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Introduction: The small bodies in the Solar Sys-
tem are generally thought to be fragments of larger 
bodies. In some cases, they may be unconsolidated 
planetesismals, offering clues to the early conditions in 
the solar nebula and its overall architecture. In both 
cases their surfaces speak of the collisional processes at 
work in various locations in the Solar System.  

One important clue to understanding the collisional 
processes on small bodies is the roughness of the sur-
face. Macroscopic roughness on a planetary surface 
includes everything from clumps of particles to craters, 
mountains, and ridges. The collisional history and age 
of a planet’s or moon’s surface can be understood by 
counting craters on spacecraft images,  but an equally 
powerful tool in deriving roughness is through the use 
of models that compute the photometric effects of 
rough facets on the surface. This technique is especial-
ly useful because it can “see” the effects of features 
that are below the resolution limit of the camera.  

 
Figure 1. An mosaic of images of Phoebe obtained by 
the Cassini spacecraft in June 2004, showing a heavily 
bombarded surface. The derived photometric surface 
roughness is correspondingly high. 
 
    Roughness models: Rough features of all scales 
alter the specific intensity of a planetary surface in two 
ways:  the local incidence and emission angles are 
changed by alteration of the surface profile from that of 
a smooth sphere, and they remove radiation from the 
scene by casting shadows. Two formalisms have been 
developed to quantitatively model this effect: Hapke’s 
mean slope model [1], and the crater roughness model 
[2].  The first model is characterized by a surface cov-
ered with features with a mean roughness slope angle 

θ, while the second model is defined by a surface cov-
ered (or partially covered) by craters with a defined 
depth-to-radius parameter. Figure 2 shows an example 
of a theoretical surface with ever-increasing depth-to-
radius ratios.  

 
Figure 2. The predicted specific intensity (I/F) as a 
function of the radiance emission angle for the  crater 
roughness model, with depth-to-radius values (q)  rang-
ing from unity to zero. The value of the rough parame-
ter produces a characteristic inflection in the functional 
form of the curve, leading to a unique determination of 
it.  
 
   Observations and model fits. Spacecraft and 
ground-based observations have been fit to roughness 
models over the past two decades. Table 1 summarizes 
a selection from these results. For easy comparison the 
depth-to-radius fits have been converted to mean slope 
angles.  
     A collection of new telescopic data on vestoids, 
believed to be fragments of the main belt asteroid 4 
Vesta, the first Dawn spacecraft target, and the source 
of the HED meteorites, was obtained in anticipation of 
the Dawn-at-Vesta orbital mission starting in the sum-
mer of 2011[3]. Solar phase angles at very large an-
gles, which are not attainable for objects in the Main  
Belt, were obtained for several vestoid Near Earth Ob-
jects (NEOs). A complete Hapke model was fit to the 
vestoid NEO data, the existing ground-based data on 
Vesta, and the early survey data from Dawn. Figure 3 
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shows the results of the model with the full collection 
of observations.  
 
Table 1 – The Roughness of Selected Small Bodies  
 
Object Single scatter-

ing albedo 
Slope 
angle (º) 

Refer-
ence 

Vestoids + 
Vesta 

0.510 32 This 
work 

Average C-
type 

0.037 20 [4] 

Average S 0.23 20 [4] 
Phoebe 0.07 32 [5] 
19/P Bor-
relly 

0.020  
0.057 

20 
~35 

[6] 
[7] 

Moon 0.25 20 [8] 
 
     Results and discussion: One important result is the 
higher roughness derived from modeling the suite of 
measurements of Vesta and vestoids. Early Dawn im-
ages of Vesta (Figure 3) do show a heavily cratered 
surface, although it is important to realize that the pho-
tometric model is capable of observing the effects of 
rough facets below the resolution limit of the camera.  
Our result implies Vesta and its family have had a more 
violent collisional history, comparable to that of the 
Saturnian satellite Phoebe, which has been battered by 
the family of outer irregular Saturnian satellites [9]. 
Another possibility is that Vesta’s mechanical proper-
ties or mineralogy may be unusual. An additional  fac-
tor may be a substantial regolith: forming rough aggre-
gates of particles. Our result supports recent radar find-
ings that igneous rocky asteroids – the E and V types - 
have the largest surface roughness [10].  
 

 
 
Figure 3.  A Dawn image from August 2011 showing 
heavily cratered terrain on its surface.  
     This result should be considered preliminary, as it is 
difficult to derive unique photometric parameters from 

disk-integrated observations. More solid results will be 
derived as disk-resolved data from Dawn is analysed 
and the roughness of various terrains is fit.  Roughness 
parameters will be compared to crater-counting statis-
tics to define an independent method of determining 
the chronology of Vesta’s surface. 

 
Figure 4. A composite disk-integrated solar phase 
curve of ground-based data on 4 Vesta [11, 12], early 
Dawn survey full-disk observations, Rosetta observa-
tions [13], and ground-based NEO vestoid data. The 
blue line gives the best-fit Hapke model, corresponding 
to a roughness mean slope of 32º. The red line is a best 
fit for the IAU standard asteroid model with H and G 
parameters, which are related to the slope of the phase 
curve and the so-called opposition surge at phase an-
gles below 5º.   
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