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Introduction: We provide numerical methods 
for scattering and absorption of light in planetary 
regoliths composed of densely packed particles. 
These methods provide quantitative tools for 
modeling, for example, phase curves of airless Solar 
System objects (e.g., [1]). First, the photometric 
phase curves exhibit an opposition effect, a 
nonlinear increase of brightness towards the 
opposition on the magnitude scale [2]. The 
opposition effect becomes more pronounced for 
objects with intrinsically brighter surfaces. Second, 
the polarimetric phase curves exhibit a negative 
degree of linear polarization for unpolarized 
incident sunlight, that is, predominance of the 
intensity component parallel to the plane of 
scattering defined by the Sun, object, and the 
observer [3]. In 1980’s, the coherent backscattering 
mechanism has been proposed as an explanation for 
these phenomena [4,5]. 

 
Numerical methods: We provide novel 

numerical multiple-scattering methods that utilize 
incoherent interactions within the particulate 
medium. We incorporate rigorous electromagnetic 
interaction among the particle groups and introduce 
what we term incoherent interaction: the incoherent 
field of particle group A acts as the exciting field 
for particle group B and, after ensemble-averaging 
and generating the realization for particle group B, 
we obtain the incoherent scattered field of particle 
group B. 

First, we extend the numerical Monte Carlo 
method of radiative transfer and coherent 
backscattering (RT-CB, [6]) to the case of dense 
packing of spherical particles [7]. We adopt the 
ensemble-averaged first-order incoherent extinction, 
scattering, and absorption characteristics of a 
volume element of particles as input for the RT-CB. 
The volume element must be larger than the 
wavelength but smaller than the mean free path 
length of incoherent extinction. Second, in what we 
term radiative transfer with reciprocal transactions 
(R2T2, [8,9]), we derive the volume-element 
scattering and absorption characteristics using the 
Superposition T-Matrix Method (STMM, [10]), and 
compute its incoherent volume-element scattering 
characteristics. Using an order-of-scattering 
approach (resembling that in RT-CB), we then 
compute a numerical Monte Carlo solution for the 
scattering problem with an exact treatment of the 
interaction between two volume elements. We 
compute both the direct and reciprocal contributions 
along a sequence of volume elements, allowing us 
to evaluate the coherent-backscattering effects. 

Third, we extend the R2T2 method to nonspherical 
particles [11], by computing the incoherent volume-
element scattering characteristics using the Volume 
Integral Equation Method (VIEM, [12]). 

 
Results and discussion: We show that the 

dense-medium RT-CB and R2T2 solutions are in 
agreement with the exact STMM solutions for large 
finite systems of densely packed spherical particles 
[7-9]. We further show that the R2T2 solutions for 
discrete random media of nonspherical particles are 
in agreement with the corresponding exact VIEM 
solutions [11]. With the numerical methods at our 
disposal, we will offer modeling for the photometric 
and polarimetric phase curves of the main taxonomi-
cal classes. Finally, we will offer modeling for the 
UV-Vis-NIR spectroscopy of asteroid (4) Vesta 
[13]. In conclusion, in the sensing of airless Solar 
System objects, the novel numerical methods prom-
ise to introduce a paradigm change from qualitative 
to quantitative studies. 
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