered (aligned) to subpixel
accuracy using the freeware program
Blink Comparator available for download
at: (http://www.crysania.co.uk/trefach/
trefach_astronomy.pl ). The calibrated
images were then used to prepare false
color and ratio images for comparison
with Clementine results.

Preparation of False Color and Ratio
Images

Five filter images of both Tycho and
the Apollo 16 landing site were obtained
at a phase angle of 41.5 degrees during
the same imaging run and within a few
minutes of each other. The were pre-
processed as described above. Figure 3-
1a shows the result of this pixel division
for the 750 nm Tycho image. Figure 3-
1b shows the result of a ratio image for
Tycho obtained by dividing the 750 nm
image by the 990 nm image.
Except for co-alignment, ratio images
require no image pre-treatment as the

calibrations cancel out during ratio
image division (although pre-treatment
doesn’t have an adverse affect on the
result). The maturation ratio image is
used to analyze lunar soil maturation and
has channel assignments: red=750/415
green=750/1000 and blue 415/750 nm.
The mafic image is used to demonstrate
mafic features and has channel
a s s i g n m e n t s : r e d = 9 0 0 / 7 5 0
green=750/1000 and blue=950/1000 nm.

Figure 3-1a

750 nm

Figure 3-1b

750/990 nm ratio image
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Figure 3-1c

Clementine 750 nm

Figure 3-1d

Clementine 750/1000 nm ratio image

False color images of Tycho were
prepared by two sets of channel
assignments: 1) by assigning red=750
nm, green=990 nm and blue=400; and
2) by assigning red=990 nm,
green=905 nm and blue=400 nm.

These channel assignments are shown
in Figure 3-2a and 3-2b respectively.

Figure 3-2a

red=750 green=990 blue=400

Figure 3-2b

red=990 green=905 blue=400
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Figure 3-2c

Clementine r=750 g=1000 b=415

Figure 3-2d

Clementine r=1000 g=900 b=415

Mafic materials have a violet to blue
color in these false color images. The
crater and particularly its central peak
have indications of mafic composition in
this false color image set.

Figure 3-3a

Maturation Ratio Image

Figure 3-3b

Mafic Ratio Image

Figure 3-3c

Clementine Maturation Ratio Image
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Figure 3-3d

Clementine Mafic Ratio Image

Comparison of calibrated small telescope
five filter images to calibrated Clementine
false color and ratio images shows
reasonable correspondence of mafic and
soil maturation features considering that the
calibration of the telescopic images was
only relative and did not involve
corrections for phase angle or lunar
curvature.

Summary and conclusion

Performing a relative calibration of
small telescope five filter broadband
images against the Apollo 16 landing site
appears to be sufficient for demonstration
of mafic components and distinguishing
mature soils from more recently resurfaced
areas. Correspondence to Clementine
calibrated images appears reasonable
provided that the phase angle is between 20
and 50 degrees and the area imaged has
only moderate curvature (i.e. is not too
large or too close to the lunar limb). There

is substantial opportunity for future
refinement of calibration techniques for
these images. One possibility might to be
calculate a pixel by pixel value for the
emission and incidence angles from a
cylindrical projection of the image. Another
might be to apply the correction factors
discussed by Hillier et al (1999).
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Appendix for Part I.
Appendix 1-1: Spectra of Additional Lunar Features

1. Copernicus Crater (Rim Area):

Figure 1-8a

Average of 27 Pixel Rows Plotted

The reflectance/continuum curve of the wall of Copernicus demonstrates an absorption
trough near 1000 nm. This effectively excludes the possibility that the crater wall
consists of either pure anorthosite or low calcium pyroxene. The absorption trough near
1000 nm would be most consistent with a high calcium pyroxene gabbro or mixed
spectra containing some olivine component. Strong olivine concentrations show
absorptions shifted beyond 1000 nm, toward 1100 nm. However, unless spectra are
also obtained at 2000 nm then it isn’t possible to absolutely differentiate between a high
calcium pyroxene gabbro and material containing some olivine (troctolite). Olivines
absorb at about 1000 nm, but not at 2000 nm. High calcium pyroxenes have broad
absorption troughs at both 1000 and 2000 nm. Unfortunately, imagers capable of
recording spectra at 2000 nm are beyond the means of most amateur astronomers. It has
been well established that Copernicus contains abundant troctolite, an olivine containing
pyroxene (Pieters et al., 1993; Sunshine et al., 2001). The position of the slit for
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Copernicus is shown in Appendix 3.

A spline smoothed curve-fit and 1st, 2nd and 4th derivative curves of the reflectance/
continuum curve for the Copernicus rim area is shown below in Figures 1-8b and 1-8c
respectively.

Figure 1-8b

Figure 1-8c
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Figure 1-8d

Figure 1-8-e
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The 2nd and 4th derivative plots better define the center of the absorption trough area.

2. Theophilus (Central Peak Region):

Figure 1-9a

Average of 8 Pixel Rows Plotted

The spectra of the Theophilus central peaks demonstrates no absorption trough between
900 and 1050 nm. This would be consistent with a composition of nearly pure
anorthosite with little mafic material present (Pieters and Englert, 1993). This is
consistent with reports in the literature. Recently, however, there has been a report that
the central peaks may also contain some minor deposits of olivine (Pieters and
Tompkins, 1999; Peterson et al., 1997). The slit position for Theophilus is shown in
Appendix 3.

A spline smoothed curve-fit to the Theophilus data is shown in Figure 1-9b and the 1st

derivative curve for the data is shown in Figure 1-9c .
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Figure 1-9b

Figure 1-9c
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Figure 1-9d

Figure 1-9e
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The 2nd and 4th derivative curves show possible minor unsuspected troughs.

3. Aristarchus

Figure 1-10a

Average of 8 pixel rows plotted

The plot of Aristarchus in Figure 1-10a shows a typical high calcium pyroxene trough
near 1000 nm which is consistent with gabbro. The walls of Aristarchus are known to
contain significant amounts of gabbro and this is the likely source of the observed
spectral trough. Figures 1-10b and 1-10c below show the spline smoothed curve-fit to
the Aristarchus reflectance/continuum data and the 1st derivative spectra respectively.
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Figure 1-10b

Figure 1-10c
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Figure 1-10d
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Figure 1-10e

5. Mare Tranquillitatis spectra divided by MS-2 Spectra

Figure 1-11a and 1-11b

M. Tranquillitatis/MS-2 Site Linear Regression Fit
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When plotting mare basalt spectra, the usual procedure is to plot a relative reflectance
of the mare region of interest as compared to a standard reference mare area. The most
commonly used reference area for this purpose is in southeastern Mare Serenitatis and is
referred to as the MS-2 site (18.7 degrees north latitude, 21.5 degrees east longitude).
Figures 1-11a and 1-11b respectively show spectra recorded for Mare Tranquillitatis
divided by spectra taken from the MS-2 area. This method has been used to compare the
titanium and iron content of mare sites of interest relative to central Mare Serenitatis
(Pieters, 1978). This is done by assessing the 400 nm/560 nm ratio which is given by the
continuum slope (Figure 1-11b). Larger ratios indicate higher titanium content (but in a
non-linear fashion). In recent years, many complicating factors have been recognized
which have a significant bearing on reflectance results including basalt grain size and
iron content. Increasing lunar phase angle causes a shift of the ratio toward redder
wavelengths and for this reason spectra are usually only obtained at phase angles of
between 20 and 50 degrees where this effect is felt to be less of a problem. Taking a least
squares linear fit through the curve out to 650 nm (Figure 1-11b), the 400 nm to 560 nm
ratio is about 1.09 in each case which agrees closely with the value determined by
Pieters. This was felt to correspond to a titanium content of about 8 percent (Pieters,
1978).

Appendix 1-2: Wavelength Calibration Using Fraunhofer Lines

Fraunhofer lines are thin absorption lines found at specific wavelength locations along
the solar spectrum. The solar spectrum below, taken with the spectroscope described in
this paper using a 25 micron slit, a 200 nm transmission grating, and a Lumenera 075M
digital camera is shown below in Figure 1-12. The Fraunhofer lines are labelled.

Figure 1-12
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Because the moon is illuminated by reflected sunlight, lunar spectra contain the same
Fraunhofer lines and these absorption lines can be used to accurately calibrate
wavelengths along the x axis in reflectance vs wavelength plots. An example of a lunar
spectrum showing labelled Fraunhofer lines is provided in Figure 1-13 below.

Figure 1-13

Once the wavelength scale is calibrated, it will remain valid for the same spectograph
setup as long as the same instrumentation, slit, transmission grating, and imager are used.
Increasing the effective focal length of the telescope will not alter the spectral dispersion
or the wavelength calibration, but a smaller area of the lunar surface will be imaged.

Table 1-1 below shows the true wavelength of Fraunhofer lines used to calibrate the
spectrograph used in this paper in reference and compares them to calibrated values
obtained by noting the pixel position of the Fraunhofer lines on the spectral image.

Table 1-1

Fraunhofer Band Actual Wavelength
(nm)

Wavelength Calculated
from Spectral Image

(nm)

Difference (nm)

K 393.4 397.2 3.8
G 430.8 429.7 -1.1
F 486.1 486.1 0
b 518.4 518.6 0.2
D 589.6 583.7 -5.9
C 656.3 653.1 -3.2
B 686.7 685.7 -1.0

unlabelled band 719.5 716 -3.5
A 759.4 759.4 0



page 38

GEOLOGIC LUNAR RESEARCH SELENOLOGY TODAY # 7

Thus, wavelength calibration of the spectrograph was accurate to within a few
nanometers.

Appendix 1-3: Slit Image Location for Recorded Spectra of Tycho,
Copernicus and Theophilus

The locations of the 25 micron slit relative to the geography of the lunar features from
which spectra were recorded in this paper as well as for the Apollo 16 landing site are
shown in Figures 1-14, 1-15, 1-16, 1-17, 1-18 and 1-19 below. The slit appears as a thin
light colored line of medium brightness. Figure 1-14 shows the slit position for Tycho.
Figure 1-15 shows the slit position for Copernicus. Figure 1-16 shows the slit position
for Theophilus. Figure 1-17 shows the slit location for Aristarchus. Figure 1-18 shows
the slit position for central Mare Serenitatis. Figure 1-18 shows the slit location for the
MS-2 site. Figure 1-19 shows the slit location for Mare Tranquilitatis. Figure 1-20
shows the slit location for the Apollo 16 landing site (this image has been flipped
horizontally to provide an “atlas” view). The landing site location is marked with a small
white “x” near the tip of the slit image.

Figure 1-14 Slit location for Tycho
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Figure 1-15

Slit location for Copernicus

Figure 1-16

Slit location for Theophilus

Figure 1-17 Figure 1-18

Slit location for Mare Serenitatis MS-2 site
(approximate)

Slit location for Aristarchus
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Figure 1-19
Slit location for Mare Tranquilitatis

Figure 1-20

Slit location for Apollo 16 landing site (flipped horizontally from telescopic image)
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Appendix for Part 3: Additional Calibration Images

Theophilus Area

Figure 3-4a and 3-4b

750 nm 750/990 nm ratio image
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Figure 3-4c and 3-4d

Clementine 750 nm Clementine 750/1000 nm

Figure 3-5a and 3-5b

R=750 G=990 B=4100 R=1000 G=905 B=400
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Figure 3-5c and 3-5d

Clementine R=750 G=1000 B=415 Clementine R=1000 G=900 B=415

Figure 3-6a and 3-6b

Maturation Ratio Image Mafic Ratio Image
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Figure 3-6c and 3-6d

Clementine Maturation Ratio Clementine Mafic Ratio

Piccolomini Area

Figure 3-7a and 3-7b

750 nm 750/990 nm ratio image
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Figure 3-7c and 3-7d

Clementine 750 nm Clementine 750/1000 nm ratio image

Figure 3-8a and 3-8b

750, 990, 400 (RGB) 990,905,400 (RGB)
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Figure 3-9a and 3-9b

Maturation Ratio Image Mafic Ratio Image

Figure 3-9c and 3-9d

Clementine Mafic Ratio Clementine Mafic Ratio
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Brief History of Lunar
Spectroscopy

Richard Evans
Geologic Lunar Research (GLR) group

In 1666, Isaac Newton showed that
white light is composed of a continuous
spectrum of many colors. Although it
had long been known that a prism
produced a rainbow of colors from white
light, many had believed that the prism
was modifying rather than analyzing the
white light. Newton disproved this by
demonstrating that any of the colors
produced by a prism could not be further
changed by passing them through a
second prism. Newton also placed a
prism just before the focus of his
reflector and was able to view the
spectrum of the sun and Venus as
elongated continuous spectra. In
subsequent years, progress was made in
adapting prisms for use with telescopes
and the first objective prism was made in
the 1770s by Alexis-Marie Rochon. In
1800, William Herschel discovered
infrared light by shining spectra
produced by a prism onto a
thermometer. He noted that the highest
temperature increase was associated
with spectra beyond the red color band.
The next leap forward came in 1814
when Josef von Fraunhofer, a specialist
in creating optical glass of exceptional
quality, discovered 574 dark lines in the
solar spectrum. He built a 10 cm
telescope with a 37 degree objective
prism and was one of the first to use a
clock driven equatorial mount. With this
early spectroscope he also studied the

spectra of the moon, Venus, Mars, and a
number of bright stars including Sirius.
Astronomical spectroscopy was born
with his realization that the pattern of
dark lines present in stars like Sirius was
different than those that he observed in
the sun. The new budding science
suffered substantially when Fraunhofer
died of tuberculosis in 1826 at the age of
only 39.

Figure 1 Fraunhofer lines in solar
spectrum imaged by the author

In 1859, Gustav Kirchhoff and Robert
Bunsen solved the mystery of the
spectral lines described by Fraunhofer
(Schellen, 1872). They discovered that a
hot solid object (or a hot liquid or a gas
under high pressure) produces a
continuous spectrum; that hot gases
under low pressure produce unique
bright emission lines characteristic of the
atoms and molecules in the gas; and that
the spectrum of a cooler gas surrounding
the source of a continuous spectrum
shows characteristic dark absorption
lines. For the same gas, emission and
absorption lines produced as described
above will occur at identical
wavelengths and can be used to identify
particular elements or molecules. Years
later, with the development of the Bohr
model of the atom, the emission and
absorption lines were found to be due to
electron transitions.
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These discoveries by Kirchhoff and
Bunsen made it possible to identify
elements in solar and stellar spectra. In
1868, Joseph Lockyer and Pierre Jannsen
predicted the presence of a new
previously undescribed element (helium)
in the sun.

Figure 2 Author’s photograph of a
spectroscope slit and adjacent spectra
of a fluorescent light source showing
multiple bright emission lines.

Photographic recording of astronomical
spectra improved during the nineteenth
century as the Daguerreotype method
(1839) was replaced first by the
colloidion wet process (1851) and later
by dry photographic plates (1880s). The
latter were capable of recording features
fainter than the unaided eye could
discern. The first image of the moon
showing any features was made by John
William Draper in 1841. The
Daguerreotype process used required an
exposure of 20 minutes using a 12 inch
(30 cm) diameter telescope. However,
much could be done with even primitive
equipment and Henry Draper was able to
photograph the spectrum of Vega in 1872

using a 28 inch (71 cm) diameter
telescope. By 1880, Draper’s clock drive
allowed exposures of 50 minutes and he
was able to photograph the Orion nebula
(M42). Figure 3, courtesy of the
Smithsonian Institute archives, shows
Henry Draper with a small telescope
equipped for photography. He
subsequently improved the clock drive
and was able to obtain the spectrum of
the Orion Nebula and the spectrum of the
Tebbutt’s comet of 1881. Draper
eventually recorded the spectra of about
one hundred stars and began the
classification system which was later
further developed by Annie Jump
Cannon and Edward C. Pickering toward
the end of the nineteenth century and
which is still in use today. He also
photographed spectra of the moon,
Jupiter, Mars, and Venus.

Figure 3 Courtesy of Draper  Family 

                                                                 Collection, Archives Center, National Museum 

                                                                 of American History, Behring Center, 

                                                                 Smithsonian Institution.
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The addition of a “slit” to spectrograph
design and improvements in the precision
of diffraction gratings made by Henry
Rowland in the 1880s further advanced
spectral imaging of extended objects
such as the moon and planets. A
milestone in stellar spectroscopy was
achieved by Armand Hipppolyte Louis
Fizeau who discovered the doppler effect
for electromagnetic radiation in 1848 and
had additionally developed a method for
determining the speed of light (accurate
to within five percent of today’s accepted
value) in 1849. The work of Fizeau was
the basis of the measurement of the line
of sight velocity of the first star by
William Huggins in 1872 by determining
the red shift of spectral lines. In 1870, the
Earle of Rosse studied lunar light
reflected in the infrared and concluded
that its surface temperature reached 260
degrees Centigrade (the accepted value
today is about 282 degrees Centigrade).
Figure 4 (courtesy of the National
Maritime Museum in Greenwich,
England) shows an e laborate
astronomical spectroscope built in
England in the late 19th century for use
with a 15 inch refractor at a college in
Lancashire.

© National Maritime Museum, London
Figure 4 19 th Century astronomical
spectroscope, courtesy National
Maritime Museum, London.

Although the existence of the lunar
regolith was predicted by infrared studies
of the moon in 1948, technological
advancements produced little progress in
the interpretation of lunar spectra prior to
the 1960s. Lunar spectra were simply
viewed as reflected solar spectra since no
differences in the number or wavelength
of Fraunhofer absorption bands was
present. In 1968, John B. Adams wrote a
landmark paper in Science in which he
described the spectral identification of
various lunar minerals containing iron by
the presence of an absorption trough near
1000 nm (Adams, 1968). This method,
capable of identifying various lunar
pyroxenes and olivine, has been used
successfully for many years. The return
of lunar samples in 1969 enabled
laboratory analysis of lunar minerals and
provided a basis for better calibration of
t e lescop e based sp ect ros copy .
Technological advances in spectroscope
design, filter construction and the advent
of CCD imaging have enabled a rapid
advance in lunar geologic studies. In
particular, remote sensing using
individual interference filters or tunable
filters has facilitated imaging at discrete
wavelengths of light and has greatly
increased spatial resolution in spectral
studies of the lunar surface. Since the
1990s sophisticated lunar probes such as
Clementine, Galileo, and Lunar
Prospector have added substantially to
our understanding of lunar composition.
Such probes eliminate the problem of
spectral absorption caused by the Earth’s
atmosphere which makes terrestrial
telescopic imaging at ultraviolet and
infrared wavelengths difficult or
impossible. They have also provided
images of unparalleled resolution. Major
contributors to our understanding of
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unar geology using spectroscopy and
remote sensing techniques (Pieters and
Englert, 1993) over the course of the
past several decades include Tom
McCord, Carle Pieters, James Head,
Bernard Hawke, and Paul Lucey, as well
as a new generation of planetary
astronomers trained by them.

Figure 5 Author’s spectral plot of
Copernicus showing an iron absorption
trough near 1000 nm
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THE MOON OCCULTS SATURN

An overview

by Maria Teresa Bregante, Alexander Wöhler, Rafael Benavides, Simone Bolzoni,
Cristina Cellini and Raffaello Lena—Geologic Lunar Research (GLR) group

Introduction

On May 22, 2007, shortly after sunset, we have observed a very particular astronomical
phenomenon: the occultation of Saturn by the Moon.

Saturn is the sixth planet from the Sun. It is a gas giant, meaning it is primarily consists
of gas with a solid core and does not have any solid ground. It is surrounded by large
rings made of ice and rocks. Saturn is flattened at the poles (see Fig. 1) – its equatorial
diameter is larger than its polar diameter because it rotates very quickly. Saturn is the
only planet in the solar system whose density is less than the density of water. Hence, if
Saturn was placed in a large pool of water, it would float on it. Saturn has many moons,
thirty of which have names, while the rest has remained unnamed. The nine moons
discovered before the Voyager flybys in the 1980s are called Titan, Rhea, Iapetus, Dione,
Tethys, Enceladus, Mimas, Hyperion, Phoebe and Janus.

Fig. 1 Saturn. Image taken by Raffaello Lena on April 9, 2007 at 20:40 UT with a 13
cm TMB refractor and a Webcam ToUCam Pro.
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Our satellite, the Moon, in its fast orbital movement around the Earth, has passed in front
of the famous “ringed planet” hiding it from our sight for an hour or more. The event
could be observed with binoculars or with the help of a small telescope, which has
rendered the phenomenon easily observable.

Saturn moves through the constellations very slowly, in an unperceivable way for the
human eye; it employs in fact 29.45 years to complete an orbit around the Sun. The
Moon instead completes an orbit around the Earth (a sidereal month) in 27.32 days.
During each sidereal month therefore a conjunction between the fast Moon and the
slower planets occulrs, in a cyclical game of overtaking.

Only very rarely it happens that the Moon and the planets are aligned along our line of
sight, such the usual “dubbing” also offers the unusual show of the celestial body passing
behind the apparent lunar disc. Accordingly it happened that the Moon at 19:39 UT
caught up Saturn, hiding it from our sight, and, after approximately an hour and 5
minutes later, finished the “overtaking”.

At 20:44 UT the planet reappeared from the opposite side of our satellite (the stated time
are valid for Rome and vary for other places). The Moon in this event was illuminated a
little less than half. Saturn disappeared behind the dark portion of the lunar disc and
became visible again along the edge of the illuminated portion (see Fig. 2).

Fig. 2
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It is always a pretty sight to watch the ringed planet slipping behind the Moon and then
re-emerging. The ingress occurred on the Moon’s dark limb and the egress on the bright
limb. The southern graze path crosses Canada, the Atlantic, Portugal and Africa.

Those north of this path have witnessed a full occultation. Unfortunately, observers in the
USA and the densely populated region of eastern Canada have been excluded since for
them, the occultation took place at daytime. There has been no northern graze path since
this would have been in space above the north pole. It was a daylight event for western
hemisphere observers and a night time event for those in the eastern hemisphere (see Fig.
3).

Fig. 3

Although the occultation took place in the early evening, the Sun was in the west-north-
western sky at both ingress and egress for the northern half of the United Kingdom.
Indeed, in Edinburgh, the planet has reappeared from behind the bright limb of the
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waxing crescent some 25 minutes before sunset. The south fares a little better, as in
London for example, the Sun has already set 20 minutes before the planet’s emergence.
A good seeing and a decent telescope has been needed in order to get the most of this
second occultation of Saturn in this year (the first occultation has been visible in march).
It has been very difficult because of the planet’s visual magnitude of +0.7.

On the occasion of this event, some images were taken by Raffaello Lena, Alexander
Wöhler, Cristina Cellini, Rafael Benavides and Simone Bolzoni of the GLR group. Their
images and the method used are reported in the following reports.

Simone Bolzoni –Italy

GLR group

The lunar occultation of Saturn, which occurred in the evening of 22nd May, was well
visible from my home in Busto Arsizio, northern Italy. I have taken some avi videos of
the event using a Schmidt-Cassegrain 8" telescope, a 2x Barlow, and a webcam Philips
Toucam Pro II, particularly during the ingress and egress of the planet (see Fig. 1). The
first sequence (ingress) was taken in two phases:

1. First of all, thanks to the good seeing, I obtained a 500 frames video of the planet,
some minutes before the occultation, and I have processed it in a way to take the first
image of the sequence. For the processing I used Registax, to align and stack the images,
and then Corel PhotoPaint to correct brightness, colours and details. At the
“disappearance” I have taken a complete avi video, with 15 frames per second. The
other sequence images were taken from this second video, choosing 20 frames every 100
ones, obtaining an interval of 6.6 seconds between the images. But, processing 20 frames
only the images of the planet were noisy. I had the idea to optimize each one with the
first, the best one. So, I increased the brightness of each sequence image, then I add the
best Saturn image with the option "if darker" at 100%. With this method the results are
simply Saturn image like the first, but cut by the lunar limb profile (see Fig. 1 and Fig.
2).

2. The second sequence (at reappearance) was taken with the same method, and with the
same first best image of Saturn. The difference is that, in this case, I didn't increase the
sequence images brightness, because the Moon was already strongly bright (and the
planet quite weak). I add the best Saturn image with the option "if brighter" at 100%, in a
way those results are simply the Saturn images, cut from the bright lunar limb.
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Unfortunately, the sequence starts at half reappearance, because I shortly missed the
exact lunar limb position where the planet would be reappeared. Seeing was slightly
worse than at disappearance.

Fig. 1 Fig.2
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3. The third sequence (Saturn apparent motion behind the Moon) was taken with a 12cm
f/6 Newton telescope and a Canon 350D digicam at the prime focus, processing seven
different images: six of them with the moon overexposed, the last taken during the
occultation, for lunar details only. The six images were added with the option "if
brighter" at 100%, and the last at 50% with the option "normal", in a way to "mix fifty-
fifty" lunar details with Saturn images. The software used is Corel PhotoPaint, as usual,
for the last various corrections too.

Fig.3
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Alexander Wöhler – Germany

GLR group

Ingress (Fig. 1): Beginning of the occultation of Saturn by the night side of the Moon,
200 mm Newton reflector, f = 2800 mm, yellow filter Schott G 495, Lumenera LU075M.
The seeing was very poor. For each image, 100 subsequent video frames, acquired at 15
frames per second, were averaged. No further processing was applied since this would
have caused strong noise.

Fig. 1

Egress (Figure 2): Saturn "above" Mare Smythii and Mare Marginis, just after the end of
the occultation, 200 mm Newton reflector, f = 2800 mm, yellow filter Schott G 495,
Lumenera LU075M.
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Fig. 2

A next photomontage (Fig. 3) has been generated based on two images of the eastern
lunar limb and of Saturn which were acquired subsequently. This procedure was
necessary to cover the extremely high dynamic range of the scene, since the surface
brightness of Saturn is much lower than that of the Moon. The relative position of the
Moon and Saturn is metrically correct; it was determined based on structures visible at
the lunar limb in the original video images.

The Lumenera LU075M camera was run at 15 frames per second. For stacking the video
frames, the free software Giotto (http://www.videoastronomy.org) was used. As a
highpass filter, the Giotto Gaussian/Rectangular filter was employed with filter sizes of
9x9 pixels for the Gaussian component and 7x7 pixels for the rectangular component.
The filter strength was set to a value of 180. To reduce the brightness of the twilight sky,
a Schott G 495 yellow filter was used.



page 59

OCCULTATION SELENOLOGY TODAY # 7

Fig. 3

Rafael Benavides – Spain

GLR group

The equipment used was a Schmidt-Cassegrain Celestron 235 mm F10 and the
videocamera Mintron. Nothing else. I recorded videos of 125 images to 15 fps with the
capture software VirtualDub. The seeing was poor (4 on 10). I used Registax 4.0 in
default method and wavelets layer 1:1 in 35, and the rest with value of 1 in filter
gaussian.

The sequence is in http://img511.imageshack.us/img511/1968/4contactonh6.gif

Unfortunately due to technical problems, I could not see the occultation and I almost lost
the reappearance. Some sequences are reported in Figures 1-4 below.
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Cristina Cellini- Italy

GLR group

This was my 3rd occultation of Saturn. The first time, in 2001, I photographed it with my
digital camera in afocal method on my Meade ETX105. The second time (March 2007) I
used my Lumenera LU075C at prime focus of my Pentax 75 but I wasn’t completely
satisfied with the result.

After two trials I was quite sure that the right focal for this type of phenomenon was my
Lumenera LU075C at prime focus of my SC Meade LX200 12”.

I took one long movie of about 3 minutes for the beginning of the occultation and
another long movie for the end of the occultation. My telescope worked very well, so I
found the planet in the right field of the camera betwen 2nd and 3rd contact.

For my location (Ravenna –Italy) the times of the occultation were:

1st contact 19:33.14 UT

2nd contact 19:34.11UT

3rd contact 20:39.08 UT

4th contact 20:40.28 UT

I chose to set-up the camera according to the luminosity of the planet before the
beginning of the occultation and I left this set-up for all the occultation. Just before the
end of the occultation I took a 3rd movie with the right luminosity for the Moon.

In the next days I processed the three movies in two different modes. For the Moon I
used a normal processing with Iris setting in ”fit” mode, instead for the planet I used a
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different processing: I divided the movie in group of 30-40 bmp images and processed them with Iris in
“pic” mode. This method permitted me to process the file in RGB format. I chose one image for the
beginning of the occultation and three images for the end. For these three images I made a composite with
Paint Shop Pro X using the three images with Saturn well-exposed to which I overlapped the image with
the well-exposed Moon. Finally I balanced the final colour of each image.

Some sequences are reported in Figs. 1 (ingress) and 2-4 (egress) below.

Fig. 1: Ingress
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Fig. 3: Egress

Fig. 2 : Egress
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Fig. 4 Egress
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S a t u r n o c c u l t a t i o n :
Generating a semi-synthetic
high-dynamic range image of
Saturn near the lunar limb
by Raffaello Lena
Geologic Lunar Research (GLR) group

1. Introduction
This article describes the method used for
a full reconstruction of the occultation
during the ingress and egress phases.
Lunar images of the Saturn occultation
were taken on May 22, 2007, between
19:30 and 21:10 UT from Rome, Italy.
The seeing was estimated as III Antoniadi
and transparency as 3 (scale between 1
poor to 5 excellent). AVI films were made
using a 13 cm f/6 TMB apo Refractor and
a Lumenera LU 075 M camera at a
gamma of 1.0, with variable gain and
exposure times as described in section 2.
2. Material and Methods
2.1 Planet Saturn
The image of Saturn was obtained from
an AVI film made using a 5x Barlow lens
with a variable extension tube, a
Lumenera LU 075M camera set to 7.5 fps
at a gamma of 1.0, a gain of 17.00 and an
exposure time of 78 msec. After
alignment and stacking with the Registax
4.0 software package the raw image (937
frames stacked of 2000) was saved in
FITS format. The raw image was then
processed using the Iris 5.34 software
package with the following prompt
commands:
>mult 0.85
>mmse 500 2
>unsharp 1 3.5 1
>unsharp 1.5 2.5 1
>unsharp 2 0.5 1
>af3 10

Hence, it was a combination of a slight
low pass filter (mmse and af3 ) and
unsharp masks (three different iterations
for radius and contrast). The final image
was imported into Photoshop CS2 and
further processed using another unsharp
mask filter (amount 35%, radius 1.5
pixels, threshold 0) with a final
adjustment of the level. The final image,
saved as BMP format, is the Master
frame A, taken at 19:32 UT (see Fig. 1).

2.2 Saturn’s moons
The following procedure was used for
identification of Saturn’s moons. It should
be kept in mind that this method cannot be
used for any photometric application as it
is uncalibrated. AVI films of Saturn’s
moons were made at prime focus using a
13 cm f/6 TMB apo Refractor with a
Lumenera LU 075M camera set to 7.5 fps
at a gamma of 1.0, gain between 14.00
and 38.00, and exposure times of 32 msec.
It is important to select from several AVI
films the best settings to minimize over-
saturation as much as possible. After
alignment and stacking with Registax 4.0
the best raw image was processed in Iris
as follows:
>gauss 0.4
>Wavelets 7.5, 1.6, 1,1,1 remain 1.3

The resulting final image, saved as a
BMP file, was then imported into the
program AstroArt 3.0 for further
processing of the satellites, while the
planet Saturn will be, obviously, over-
saturated. The image was fine-tuned
using a low pass FFT filter (+3) with an
adjustment of the brightness and contrast
in order to minimize, as much as
possible, the blooming and the saturation
of the satellites. The image was resample
in order to fit the dimension of Saturn in
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Figure 1: (a) Processed image corresponding to Master frame A. (b) Raw image before processing.
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the Master frame A and saved in BMP
format, resulting in the Master frame B,
taken at 19:28 UT. The program Jupos
(http://jupos.privat.t-online.de/) and the
ephemeris, released in the web site http://
w w w . c o e lu m. c o m/ o n l i n e / c i e lo /
eff_saturno.html, was used for
identification of Saturn’s moons
regarding their orbital position.

The next processing step was the creation
of a composite image using Photoshop
CS2. This process creates two separate
layers assigned to the satellites (Master
Frame B) and Saturn (Master Frame A),
respectively. The Master frame B was
measured on the computer screen to
obtain, in units of pixels, the distances of
the satellites from the centre of the planet.
The image in Master frame A was selected
and an area corresponding to the globe of
the planet was copied by pressing “Ctrl-C”
and pasted onto the Master frame B by
pressing “Ctrl-V”. Accordingly, Photoshop
creates a new layer. The image was then
stretched and rotated to give the best
superimposition of the globe in Master
frame B, using the “move tool”. It was
obtained using, in the window of the new
layer, the “normal” mode and opacity of
60%. The best fit obtained with this
procedure was saved, increasing the
opacity of the new layer to 100%. It should
be pointed out that this method will give
an exaggerated extension of the satellites
disks also if they are located in the correct
orbital position and distances. An
adjustment can be done using the defocus
or eraser tool with a soft brush to soften
the edges of each satellite. The paint brush
should be used carefully with low radius.
Finally the layers were flattened into a
single image. This procedure, as
mentioned, is only used for a simple
“view” of Saturn’s Moons without any

further purposes. However there is plenty
of room for further experimentation in this
area (see Fig. 2).

2.3 Occultation ingress
A third AVI film was made with the same
settings as described in section 2.1. This
sequence shows the ingress of the planet
during the occultation. It was made
between 19:35 and 19:41 UT. The AVI
film (ingress. avi) was imported into the
program Virtual Dub and was then cut into
an AVI segment close to the ingress times
(first and second contact at 19:39:07 UT
and 19:40:01 UT, respectively, with an
elapsed time of 54 seconds). The AVI
segment was imported into the program
K3 CCD Tool, choosing some frames from
the complete frame list (Video Capture>
sequence processing). Each selected frame
(ingress_series.bmp) were then saved as
single images in BMP format, allowing the
next processing step as described in
section 3.1 (see Fig. 3).
2.4 Occultation egress
A fourth AVI film was made with the
same settings as described in section 2.1.
This sequence shows the egress of the
planet after the occultation. It was obtained
between 20:42 and 20:45 UT. The AVI
film (egress.avi) was imported into the
program Virtual Dub and was then cut into
an AVI segment close to the egress times
(third and fourth contact). The AVI
segment was imported into the program
K3 CCD Tool, obtaining several selected
frames (egress_series.bmp) as described
in section 2.3.
A fifth AVI film was taken at 20:55 UT,
acquiring the sequence at 30 fps because
of degrading seeing, particularly evident
close to the lunar limb. A lower exposure
time and gain were used.
After alignment and stacking with the
Registax 4.0 software package (32 multi-
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Figure 2: An image of Saturn’s moons, obtained using the method described in section 2.2.

Figure 3: Some raw images (reduced in
dimension) of the ingress_series (cf. section 2.3).
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alignment points of 64x64) the raw image
(100 frames stacked of 1554) was saved
as a FITS format and then processed with
Iris 5.34, using a deconvolution filter.
This filter attempts to restore the original
image information based on an
approximate estimate of the modulation
transfer function of the atmosphere. Due
to evident degradation of the image the
best result was obtained using a Van
Cittert deconvolution algorithm with a
Gaussian PSF with a radius of 2 pixels
and 22 iterations. Also if the raw image
was blurred by poor local seeing at the
time of the acquisition, it was sufficiently
restored to crispness in Iris. The
following prompt commands were used:
>mult 0.8
>vancittert 2 22
>gauss 0.4
>wavelets 8.4, 2, 1, 1, 1 remain 0.88
>blur 0.7
>mmse 2500 2
>crisp 0.30
>crisp 0.15
>af3 10
The processed image was imported into
Photoshop CS2 and further processed
with a smart sharpen filter (amount 35%,
radius 2.1 pixels, setting on remove
Gaussian Blur) with an adjustment of the
level. The final image, saved as BMP
format, is the Master frame C. It was
used for the next processing step as
described in section 3. This procedure is
necessary in order to compensate for the
strong difference in luminosity between
the lunar limb and the planet during the
egress phase.

A sixth AVI film was taken at 20:58 UT
on Saturn using the same settings as
described in section 2.1. After alignment
and stacking with Registax 4.0, the raw

image (800 frames stacked of 1850) was
saved as a FITS format. It was then
processed using Iris as described in
section 2.1 (Master Frame D). A sample
is shown in Fig. 4.

3) Generating a semi-synthetic high-
dynamic range image of Saturn near the
lunar limb

3.1 Reconstruction of the ingress
For this work I selected 5 separate frames
of the ingress_series.bmp. The selected
frames of the ingress_series.bmp and the
Master frame A were imported into
Photoshop CS2 in order to obtain
composite images. This process creates
two separates layers assigned to each of
the ingress_series frames (ingress_frame
1 to ingress_frame 5) and Saturn (Master
Frame A) respectively. The image of
Master frame A was selected and an area
corresponding to the globe of the planet
was copied by pressing “Ctrl-C” and
pasted onto the ingress_frame 1 by
pressing “Ctrl-V”. Accordingly, Photoshop
creates a new layer. It is important to align
each layer obtaining the best
superimposition of the globe in Master
frame A onto the correct position of globe
in the ingress_frame 1. It was obtained
using the “move tool”, reducing the
opacity (30%) and fill (86%).
Two different layers were blinked in order
to verify the correct fit. The dark side of
the lunar limb over Saturn was accurately
fitted and the presence of eventual
dishomogeneous sectors were corrected
using a hard paint brush with low radius
and opacity of 88%. Finally the layers,
reported at initial opacity and fill of 100%,
were flattened into a single image.
This method was used for all others
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4a
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4b 4c

4d

Figure 4: (a) Some raw images (reduced in dimension) of the egress_series as described in section
2.4. (b) Master frame C. (c) Procedure of superimposition described in section 3.2. (d) Master frame
D.
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frames of the ingress_series repeating the
same procedure. The single final images
were saved as BMP format
(final_ingressprocessed.bmp). The
single images may be easily co-registered
also using Registax 4.0, with an
alignment and optimizing process. At the
end of the process, and after the
optimization, Registax allows the
creation of an AVI film.
An animation may be obtained with
Photoshop Image Ready. An animation is
a sequence of frames which is displayed
over time. Each frame varies slightly
from the preceding frame, creating the
illusion of movement when the frames
are viewed in quick succession. The
previously chosen images are our frames
that we want to view in quick succession.
It is important to align each layer
containing the processed single frames of
the final_ingressprocessed.bmp series.
Finally a delay was assigned to each
frame and a looping was specified so that
the animation runs continuously. The
film was saved in PSD format to
maintain all layers disjoined and to
preserve the maximum possibility of
modification and enhancement. An
animated GIF was created easily using
Photoshop Image Ready (ingress.gif)
(see Fig. 5).

3.2 Reconstruction of the egress
The select ed frames of the
egress_series.bmp, the Master frame
C, and the Master frame D were
imported into Photoshop CS2 in order to
obtain composite images. This process
will create three separates layers assigned
to each of the egress_series frames,
Saturn (Master Frame D) and correctly
exposed lunar limb region (Master

frame C) respectively. The globe of the
planet in Master frame D was selected,
then copied by pressing “Ctrl-C” and
pasted onto the egress_frame 1 by
pressing “Ctrl-V”. Accordingly,
Photoshop creates a new layer. It is
important to align each layer obtaining
the best superimposition of the globe in
Master Frame D onto the correct position
of the planet in the egress_frame 1, as
described in section 3.1. To align each
layer, the capability of Photoshop to
reduce opacity and fill were used. These
two different layers were then blinked in
order to verify the correct fit, and at the
end of the superimposition the opacity
and fill were set to 100%.
Furthermore, the image in Master frame
C was selected, copied by pressing “Ctrl-
C” and pasted onto the preceding image
composed of the two preceding
superimposed layers. Photoshop creates a
third layer. The image in Master frame
C was then stretched and rotated to give
the best fit with the over-exposed lunar
limb for each of the egress_frames series,
using the “move tool”. Several features
and central peaks of craters situated on the
limb were used as appropriate reference
points. In order to improve the visibility
of the lunar limb in the composite mosaic,
the third layer was processed using another
unsharp mask filter (amount 35%, radius
1.5 pixels, threshold 0) while the settings
of this layer were chosen as “multiply”
mode, opacity at 75% and fill at 90%.
Finally the layers were flattened into a
single image, obtaining the image :
final_egressprocessed1.bmp.
The eventual presence of dishomogeneous
sectors in bright limb and in dark sky was
then corrected using a paint brush, with a
case by case approach. The same
procedure was used for all selected frames
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Figure 5: Sequence of the ingress using the method described in section 3.1.
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of the egress_series. The single final
images, which are composed of three
flatten layers, were saved in BMP format
(final_egressprocessed(n).bmp). An
animation was obtained with Photoshop
Image Ready as described in preceding
section. The animation was saved in PSD
format, to maintain all layers disjoined and
to preserve the maximum possibility of
modification and enhancement. Then an
a n i m a t e d G I F w a s c r e a t e d
(final_egressprocessed.gif) showing the
lunar occultation phenomenon in a semi-
synthetic high-dynamic range image of the
planet during the egress from the lunar
limb (see Figs. 6 and 7).

4. Creation of a video clip

A video clip of the different sequences,
including AVI, gif, BMP images and
slides, may be obtained with the program
Nero Start Smart. In the “start smart”
menu, the command “Make your own
video” was selected. Here, following the
steps, slides may be created. The video
files and the generated slides are imported
as single segments. Each segment is then
joined, exported and saved as a new
MEPG (mpg) video file. Moreover,
following the steps in the NERO Start
Smart program, it is possible to edit the
file using existing templates, including 3D
effects, dissolvence and music. As a final
goal I created an autorun DVD, the last
stage is burning it onto disc. The video clip
may be read in a DVD player and watched
on the television screen (Fig. 8). A
medium quality version of the video clip,
without music, is publicly released at:

http://v ideo.l ibero.i t/app/play/index.html?
id=b567a7b359197d24f02062d5d99bec17

A complete video clip and a DVD (90
Megabyte) has been stored by the author
(for contact email lena@glrgroup.org).

5. Conclusion

This article has described the methods
utilized for the reconstruction of the
examined occultation of Saturn by the
Moon. Several high-resolution images are
presented which show the ingress and
egress phases. The frames were processed
with the method of composite images,
using Photoshop CS2 to generate different
layers. A second approach was used to
generate a semi-synthetic high-dynamic
range image of the planet during the egress
from the lunar limb. This complex
procedure is necessary in order to
compensate for the strong difference in
luminosity between the lunar limb and the
planet during the egress phase. The
processed images are also used to create
short animations and a final video clip of
the occultation. The proposed method may
deserve further experimentation and
implementation.
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Figure 6: Sequence (reduced in dimension) of the egress using the method described in section 3.2.
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Fig 7a
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Figure 7: (a) Sequence (reduced in dimension) of some frames of the egress. (b) Complete view of a
frame of the semi-synthetic high-dynamic range image of Saturn near the lunar limb. All frames
were used for further animation (animated GIF file not included here).
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Figure 8: Selected shots of the final video clip.


