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Introduction: Local lighting conditions affect the
appearance of the lunar surface and thus their geologic
interpretation. While photometric effects are well
understood under direct or “primary” illumination
conditions, interpreting the geology of Ilunar
permanently shadowed regions (PSRs) is complicated
by the fact that PSRs receive no direct illumination,
but only diffuse “secondary” illumination, which is
light reflected (scattered) from one portion of the
surface onto another [1].

To gain a better understanding of how secondary
illumination affects the appearance of albedo
contrasts, we used the Lunar Reconnaissance Orbiter
Camera (LROC) Narrow Angle Camera (NAC) [2] to
compare albedo features imaged under primary and
secondary illumination conditions. This work explores
a collection of long-exposure LROC NAC images of
equatorial craters acquired when the floor was in
shadow, paired with typical (~30° phase) NAC
images, to aid in the interpretation of images of polar
PSRs such as those from the ShadowCam instrument
[3] on the Korean Pathfinder Lunar Orbiter [4, 5].

Methodology: LROC NAC Observations of
Shadowed Terrain: We examined five equatorial
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craters (McMath A, Lalande A, Healy N, Markov, and
Kolhorster) imaged by the LROC NAC at high
incidence angles (>69°) and longer exposure times
(>20x longer than typical) to replicate secondary
illumination conditions in PSRs. NAC image mosaics
were constructed to facilitate comparisons between
primary and secondary illumination images using low-
and moderate-phase (~30° and 60°, respectively)
primary illumination images. All images were
orthorectified and controlled to minimize any image-
to-image offset.

Illumination Modeling: Knowledge of photometric
angles is crucial for comparing and interpreting
surface reflectance. Lighting conditions for terrain that
receives only secondary illumination, sunlight that is
reflected from nearby crater rims and massifs, are
distinct from those of a typical scene receiving direct
illumination from the Sun, which is essentially a point
source. Under primary illumination, each location
(pixel) has only a single phase angle, and phase angles
vary by only ~5° over the NAC field of view (~5 km).
However, under secondary illumination, each pixel
receives light from multiple angles. Thus we modified
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Figure 1. Examples of four fresh craters observed in both primary and secondary illumination. The high-reflectance ejecta of small,
fresh craters can in some cases be detected in both primary and secondary illumination, such as the examples within McMath A
crater (A, B) and Kolhorster crater (C, D). However, in many cases the high-reflectance ejecta of fresh craters observed in primary
illumination is not visible in secondary illumination, as seen in other examples within McMath A (E, F) and Healy N craters (G,
H).
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Figure 2. Characteristics of small fresh craters from the combined populations observed in McMath A, Healy N, Markov and
Kolhosrster. Fresh craters whose high-reflectance ejecta is visible in both primary and secondary illumination are shown as
blue squares; where the high-reflectance ejecta is observed in primary illumination but not in secondary illumination is shown
as pink triangles. A) The ratio of the reflectance of small crater ejecta to nearby background reflectance is shown for primary
and secondary illumination. B) The median secondary phase angle at each location vs. the ejecta/background reflectance ratio

in secondary illumination.

the illumination model of Mahanti et al. [6] to record
the full range of phase angles at each pixel, weighted
by the amount of light contributed from each direction.
We then use the median “secondary” phase angle at
each pixel, which can vary by ~20° over the NAC field
of view, for comparison with secondary reflectance.

Surface Features: Using the low-phase primary
illumination images, we identified two features of
interest, high-reflectance streaks and high-reflectance
ejecta deposits from small fresh craters; here we
highlight results for the fresh craters. The ejecta
deposits of these small craters provide albedo contrasts
of high-reflectance ejecta versus the more mature,
low-reflectance surroundings. These deposits can be
used to understand what level of contrast variations we
can expect to detect when imaging PSRs. Because the
visibility of high-reflectance deposits is highly
dependent on illumination conditions, we mapped the
fresh craters twice: first in secondary illumination and
then independently in primary illumination (~30°);
examples are shown in Fig. 1. Craters were mapped in
QGIS [7] and any crater with a diameter smaller than
3x the mapped pixel scale of the secondary
illumination image was excluded. The ejecta deposit
was defined as extending one crater radius from the
rim, while the region between two and three crater
radii from the rim was defined as the mature
“background” for comparison.

Results: We mapped 104 small fresh craters
within the interiors of McMath A, Healy N, Markov,
and Kolhorster. Overall we noticed that less than a
third of these fresh craters (n=29; 28%) had high-
reflectance ejecta deposits that were detectable in
secondary illumination (Fig. 2). Ejecta that has a larger
reflectance contrast with the background were more

likely to be identified as fresh craters in secondary
illumination. In primary illumination, 73% of the fresh
craters that had ejecta >30% higher in reflectance than
the background was also identifiable as “fresh” in
secondary illumination. When the ejecta is <30%
higher in reflectance than the background, only ~13%
of the fresh craters are identifiable in secondary
illumination. For both primary and secondary
illumination, all fresh craters detected have a contrast
between ejecta and background greater than ~10%.

While we examined several factors to understand
what controls whether or not a fresh crater is
identifiable in secondary reflectance, we see no clear
relationship between median secondary phase angle
(Fig. 2B). The percentage of craters detectable in
secondary illumination is approximately the same
across all median secondary phase angles and the size
and location within their host crater did not seem to
have an impact on their visibility. However, we note
that few craters are observed at median secondary
phase angles <80° (Fig. 2B), where, based on
comparisons with primary illumination phase curves,
we would expect reflectance contrasts, due to albedo,
to increase. This high degree of local variation in phase
angle and resulting visibility of albedo differences
highlights the importance of modeling the complex
phase angles observed in PSRs, where no images with
primary illumination are available for comparison.
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