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Introduction:  The OSIRIS-REx mission has re-

vealed a boulder-rich and dark surface for the B-type 
asteroid (101955) Bennu [1], presenting therefore a 
challenge for the reflectance modeling. With a estimat-
ed geometric albedo of 4.5% [2], Bennu is darker than 
many comets, and has its reflectance distribution domi-
nated by single-scattering processes, i.e.,  single-
particle scattering function and  shadowing effects due 
to microscopic-relief and particle size distributions.  

The general approach to model a dark asteroid’s re-
flectance distribution is to rely on the radiative transfer 
equation. It is assumed their surfaces to be packed by  
layers of totally diffusive particles and to apply a large-
ly approximative shadowing functions [3]. These two 
assumption can generally lead to parameters that may 
imprecisely describe the asteroid’s surface [4]. For 
example, many collected rough surfaces in nature have 
been shown to diverge from the standard Hapke shad-
owing function [5,6]. While the “totally diffusive” as-
sumption can even negate an important specular back-
scattering contribution of few percentages of mineral 
inclusion in the composition of the asteroid [7].  

Therefore, in hope to achieve a more complete pho-
tometric modeling out of Bennu’s scattering curve, we 
rely on the radiative transfer model of Van Ginneken et 
al. [8]. The model has the quality to be adaptive to dif-
ferent scattering laws and micro-relief distributions. It 
has successfully described the reflectance distribution 
for high reflectivity lab samples and also the lunar 
phase curve [9].  

 
Observations:  Our analysis focused on the Map-

Cam images obtaine as well as the OVIRS spectra at 
the same wavelength  range from data obtained during 
the Preliminary Survey phase (distance of ~20 km, 
December, 2018) and Equatorial Stations 1, 3, 4 & 6 
(May-June, 2019). We aim at determining the parame-
ters for each instrument to cross-check the results. 
MapCam is a medium-range camera with four  wide-
band filters ranging from blue (0.470 microns) to near-
infrared (0.860 microns). Its field of view (FOV) is 
0.068 mrad [10]. 

OVIRS is a VIS-NIR point spectrometer ranging 
from 0.4 to 4.7 microns. Every point spectra is ob-
tained in a circular FOV of 4 mrad [11]. 

Methodology:  The methodology consists of the 
following steps: 

a) The most recent NAIF SPICE kernels and  
1Million-facet Shape Model are ingested into a ray-
tracing code for rendering shadowed images for Ben-
nu’s surface. This makes possible to discount for the 
effects of macroscopic shadows, leaving only the sub-
facet texture to be modeled. These high-quality simu-
lated images are essential to obtain the geometric an-
gles (incidence, emergence, phase & azimuth) for eve-
ry facet & pixel. 

b) For every shape model facet we build a table 
containing the radiance factor measurements & geo-
metric angles gathered from all images and/or spectra. 
Then, every facet is represented by an Gaussian distri-
bution of relief slopes. Moreover, every relief scatters 
according to the Lommel-Seeliger law. 

c) We apply the Van Ginneken’s radiative transfer 
model to obtain the associated radiance factor to every 
facet. The model has two major components: the ana-
lytical expression for the specular reflection; and the 
numerically-integrated diffusive reflection. At total, the 
model has three parameters, plus the one more related 
to the single-scattering phase function (mono-lobe 
Henyey-Greenstein): w (single-scattering albedo), r 
(RMS roughness slope), g (specular-to-diffuse ratio) 
and ξ (asymmetric factor). 

d) Inverse problem:  For obtaining the global set of 
parameters (w, ξ, r, g) from imaging data, we first bin 
every image to reduce the data amount and local albe-
do fluctuations. We used the basin-hopping minimiza-
tion tool combined with L-BFGS-B algorithm from the 
Scipy.Optimize package to explore the best minimizing 
solution in the multi-parametric space. Basin-hopping 
dispatches several different initial conditions “hop-
ping” through the space and registering the best local 
minima. The global solution is assigned to the best 
Chi^2 minimization between data and modeling. We 
have generally dispatched 300-500 hops, keeping the 
best 50-100 solutions for evaluation. The number can 
vary by depending on the amount of local minima & 
convergence of the problem. 
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For building a geographical-parametric map, we 
have to resort to similar procedure to the global solu-
tion search, but with less “hops” & kept solutions. Only 
50 max hops and 3 minima kept. First, we split the 
Shape model into thousand surface patches containing 
about hundred facets each and tens of thousand pixels. 
Every “patch” takes  a surface box of few given meters 
size. This measure was taken reduce the pole distor-
tions, wayward facet artifacts & image misalignments 
in the analysis. 

Preliminary Results: Our preliminary OCAMS 
modeling show that the best solutions are clustered 
between 30-40% contribution of the specular compo-
nent (g), with the RMS roughness slope (r) well cen-
tered around 10-14 degrees. The single-scattering al-
bedo (w) is strongly correlated to the amount of specu-
lar reflection, with best solutions coming out between 
3-3.5% albedo. The asymmetric factor (ξ) is the most 
stable parameter, centered at 0.45+-0.02. The best total 
of squared residues reaches 69.58. 

We have also tested solutions without specular 
component, but their total of squared residues were 
never under 70. Moreover, only diffuse component 
solutions overestimates the reflectance for small scat-
tering angles & poorly describes the dark reflectance 
values at large negative scattering angles. We only start 
fitting these key regions in the scattering curve when 
we add at least 25% of specular reflection. 

We have yet to verify if incorrect facet tilts coming 
out of the shape model may interfere to increase this 
specular contribution. These limitations can lead to 
wrong estimation of geometric angles and therefore to 
misleading assumptions on the back- and forward- scat-
tering [12]. 

Discussion: The addition of specular reflection can 
explain some of the strong back-scattering and weak 
forward-scattering in the reflectance distribution of 
asteroids. However, this effect has been generally put 
aside for the assumption of only totally diffusive par-
ticulate surfaces in many other scattering models. One 
of the main motivation for this is the observation of the 
very fine grains on lunar soils and therefore the simply 
reproduction of the lunar scenario onto asteroids. Ben-
nu’s surface as well as Hayabusa II Ryuygu’s show 
however an apparent lack of widespread very fine 
grains and seems mostly composed by boulder-size 
distributions. Interestingly, few boulders imaged by 
OCAMS show large inclusions of bright material [12] 
and many elevated back-scattering reflection due to 
apparent “flat rock sides”. Yet, it is difficult to corre-
spond the percentage of specular component and the 
real amount of such “specular agents” without knowing 
their average normal albedo.  

In the literature, specular reflection have been 
evoked to partially model the broad backscattering 
observed at the phase curve of large asteroids [7]. This 
contribution have been attributed to very limited pres-
ence of crystals [7], as clasts or inclusions, as well as to 
a peculiar planar symmetry of wavelength-size scatter-
ers [13]. Symmetry such that it can reproduce some 
crystalline structures. 
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