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Introduction:  A number of investigations on lunar 

surface processes, crustal structure and evolution rely 
on lunar surface mineral maps [1-3].  Optical remote 
sensing is a common tool used for mapping lunar sur-
face mineralogy. Among all available methods for opt-
ical remote sensing, radiative transfer modeling has 
been widely used in recent years because of its advan-
tages over the empirical model [3-8], i.e. explicitly 
accounting for the spectral effects of particle size, 
space weathering and opaque minerals.  However the 
spectral effects of several other factors such as temper-
ature and surface roughness were not addressed in pre-
vious studies [7-13] though these factors were explicit-
ly taken into account in Hapke's models [13, 14]. With 
the expectation that addressing the spectral effects of 
roughness and temperature could increase the model 
accuracy for modeling lunar soil reflectance and esti-
mating mineral abundance [11-13], a radiative transfer 
model based on Hapke's radiative transfer theory has 
been implemented [13-17], in which the effects of 
temperature and roughness were accommodated.    
Here we report the progress of implementing this mod-
el and demonstrate its effectiveness of fitting two rep-
resentative mare spectra selected from the Lunar Soil 
Characterization Consortium  (LSCC) dataset [9-10].    

Methods:  The two representative spectra are sam-
ple 15071 with low TiO2 content and sample 71061 
with high TiO2 content.  Both samples have particle 
size 10-20 µm and the selection of this size range is 
based upon that the soil particle within this range con-
trols the optical property of lunar bulk soils [18].  The 
mineral modal abundances of these two samples are 
presented in Table 1.     
      A series of publications by Hapke and his co-
workers [13-17] have shown  that visible/near infrared 
spectra of mineral mixtures can be reproduced with a 
model parameterized with mineral optical constants (n 
and k), grain size, and the abundances of minerals (e.g. 
plagioclase, clinopyroxene, orthopyroxene, olivine, 
ilmenite and agglutinate) and space weather generated  
submicroscopic iron (SMFe).   In addition, Hapke [13] 
used the mean slope angle (�̅�𝜃) to describe the effect of 
lunar surface roughness on the bidirectional reflec-
tance. The effect of temperature on the bidirectional 
reflectance is computed as the ratio of the radiance (𝐼𝐼𝑠𝑠) 
emerging from samples surface to the irradiance of 
illuminating target samples (𝐽𝐽 ) [14]. Considering all 
these factors, a Hapke model describing the bidirec-
tional reflectance of lunar soils is written as: 
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where 𝜔𝜔𝑎𝑎𝑎𝑎𝑎𝑎  is the average albedo of all components 
calculated by equation (17) in [17];  𝜇𝜇0 and 𝜇𝜇  are co-
sines of incidence angle and emittance angle; 𝑔𝑔  is 
phase angle;  𝐵𝐵(𝑔𝑔)  is back scattering function calcu-
lated by equation (8.90) in [14];  𝑃𝑃(𝑔𝑔)  is the phase 
function of a single particle and can be calculated with 
equation (20) in [17];  𝐻𝐻(𝜇𝜇) is the multiple scattering 
function which was presented as equation (8.57) in 
[14]; 𝑆𝑆(𝑖𝑖, 𝑎𝑎,𝜓𝜓) is used to describe the spectral effects 
of roughness;  𝜓𝜓  is azimuth angle. If incidence angle 
is less than emittance angle, describing 𝑆𝑆 should use 
equation (12.50) in [14].  Given the specified incidence 
(30o) and emergence angles (0o) at which the two spec-
tra were measured, equation (12.54) in [14] was used 
for describing 𝑆𝑆. 
      The optical constants for clinopyroxene, orthopy-
roxene, and olivine were calculated with the Lucey’s 
method [19]. Optical constants for plagioclase, ilme-
nite, agglutinate and SMFe were derived from single 
scattering albedos that were calculated from the reflec-
tance spectra [14]. We assumed that refractive indices 
(n) of these four minerals did not change with wave-
length and particle size. The typical spectra for pla-
gioclase, clinopyroxene, orthopyroxene, olivine and 
ilmenite were downloaded from the USGS mineral 
spectral library. The representative spectra for aggluti-
nate and metallic iron were downloaded from RELAB 
at Brown University. 
      Because the spectra of samples 15071 and 71061 
were measured in the laboratory environment, the ef-
fect of roughness does not need to be considered, thus 
the discussion below will be focused on how the effect 
of temperature set around 300 k is modeled. 
 
Table 1 modal mineralogy used to create figure 1 (*[9]) 

Lunar soil sample Sample 15071 Sample 71061 
 Measured* Modeled Measured* Modeled 

Plagioclase, vol% 19.4 19.4 15.2 15.2 
Pyroxene, vol% 16.7 16.7 12.5 12.5 
Olivine, vol% 2.8 2.8 4.5 4.5 
Ilmenite, vol% 1.8 1.8 9.7 9.7 

Agglutinate, vol% 49.2 49.2 37.9 37.9 
Volcanic glass, vol% 4.1 -- 18.8 -- 

SMFe, mass% -- 0.002 -- 0.007 
Particle size, µm 10 ~ 20 18 10 ~ 20 4 
Temperature, K -- 293 -- 305 

 
Results and Discussion: For sample 15071, the 

modeled and measured spectra are shown in Figure 1 
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where fit errors between measured and modeled spec-
tra are less than 2%.  However, the spectrum modeled 
for the temperature effect has a lower fitting error than 
the spectrum for which the temperature effect was not 
modeled. 

 
Fig. 1. Comparison between modeled and measured 
spectra of sample 15071  

 
The modal mineralogy and abundances retrieved 

through modeling are listed in Table 1 showing the 
same values as measured.  While the modeled spectra 
match measured very well, they show relatively weak 
absorption strength than that of measured at 1.0 µm. 

 
Fig. 2. Comparison between modeled and measured 
spectra of sample 71061 

 
While the fit for sample 71061 shown in Figure 2 is 

not as good as that for sample 15071, the fit error at a 
wavelength location for this sample is not large 3% 
and within the range of the band standard error (0.1% 
~ 10%) for the LSCC measured spectra. The absorp-
tion strength at 1.0 µm for the modeled spectra is 
weaker than that of measured.  Nonetheless, the model 
accommodating the temperature effect did yield a bet-
ter fit than the model without modeling the tempera-
ture effect, and this observation is consistent with the 
case for sample 15071. 
      For sample 71061, large fitting errors do exist in 
the region 1.1 - 1.8 µm and beyond 1.9 µm.  One rea-
son is because volcanic glass was not considered in our 

model as shown in Table 1. The spectra of dark and 
orange volcanic glasses exhibit strong absorption at 
near 1.0 µm. The volume of volcanic glass is 18.8% in 
sample 71061, and a strong spectral effect of the two 
glasses should be expected. In future modeling work, 
the effect of volcanic glasses will be considered.     

Conclusions and future work:  Based on Hapke’s 
radiative transfer theory, we developed a model that 
can be used to reproduce visible/near infrared spectra 
of lunar mineral mixture with the input mineral abun-
dances, particle sizes and SMFe.  In this model, the 
effects of temperature and sample lunar surface rough-
ness were accommodated.  With the spectra of the two 
LSCC mare soils, we have shown that accommodating 
the temperature effect improves the model fit to the 
measured spectra, and the fitting errors is no larger 
than 3% that is within the standard deviation range of 
the measured spectra.  However, our model does need 
to be improved to achieve high accuracy in fitting the 
absorption depth of the measured spectra.  For sample 
71061, we propose to incorporate volcanic glasses in 
the future work. 
      Limited by the nature of lab measured spectra, the 
performance of our model for modeling the effect of 
lunar surface roughness cannot be examined.  This 
capability will be evaluated with Clementine visible, 
near and shortwave infrared image spectra.  If a good 
fit for Clementine image spectra can be achieved by 
our model, then our model will be implemented in the 
inversion mode with the aim to map lunar surface mi-
neralogy. Implementing this inverse model will be 
finished soon, and after this we will examine our mod-
el performance using the image spectra of Apollo sam-
pling stations acquired through the Clementine, Chan-
drayaan and SELENE missions. 
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