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Introduction: Interpreting images of a remote 

planetary surface requires an understanding of how the 
surface reflectance changes as a function of incidence 
(i), emission (e), and phase (g) angles. The science of 
planetary photometry [1] has enabled researchers to 
infer the physical and material properties of the surface 
from orbit based on these principles. The Lunar 
Reconnaissance Orbiter (LRO) has amassed a dense 
photometric library with the Wide Angle Camera 
(WAC) throughout the nominal and four extended 
science missions. These observations have been used in 
the past to create resolved Hapke parameter maps for the 
equatorial region of the Moon [2]. In this study, we use 
these observations to create empirical maps at set phase 
angles to analyze how the reflectance varies under 
standard lighting and viewing geometries. To create 
these maps, we derive a series of 100 meter per pixel 
maps of the coefficients that serve as inputs to an 
equation that describes the shape of the phase curve as 
a function of the lighting and viewing geometry. 

Methods: The WAC [3] has acquired nearly 
400,000 images of illuminated terrain. Each month the 
incidence angle beneath the spacecraft changes, 
providing a full range of incidence angles (0° to 90°; 
lowest value is at a particular location is set by latitude) 
over the globe. Additionally, the cross-track field of 
view (60° in color mode) varies the emission angles (+/-
30°) and thus phase angles (30° to 60°) across a single 
nadir observation. This geometry results in a rich 
photometric dataset (Fig. 1) enabling us to model the 
photometric response of the surface at a pixel scale of 
100 meters. 

 
Fig. 1: Photometric angles captured of a single point on the 

surface with the WAC (Lat: 6.00°S Lon: 349.64°E). 
 

For this study, we map-projected each WAC 
observation acquired between 2010-2021 with refined 

orbit determination solutions [4] for increased mapping 
accuracy. In addition, we calculated the local incidence 
and emission angles using the SELENE Terrain Camera 
(TC) + Lunar Orbiter Laser Altimeter (LOLA) merged 
digital elevation model (DEM) (designated as 
“SLDEM2015”) [5]. To maximize the number of 
observations for each point on the surface, we mapped 
the odd and even WAC framelets separately and did not 
merge the observations. 

We reduced the dense dataset using the empirical 
function described by Boyd and Robinson [6]: 

𝐿𝑆 =
cos(𝑖)

cos(𝑖) + cos(𝑒) 
𝐼
𝐹 = 𝐿𝑆 × 𝑒!!"!"##"!##"!$√#"!% %&'())"!& %&'(+)"!'%&'#(+) 

which is a smooth linear function that can be solved with 
least square optimization routines. While the seven 
parameters (a0 to a6) have not been related to physical 
characteristics of the regolith, the equation has proven 
to work with low-density data to describe the shape of 
the phase curve over a wide range of lighting and 
viewing geometries and normalizes datasets with low 
residuals [6]. The WAC has currently collected about 
400 to 750 observations per 100m pixel within 30° of 
the equator. After reducing the dataset to just the seven 
parameters, we can create maps over a wide range of 
standard photometric angles and compute ratio maps 
that illustrate the slope or curvature of the phase 
function. 

Results: Seven parameter (a0 to a6) maps along with 
the I/F(i=30, e=0, g=30) map and a set of ratio images 
depicting the slope and curvature of the phase function 
between 30° and 60° are shown in Fig. 2. Using the 
equation above, additional regional maps at other phase 
angles can be produced with the seven mapped 
parameters by altering i, e, and g. Furthermore, 
simulated images for testing terrain relative navigation 
can also be derived using the same technique.  

Use Case à Identifying Fresh Impact Craters): 
Prior studies [7,8] indicate the phase curve near newly 
formed impact craters has a higher slope than the 
surrounding terrain, consistent with an increase in 
photometric roughness and/or increase in the local 
porosity. With these new maps depicting the slope of the 
phase function, we can identify the fresh (youngest) 
impact craters (Fig. 3) by identifying localized areas 
with the highest ratio values.  

Discussion: The methods described above 
effectively reduce over a decade of observations into 
just seven parameters, which we can leverage to 
produce maps under almost any natural lighting 
condition. As seen by Fig. 1, some areas of the 
incidence, emission, and phase angle parameter space 
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are not fully characterized 
with the available data. These 
areas can be filled in with 
additional observations 
acquired with off-nadir 
viewing geometries.  

The smooth empirical 
function additionally reduces 
noise from the dataset and 
through interpolation enables 
stable Hapke parameter 
calculations spanning gaps in 
photometric coverage. The 
smooth empirical function 
additionally reduces noise 
from the dataset and through 
interpolation enables stable 
Hapke parameter 
calculations spanning gaps in 
photometric coverage. 
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Fig 2: (a-g) Seven parameter maps for a region 70 km across with Reiner Gamma in the lower left, Kepler in the lower 
right, and Aristarchus in the top center. (h) Normalized reflectance map: IoF(i=30°, e=0°, g=30°) (i) Phase slope map 
computed by taking the ratio of: IoF(30°, 0°, 30°)/ IoF(60°, 0°, 60°). (j) Phase curvature map computed by taking the 
second derivative: [IoF(30°, 0°, 30°)/ IoF(45°, 0°, 45°)]/ [IoF(45°, 0°, 45°)/ IoF(60°, 0°, 60°)]. 
 

Fig. 3: High-resolution view of the phase slope map: IoF(30°, 0°, 30°)/ IoF(60°, 0°, 60°). 
The central crater is at 18.72°N 305.27°E and is 3.6 km in diameter. The overlayed 
notations are the crater diameters of the fresh impacts corresponding to the bright spots 
in the map (higher phase curve slope). The insert is a NAC view of the fresh 205 m noted 
in the main map. 
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