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Introduction: The Lunar Reconnaissance Orbiter 

(LRO) Lyman Alpha Mapping Project (LAMP) pro-

vides global coverage of both nightside and dayside of 

the Moon in the far ultraviolet (FUV) wavelengths 

between 57 and 196 nm [1]. The nightside observa-

tions use roughly uniform diffuse illumination sources 

from interplanetary medium Lyman-α sky glow and 

UV-bright stars so that traditional photometric correc-

tions do not apply. In contrast, the dayside observa-

tions use sunlight as the illumination source where 

bidirectional reflectance is measured. The bidirectional 

reflectance is dependent on the incident, emission, and 

phase angles as well as the soil properties. Thus the 

comparisons of dayside mapping and nightside map-

ping techniques offer a method for cross-comparing 

the photometric correction factors because the observa-

tions are made under different lighting and viewing 

conditions. Specifically, the nightside data well con-

strain the single scattering albedo. 

In this study, we discuss the FUV wavelength de-

pendence of the lunar phase curves as seen by the 

LAMP instrument in dayside data. Our preliminary 

results indicate that the reflectance in the FUV wave-

lengths decreases with the increasing phase angles. 

This is similar to the phase curve in the UV-visible 

wavelengths as studied by Hapke et al. [2] and Sato et 

al. [3] using the LRO Wide Angle Camera (WAC) 

data, among other visible-wavelength lunar studies. 

Also, phase reddening at FUV wavelengths was ob-

served; at UV-visible wavelengths, such phase redden-

ing has been attributed to interparticle multiple scatter-

ing as the albedo increases [2, 3]. Finally, we report the 

derived Hapke parameters at FUV wavelengths for our 

study areas.  

LAMP FUV Phase Curve: The LRO LAMP in-

strument is a push-broom style FUV imaging spectro-

graph with a spectral resolution of 2 nm and standard 

spatial resolution of ~ 250 m/pixel. Nominally pointed 

nadir, LAMP provides repeated observation of the 

Moon, enabling accumulation of FUV signal and high-

er data quality over the regions of interest. LAMP data 

were radiometrically calibrated to give the radiance 

factor 𝐼/𝐹(𝑖, 𝑒, 𝑔), the radiance relative to a perfectly 

diffusing Lambert surface illuminated and viewed 

normally. Then the 𝐼/𝐹 were divided by the Lommel-

Seeliger function, 𝐿𝑆 = cos𝑖/(cos𝑖 + cos𝑒), to get the 

reduced reflectance, where 𝐿𝑆 is a common factor in 

the radiative transfer equation for the theoretical pho-

tometric functions of particulate media. 

To further improve signal/noise, we use 10 nm 

bandpasses combining five bins in the normal 2 nm 

products and lower spatial resolution (i.e., 4 km/pixel 

as compared to the standard 250 m/pixel) such that 

more photon events can be captured at each pixel for a 

given wavelength. The reduced reflectances at 165 nm 

against phase angles for sample mare and highlands 

regions are shown in Figure 1. For both sample mare 

and highlands, the reflectances decrease with increas-

ing phase angles. 

 Figure 2 shows the smoothed curves of reduced re-

flectances for 6 bandpasses together with the curves 

normalized at 15° for the sample mare and highlands 

regions, respectively. The phase curves have steeper 

slope at short wavelengths than the longer wave-

lengths, and this is so-called phase reddening [4]. We 

attribute this behavior to an effect similar to that pro-

duced by multiple scattering, but perhaps related to 

increased surface scattering, as in the FUV wave-

lengths, the reflectance lies in strong surface-scattering 

regime [5]. Also, our initial modeling tests indicate 

that the multiple scattering effects are negligible at 

small single scattering albedo values. 

Figure 1. LAMP FUV phase curves at 165 nm for sample mare 

and highlands regions. The points correspond to individual pixels 
that have varying albedos at the same angles. The data were 

smoothed with a 0.5° wide moving spatial filter indicated by the 

green curves. The regions of interest are outlined by the red box 
in the LROC Wide Angle Camera (WAC) global mosaic of the 

Moon overlain by LAMP nightside  Lyman alpha albedo maps 

with a transparency of 30%. 
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Figure 3. Hapke’s model fit for phase curves at 165 nm for mare 

and highland regions of the Moon (a portion of phase angles were 
used for the fitting due to the data quality matter). Red lines is the 

model fit using Levenberg-Marquardt regression analysis algo-

rithm. Green line is a running average 0.5 degree wide for com-
parison. 

Simplified Hapke Model: The full theoretical 

function for the bidirectional reflectance is [6]: 

This equation can be simiplified under many circum-

stances. For example, Hapke et al. [2] made a series of 

simplifications on modeling LROC WAC data: (1) 

porosity, K, was set to be 1 as it cannot be uniquely 

determined by remote sensing, (2) the parameter, c, in 

the two-term Henyey-Greenstein phase function was 

set as 1 since there are no phase angles larger than 

120° to detect forward scattering lobe of p(g), (3) the 

roughness parameter, S, was set to be 1 as the range of 

phase angles is insufficient to determine roughness. 

For modeling the LAMP FUV data, we followed the 

similar assumptions, and additionally we set the shad-

ow hiding and coherent backscattering to be 0 as the 

phase angles are larger than 15° in our data so that 

opposition effects can be ignored. Thus, the simplified 

Hapke bidirectional reflectance we used in this study is 

Dividing the bidirectional reflectance by π and the 

Lommel-Seeliger function to give the reduced reflec-

tance 

 
where 𝑟_𝑅𝑒𝑑𝑢𝑐𝑒𝑑  is equivalent to the LAMP reflec-

tance values plotted in Figure 1.  

Results and Future Work: Equation (3) was fit-

ted to the phase curves for the sample mare and high-

lands for each wavelength. The example fitting results 

at wavelength 165 nm are shown in Figure 3, and the 

derived wavelength dependent single scattering albedo 

and asymmetric factor in the single-particle phase 

function for the sample mare and highlands are listed 

in Table 1. These parameters will be used to perform 

better photometric corrections for LAMP FUV reflec-

tance data. Future work include deriving Hapke pa-

rameters of more refined mare and highlands areas and 

testing shadow hiding and coherent backscattering 

effects in FUV wavelengths when small phase angles 

are available in the areas investigated. 
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Table 1. Retrieved wavelength dependent Hapke parameters for 

sample mare and highlands (w is the single scattering albedo, and b 
is the asymmetric factor for single-particle phase function) 

Wave-

length 

(nm) 

134 144 154 164 174 184 

Mare 
w 0.092 0.085 0.079 0.065 0.061 0.058 

b 0.527 0.512 0.517 0.518 0.531 0.544 

High

lands 

w 0.087 0.083 0.075 0.060 0.058 0.060 

b 0.550 0.550 0.551 0.547 0.539 0.532 

𝑟 = 𝐾
𝑤

4𝜋

𝜇0

𝜇0+𝜇
{[1 + 𝐵𝑆0𝐵𝑆(𝑔)]𝑝(𝑔) + 𝐻(𝜇0)𝐻(𝜇) −

1} ∙ [1 + 𝐵𝐶0𝐵𝐶(𝑔)] ∙ 𝑆(𝑖,  𝑒,  𝑔)                             (1) 

𝑟 =
𝑤

4𝜋

𝜇0

𝜇0+𝜇
[𝑝(𝑔) + 𝐻(𝜇0)𝐻(𝜇) − 1]                 (2) 

𝑟_𝑅𝑒𝑑𝑢𝑐𝑒𝑑 =
𝑤

4
[𝑝(𝑔) + 𝐻(𝜇0)𝐻(𝜇) − 1]         (3) 

Figure 2. Phase reddening in the FUV wavelengths as observed 

by LRO LAMP. The top two panels show averaged reduced 
reflectances for all wavelengths (indicated by different colors) 

versus phase angle for sample mare (left) and highlands (right), 

and the bottow two panels show the same plots as above but 
normalized at 15° phase angle.  
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