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Introduction: Hapke’s [1] bidirectional reflectance
equation is a versatile analytical tool for predicting (i.e.
forward modeling) the photometric behavior of a
particulate surface from the observed optical and
structural properties of its constituents. Remote sensing
applications of Hapke’s model, however, generally seek however, below we summarize its current findings.
to predict  the optical and structural properties of Particle Albedo. We have not yet attempted to
particulate soil constituents  from the observed photo- compute values of w from optical constants. However,  a
metric behavior of a planetary surface (i.e. inverse- subset of the suite (samples 2, 4, 11, and 14) are observa-
modeling). Our confidence in the latter approach can be tions at constant  wavelength (700nm) of a single mate-
established only if we ruthlessly test and optimize it. rial (aluminum oxide) for different size-separates. For

Here, we summarize preliminary results from a this case, Table 1 shows that our photometrically derived
blind-test of the Hapke model using laboratory measure- values of w systematically decrease with increasing
ments obtained with the Bloomsburg University grain-size, as expected from theory.
Goniometer (B.U.G.) [2]. The first author selected Macroscopic roughness.  We have not made direct
eleven well-characterized powder samples and mea- measurements of roughness from the physical surface of
sured the spectrophotometric behavior of each. A subset the samples to compare with our derived photometric
of  twenty undisclosed examples of the photometric roughness values. All sample surfaces, however, were
measurement sets were sent to the second author who fit macroscopically smooth to the naked eye. Table 1 data
the data using the Hapke model and attempted to
interpret their optical and mechanical properties from
photometry alone.

Data Set: The suite of samples (Table 1) include
sieved particles of crushed spodumene (SP) cobalt
carbonate (CC), four size-separates of aluminum oxide
(AO), Kualua sand (KS), ooite sand (OS), and quartz
sand (QS). Also included were loose and unpacked
samples of unsorted Blackbird clay (BCl and BCp,
respectively). In each case, 680 observations were
obtained over phase angles from 0E-140E, incidence
angles form 0E-60E and emission angles from 0E-80E.
Observations were made at four selected wavelengths
(450nm, 550nm, 700nm, 850nm). The first author also
obtained estimates of grain-size and porosity for the
samples. There is an observed tendency (Table 1) for
the porosity of samples to decrease with increasing
sample grain-size.

Hapke Fits: We performed weighted, least-squares
fits of Hapke’s [1] latest bidirectional reflectance model
but, due to the 3E low-phase angle limit of our measure-
ments, we excluded the model contribution of the
coherent-backscatter opposition effect. The retrieved
model parameters (Table 1) are w, the average particle
single-scattering albedo; θ, the macroscopic roughness;

h and B , the angular-width and amplitude parameters,0

respectively, for the shadow-hiding opposition effect; and
b and c, parameters of the two-term double Henyey-
Greenstein particle phase function.

Preliminary Analysis: Our analysis is still ongoing,

shows a tendency for θ to increase with increasing
particle size. There is no obvious dependence of θ  on
porosity. In addition, there is a tendency for θ  to de-
crease with increasing particle albedo, w. This is consis-
tent with the increased tendency for submillimeter-scale
shadows to become attenuated by multiply-scattered light
as the albedo of grains increases. 

Opposition Effect. B  characterizes the amplitude of0

the shadow-hiding opposition effect: B =1 when interpar-0

ticle shadows are perfectly dark and B  decreases as0

shadows become attenuated by transmitted or multiply-
scattered light. Table 1 confirms that B .1 for  particles0

with albedos w<0.8 and there is a pronounced tendency
for B to decrease with increasing w>0.8. 0 

The shadow-hiding angular width parameter is
related to the porosity and particle-size distribution as
h=-0.375*ln(P)*Y(n(r)), where P is porosity, and Y is a
function that is sensitive to the particle size distribution,
n(r). Assuming Y=1 for sorted, mono-sized grains
yielded neither accurate estimates of P from our derived
values of h, nor values of h that are well-correlated with
the laboratory measured values of P. Before we can
conclude that we’ve discovered a deficiency in the Hapke
model, we need to consider other possible sources for the
discrepancy. For example, we have not taken accurate
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# SMP λ (nm) DIAM
(µm) P

HAPKE PARAMETERS
w h B0 θ b c

01 BCp 700 ND 67% 0.77 0.064 1.0 10E 0.57 -0.95
02 AO 700 63 59% 0.69 0.029 1.0 12E 0.34 -0.74
03 OS 550 310±95 45% 0.95 0.055 0.2 8E 0.26 0.73
04 AO 700 25 71% 0.84 0.018 0.9 8E 0.29 -0.46
05 SP 550 70±40 60% 0.98 0.586 1.0 11E 0.35 -0.88
06 CC 700 12±5 93% 0.85 0.091 1.0 8E 0.41 -0.75
07 QS 550 310±80 50% 0.94 0.034 0.2 8E 0.27 -0.45
08 BCp 450 ND 67% 0.49 0.050 1.0 10E 0.60 -0.96
09 CC 850 12±5 93% 0.91 0.088 1.0 7E 0.48 -0.86
10 CC 550 12±5 93% 0.66 0.045 1.0 7E 0.36 -0.56
11 AO 700 125 58% 0.61 0.087 1.0 13E 0.45 -0.95
12 BCp 550 ND 67% 0.64 0.059 1.0 10E 0.58 -0.95
13 OS 700 310±95 45% 0.97 0.010 0.8 6E 0.26 0.39
14 AO 700 45 61% 0.80 0.012 1.0 9E 0.30 -0.57
15 OS 850 310±95 45% 0.98 0.732 0.2 8E 0.26 0.10
16 KS 850 530±200 47% 0.94 0.025 0.4 5E 0.23 0.60
17 BCl 450 ND 84% 0.28 0.043 1.0 15E 0.35 -0.32
18 BCl 750 ND 84% 0.66 0027 1.0 12E 0.29 0.04
19 KS 550 530±200 47% 0.80 0.416 1.0 14E 0.17 0.33
20 BCl 550 ND 84% 0.44 0.045 1.0 16E 0.30 -0.13

account of the width and shape of the grain-size distri- provided a plot which matches the structural characteris-
bution (although the samples were all well-sorted. In tics of large scatterers to their corresponding  phase
addition, the absence of observations at phase angles function parameters. Our Hapke solutions indicate that
less than 3E limits our  ability to retrieve accurate values most samples are broadly irregular to rough-surfaced
of h in our Hapke fits. Coherent-backscatter, shadow- dielectrics, that sand grains typically have moderate
hiding, macroscopic roughness, and the particle phase densities of internal scatterers, and that fine-grained
function all contribute to the detailed shape of the Blackbird clay particles have a low-density of internal
opposition effect. Consequently, non-uniqueness of scatterers, 
Hapke solutions is a concern in cases where phase
coverage is incomplete: We will need to scrutinize our
Hapke fits for possible valid secondary solutions.

We can at least confirm that groupings of similar
values of h within our test suite correctly identify three
cases in which the same sample was observed at differ-
ent wavelengths (Blackbird clay samples 1,8,12; Black-
bird clay samples 17,18,20; cobalt carbonate samples
6,9,10). However, in a fourth case (ooite sand, samples
3,13,15), mutually consistent values of h were not
found. The latter is the least porous of samples we
studied.

Particle Phase Function. McGuire and Hapke [3]
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