Global Photometric Modeling Algorithm

Description
This algorithm takes input data in units of I/F (also known as RADF, or Radiance Factor) observations obtained as a function of bidirectional reflectance viewing geometry angles
(incident light, emitted light, and phase angle) and models the observations to determine a
function that predicts reflectance as a function of incidence, emission and phase angle. This
model is later used to "correct" the data for photometric effects that depend on viewing geometry
by scaling the data to a common reference viewing geometry (See "Photometric Correction"
Algorithm and Data Product Descriptions). This makes it possible to compare images and
spectra obtained at different times of day.
0. Collect OVIRS data from stations from Detailed Survey: 12:30, 10:00am, 3:00pm, and
6:00pm (or 6:00am)
1. Make sure all data files have associated SPICE and pointing information (geometric
information from the best available reconstructed SPICE and Shape Model at the time of data
download).
2. Open an OVIRS Spectral Sequence FITS file that contains all of the following
information:
a. I/F and I/F error, per channel
b. SCLK
c. Incidence angle at bore site(degrees)
d. Emission angle at bore site (degrees)
e. Phase angle at bore site (degrees)
f. FOV Fill Factor (% for imaging; 1=full 0=empty and 2=partial for spectra)
g. Flag: Limb (0=no, 1=yes)
h. Flag: Terminator (0=no, 1=yes)
i. SNR
j. Range to Target (m)
k. Range from Sun to Target (km)
l. Latitude (bore site)
m. Longitude (bore site)
n. Spatial Resolution: Spectrum footprint radius (m)
3. Using the above file, apply data selection criteria:
a. Maximize the phase angle range
b. Minimize the spatial resolution range
c. Restrict incidence angle range to between 0 and 75 degrees
d. Restrict emission angle range to between 0 and 75 degrees
e. FOV Fill Factor:
i. Restrict Spectral FOV to full (1 is full, 0 is empty and 2 is partial)
f. Select highest available SNR per image (per spectrum) in the case that overlapping images
(spectra) are

available for the same area
g. Consider limb and terminator flags - include or reject as necessary
4. Check the geographic coverage: minimize overlapping data and maximize spatial
coverage
Note: the best file format for checking geographic coverage will be a lat-lon grid map that
shows the location
of the central pixel for each data file used in the photometric model dataset. Such a map
could be a very simple
cylindrical projection stored as a bitmap, or as a .gif image file, such as is produced in IDL.
5. Make a photometric modeling dataset (subset of the Detailed Survey Spectral Sequence
files above) that include the data that meet the criteria in Steps 3 and 4 above – call these
the “Spectral Photometry Data Information File”: SPDIF
6. Fit the SPDIF files (for each wavelength) using a program that optimizes a fit to each of
the three chosen photometric models with the optimization routine in IDL called
"MPFIT":
a. Lommel-Seeliger
b. ROLO
c. Minneart
7. Create a Log file that matches the SPDIF and includes:
a. Data selection criteria
b. Notes
c. Model functions
d. Optimization methods
e. Time it took to generate the models (per each)
f. Ranking of all models calculated
g. Goodness of fits plots (PDF) for each model generated for each wavelength
h. Identification of BEST FIT model
i. Person who generated models
j. Date and Time of modeling
Note: the best file format for a Log file will be an ASCII TXT file with results of, and details
of the execution of, each
photometric model.
8. Using the original data from step 2, test the BEST FIT model against ALL the data (not
just the SPDIF Photometric Data Sets) and iterate if necessary.
9. Make sure to check that the fits converge for each wavelength separately.
10. If the BEST FIT model does not work for all the data, test the second best fit model, and
continue down the

ranking until all models are tested. A model is good enough for all the data if the
discrepancies are random
(not systematic) and if the scatter in the discrepancies does not exceed TBD %.
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Installation, Program Files, User's Guide, and Test Data
PhotModS.pro - for Spectral Data

The Photometric Modeling Software used for the OVIRS Spectrometer data is written by JianYang Li, tested by Xiao-Duan Zou, and directed by Beth Clark.
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BIDIRECTIONAL REFLECTANCE AND ALBEDO QUANTITIES
Introduction: Most reflectance and albedo quantities are unitless quantities and are frequently
misused or confused. Here, we review these quantities and summarize how viewing conditions
vary for each quantity, relevant to OSIRIS-REx. Caution: our target asteroid is very dark, and
multiple scattering is assumed to be relatively unimportant, but this assumption may not hold for
brighter asteroids.
I. Bidirectional Reflectance Quantities
1. Radiance Factor (RADF)
Hapke:
Radiance Factor (RADF) is the ratio of the bidirectional reflectance of a surface to that of a
perfectly diffuse surface illuminated at i = 0 (the Sun!), rather than at the same angle of
illumination.
(Hapke 1993)
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) = 𝜋𝑟(𝑖, 𝑒, 𝛼),
where

𝜛𝑜 𝜇𝑜
{[ 1 + 𝐵(𝛼)] 𝑝(𝛼) + 𝐻(𝜇𝑜 )𝐻(𝜇) − 1} 𝑆(𝑖, 𝑒, 𝛼),
4𝜋 𝜇𝑜 + 𝜇
(The factor of 𝜋 here is from the normalization and integration of the 𝑝(𝛼)).
(Hapke 1993 eq. 8.89)
𝑟(𝑖, 𝑒, 𝛼) =

𝜇𝑜 = cos(𝑖) , 𝜇 = cos(𝑒), i is the incidence angle (degrees), e is the emission angle (degrees),
𝜛𝑜 is the average particle single scattering albedo, 1 + 𝐵(𝛼) is the opposition effect, 𝑝(𝛼) is the
average particle single-scattering phase function, (𝐻(𝜇𝑜 )𝐻(𝜇) − 1) describes the isotropic
multiple scattering of light, and 𝑆(𝑖, 𝑒, 𝛼) is the macroscopic roughness.
Thus,
𝜛𝑜 𝜇𝑜
{[ 1 + 𝐵(𝛼)] 𝑝(𝛼) + 𝐻(𝜇𝑜 )𝐻(𝜇) − 1}𝑆(𝑖, 𝑒, 𝛼)
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) =
4 𝜇𝑜 + 𝜇
= 𝜋𝑟(𝑖, 𝑒, 𝛼) = [𝐼/ℱ](𝑖, 𝑒, 𝛼),
I is the radiance and has units of W/m2/nm/steradian. J = 𝜋ℱ is the collimated light (irradiance)
and has units of W/m2/nm. Strictly speaking 𝐼/ℱ is a dimensionless quantity (ℱ has units of
W/m2/nm/steradian and 𝜋 here has units of steradian).
(Hapke 1993)
(RADF [I/F] is what is measured by the spacecraft)
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Figure 1. Schematic diagram of bidirectional reflectance from a surface element ∆𝐴, showing
the various angles. The plane containing J and I is the scattering plane. If the scattering plane
also contains N, it is called the principal plane. 𝜓 is the azimuthal angle between the planes of
incidence and emission [cos(𝛼)=cos(𝑖)cos(𝑒)+sin(𝑖)sin(𝑒)cos (𝜓).]
[Adopted from Hapke (1993)]
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Lambert Model:
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) = 𝐴𝐿 𝜇𝑜 = [𝐼/ℱ](𝑖, 𝑒, 𝛼),
where 𝐴𝐿 is the Lambert albedo.
(Lambert 1759)
The Lambert model is a disk function that accounts only for limb darkening. However, 𝐴𝐿 could
be a function of phase angle (𝛼).
Lambert Model with the Phase Function:
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) = 𝐴𝐿 𝑓(𝛼)𝜇𝑜 = [𝐼/ℱ](𝑖, 𝑒, 𝛼),
where 𝑓(𝛼) = 10−

(𝛽𝛼+𝛾𝛼2 +𝛿𝛼3 )
2.5

is a 3rd order polynomial phase function.

(d’Aubigny 2011)
This Lambert model accounts for limb darkening and the surface phase function.
Minnaert Model Disk Function:
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) = π𝐴𝑀 𝜇𝑜𝑘 𝜇 𝑘−1 = [𝐼/ℱ](𝑖, 𝑒, 𝛼),
(Minnaert 1941)
where 𝐴𝑀 and k are model parameters that characterize the Minnaert albedo and limb-darkening
behavior of the surface, respectively.
The Minnaert disk function accounts only for limb darkening. However, both π𝐴𝑀 and k could
be functions of phase angle(𝛼).
Minnaert Model with the Phase Function:
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) = π𝐴𝑀 𝑓(𝛼)𝜇𝑜𝑘(𝛼) 𝜇 𝑘(𝛼)−1 = [𝐼/ℱ](𝑖, 𝑒, 𝛼),
where f(𝛼) = 10−βα/2.5 , β is the phase slope, and 𝑘(𝛼) = 𝑘𝑜 + 𝑏𝛼 characterizes the limbdarkening behavior of the surface and 𝑏 captures the linear relationship between k and phase
angle (𝛼). 𝑘𝑜 is the value of 𝑘 at zero degrees phase angle.
(Li et al. 2009)
Or
𝑓(𝛼) = 10

−

(𝛽𝛼+𝛾𝛼2 +𝛿𝛼3 )
2.5

(d’Aubigny 2011)
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This Minnaert model includes the effects of limb darkening and the surface phase function.
Note: when i = 0 𝜇𝑜  1 and e = 0 𝜇  1, 𝑅𝐴𝐷𝐹(0,0,0) = π𝐴𝑀 𝑓(𝛼), which is consistent with
normal reflectance when 𝑓(𝛼) is normalized to 1 at 𝛼 = 0.
Lommel-Seeliger Disk Function:
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) =

𝜛𝑜 𝜇𝑜
= [𝐼/ℱ](𝑖, 𝑒, 𝛼) ,
4 𝜇𝑜 + 𝜇
(Seeliger 1884)

where 𝜛𝑜 is the average particle single scattering albedo and 𝑓(𝛼) is an arbitrary function that
describes the variation in surface reflectance with phase angle.
The Lommel-Seeliger disk function accounts only for limb darkening. However, 𝜛𝑜 could be a
function of phase angle(𝛼).
Lommel-Seeliger Model with the Phase Function:
𝜛𝑜 𝜇𝑜
𝑓(𝛼) = [𝐼/ℱ](𝑖, 𝑒, 𝛼) ,
4 𝜇𝑜 + 𝜇
(Helfenstein and Veverka 1989)
where 𝑓(𝛼) is an arbitrary function that describes the variation in surface reflectance with phase
𝜛
angle (𝛼), and 𝐴𝐿𝑆 = 4𝜋𝑜 is Lommel-Seeliger albedo.
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) =

𝑓(𝛼) = 𝑒𝛽𝛼+𝛾𝛼

2 +𝛿𝛼 3

This Lommel-Seeliger/Veverka model includes the effects of limb darkening and the surface
phase function.
ROLO Model:
𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) =

𝜇𝑜
𝜇𝑜 + 𝜇

𝑓(𝛼) = [𝐼/ℱ](𝑖, 𝑒, 𝛼),

Describes limb darkening
Where

f (α) = C0𝑒 −𝐶1 α + A0 + A1 α + A2 α2 + A3 α3 + A4 α4.

(Buratti et al. 2011)

Describes opposition surge
4th order polynomial that describes phase function
The ROLO model includes the effects of limb darkening and the surface phase function.
(These are the RADFs we will use to model Bennu’s surface)
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2. Reflectance Factor (REFF)
Reflectance Factor (or reflectance coefficient) (REFF) is the ratio of the reflectance of the
surface to that of a perfectly diffuse (Lambert) surface under the same conditions of illumination.
(Hapke 1993)
𝑅𝐸𝐹𝐹(𝑖, 𝑒, 𝛼) =

𝑟(𝑖, 𝑒, 𝛼)
𝜋𝑟(𝑖, 𝑒, 𝛼)
=
,
𝜇𝑜
𝜇𝑜
𝜋

Thus

𝜛𝑜
1
[𝐼/ℱ] (𝑖, 𝑒, 𝛼)
{[ 1 + 𝐵(𝛼)] 𝑝(𝛼) + 𝐻(𝜇𝑜 )𝐻(𝜇) − 1} − 1}𝑆(𝑖, 𝑒, 𝛼) =
4 𝜇𝑜 + 𝜇
𝜇𝑜
(This reflectance quantity is what is measured in the laboratory. For OVIRS spectral indices, the
OVIRS data will be in these units.)

𝑅𝐸𝐹𝐹(𝑖, 𝑒, 𝛼) =

REFF (i=0, e=0, 𝛼=0) =

𝐼/ℱ(𝑖=0,𝑒=0,𝛼=0)
𝜇𝑜

= Normal Reflectance.

(This is the most reasonable quantity to use when mapping the “albedo” of the surface.)

3. Hapke Bidirectional Reflectance Distribution Function (BRDF)
Bidirectional Reflectance Distribution Function (BRDF) is the ratio of the radiance scattered by
a surface into a given direction to the collimated power incident on a unit area of the surface.
(Hapke 1993)
𝐵𝑅𝐷𝐹(𝑖, 𝑒, 𝛼) =

𝐽𝑟(𝑖, 𝑒, 𝛼)
𝑟(𝑖, 𝑒, 𝛼)
=
,
𝐽𝜇𝑜
𝜇𝑜

𝐽𝜇𝑜 is the incident radiant power per unit area of surface and 𝐽𝑟(𝑖, 𝑒, 𝛼) is the scattered radiance.
Thus

𝜛𝑜
1
{[ 1 + 𝐵(𝛼)] 𝑝(𝛼) + 𝐻(𝜇𝑜 )𝐻(𝜇) − 1}𝑆(𝑖, 𝑒, 𝛼)
4𝜋 𝜇𝑜 + 𝜇
= [𝐼/(𝜇𝑜 𝜋ℱ)](𝑖, 𝑒, 𝛼).

𝐵𝑅𝐷𝐹(𝑖, 𝑒, 𝛼) =

(Functions of this form are requested by OSIRIS Instrument Teams to be used to predict Bennu’s
brightness. See conclusion Table 2 showing relationship between RADF and BRDF.)
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II. Albedo Quantities
1. Lambertian Albedo
Lambertian albedo(𝐴𝐿 ) is the ratio of the total power scattered per unit area of a Lambert
surface to the incident power per unit area.
(Hapke 1993)
𝑃𝐿
,
𝐽𝜇𝑜
π/2 2π
𝑃𝐿 = ∫2𝝅 𝐼(𝑖, 𝑒, 𝛼) 𝜇 𝑑𝛼 = ∫𝑒=0 ∫𝛼=0 𝐽𝐾𝐿 cos 𝑖 cos 𝑒 sin 𝑒 𝑑𝑒 𝑑𝛼 = 𝜋𝐽𝐾𝐿 𝜇𝑜 is the total power
scattered per unit area of Lambert surface into all directions of the upper hemisphere.
Where 𝐾𝐿 = 𝑟𝐿 (𝑖, 𝑒, 𝛼)/𝜇𝑜 is a constant (Lambert’s law). When 𝐾𝐿 is constant then we have a
Lambertian surface.
𝐴𝐿 =

Thus the Lambert reflectance is 𝜋𝑟𝐿 (𝑖, 𝑒, 𝛼) = 𝐴𝐿 𝜇𝑜 = 𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) = [𝐼/ℱ](𝑖, 𝑒, 𝛼) .
𝐴𝐿 = [𝐼/(𝜇𝑜 ℱ)](𝑖, 𝑒, 𝛼).

Therefore

2. Geometric Albedo
Physical albedo (a.k.a, Geometric albedo)(𝐴𝑔𝑒𝑜 ) is the ratio of the brightness of a body at zero
phase angle 𝛼 = 0 to the brightness of a perfect Lambert disk of the same radius and at the same
distance as the body, but illuminated and observed perpendicularly.
(Hapke 1993)

𝐴𝑔𝑒𝑜 = ∫2𝜋 𝑟(𝑒, 𝑒, 0) 𝜇𝑑 ,

where dΩ = 2 𝜋 sin (e)de = −2 𝜋 d𝜇.

Geometric Albedo is usually presented at one wavelength, the V passband, or 0.55 µm.
2.1 Lommel_Seeliger
𝐴𝑔𝑒𝑜

𝜋/2
𝐴𝐿𝑆
𝐴𝐿𝑆
=
𝜋 𝑓(0) ∫ cos(𝑒) sin(𝑒) 𝑑𝑒 =
𝜋 𝑓(0)
2
2
0

2.2 ROLO
𝜋
2

𝐴𝑔𝑒𝑜 = 𝑓(0) ∫ cos(𝑒) sin(𝑒) 𝑑𝑒 =
0

2.3 Minnaert:

𝜋/2

𝐴𝑔𝑒𝑜 = 2𝜋 𝐴𝑀 𝑓(0) ∫

0

[cos(𝑒)]2𝑘𝑜 sin(𝑒) 𝑑𝑒 = 𝐴𝑀

𝑘𝑜 is the value of 𝑘(𝛼) at zero degrees phase angle.
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3. Normal Albedo
The normal albedo An is the ratio of the brightness of a surface observed at zero phase angle
from an arbitrary direction to the brightness of a perfectly diffuse surface located at the same
position, but illuminated and observed perpendicularly.

𝐴𝑛 =

[𝐽𝑟(𝑒,𝑒,0)]
𝐽
𝜋

[ ]

= 𝜋𝑟(𝑒, 𝑒, 0)

4. Spherical Bond Albedo
Spherical bond albedo (a.k.a., Bond albedo) (𝐴𝑠𝑝ℎ ) is the total fraction of incident irradiance at
one wavelength (usually 0.55 μm) scattered by the body into all directions.
(Hapke 1993)

𝐴𝑠𝑝ℎ =

1
∫ ∫ 𝑟(𝑖, 𝑒, 𝛼)
𝜋 2𝜋 2𝜋

𝜇 𝑑 𝛺𝑖 𝑑 𝛺𝑒 ,

where 𝑑𝛺𝑖 = sin(i) di dψ and 𝑑𝛺𝑒 = sin(e) de dψ with ψ is the azimuth.
The spherical bond albedo can also be expressed as 𝑞 𝐴𝑔𝑒𝑜 , where 𝑞 is the phase integral,
defined as:
𝜋

𝑞 = 2 ∫0 Φ(α) sin(α) dα
where Φ(α) ≡

𝐹(𝛼)
𝐹(0𝑜 )

is the disk-integrated brightness at phase angle α, assuming a spherical body

(Buratti and Veverka 1983). 𝐹(𝛼) is the phase dependence of the disk-integrated flux defined as:

𝐹(𝛼) =

𝑅2
𝑟2

𝜋
2

𝜋
2

∫𝛼−𝜋 ∫𝛼−𝜋
2

2

𝐼
𝐹

(𝑖, 𝑒, 𝛼) cos(𝑤) cos 2 (𝜓)𝑑𝑤 𝑑𝜓 ,

where 𝑤 = photometric longitude, 𝜓 = photometric latitude, R = radius of the satellite, and r = observersatellite distance.

(This is the albedo quantity shown in Table 1 that requires observations covering phase angles
from 0o180o.)
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4. Bolometric Bond Albedo
Bolometric bond albedo (𝐴𝑏𝑜𝑙𝑜 ) is the average of the spherical Bond albedo 𝐴𝑠𝑝ℎ (𝜆) weighted by
spectral irradiance of the Sun Js(λ). This integrates Spherical albedo over all 𝜆.

∞

𝐴𝑏𝑜𝑙𝑜 =

∫0 𝐴𝑠𝑝ℎ (𝜆) 𝐽𝑆 (𝜆)𝑑𝜆
∞

∫0 𝐽𝑆 (𝜆)𝑑𝜆

,

where 𝐽𝑆 (𝜆) is the solar flux spectrum ().
(The OSIRIS-REx Science Team has adopted the solar flux model of Reike et al. 2008)
(This is the quantity required for Yarkovsky and thermal inertia measurements for OSIRIS-REx)

III.
Examples of Reflectance and Albedo Quantities:
Table 1a. Comparison of reflectance and albedo quantities for different asteroids:
Ceres0

Ida1

Eros2

Eros3

Dactyl1

Mathilde4

Geometric Albedo

0.088

0.206

0.290

0.23

0.198

Gaspr
a1
0.23

Spherical Bond
Albedo
Normal Reflectance

0.020

0.081

0.12

0.093

0.073

0.12

--

--

0.207

--

--

0.198

0.23

0.047

0

0.047

Vesta5
0.38±0.0
1
0.20±0.0
2
--

Bennu6,7

Phobos8

Deimos8

0.045

0.071

0.068

0.016

0.021

0.027

--

0.071

0.068

Li et al. (2006). 1Helfenstein et al. 1994, 2Domingue et al. 2002, 3Li et al. 2004, 4Clark et
al. 1999, 5Li et al. 2013, 6Hergenrother et al. 2013. 7Emery et al. (2014). The geometric
albedo and normal reflectance values are for 0.55 µm. Note that Helfenstein and
Domingue do not seem to agree on the meaning of Bond albedo terms.8Simonelli et al.
(1998) and Thomas et al. (1996).
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Table 1b. Comparison of reflectance and albedo quantities for different comets:
9P/Tempel 11

19P/Borrelly2

81P/Wild 23

28P/Neujmin 14

2P/Encke5

Geometric
0.059±0.009
0.080±0.020
0.059
0.026
0.047
Albedo
Spherical
0.014±0.002
0.018
0.0093
--Bond Albedo
1
Li et al. (2013).2Li et al. (2007).3Li et al. (2009).4Campins et al. (1987). 5Fernandez et al.
(2000)
IV. Conclusions
 The value of albedo measured with an integrating sphere (in the laboratory) can be
comparable to the spherical bond albedo of a body covered with the same material
(Barucci et al. 2012).
 The bolometric bond albedo is not equal to the spherical bond albedo. The bolometric
albedo is the average of the spectral bond albedo weighted by spectral irradiance of the
Sun.
 It is generally assumed that the spherical bond albedo in the V passband (~0.55 μm) is a
good representation of the bolometric bond albedo. This is because (a) most of the Sun's
energy is in the visible and (b) most spectra of Solar System bodies do not change
drastically over the UV/Vis (Emery, personal communication).
 For disk-resolved observations and Lommel-Seeliger surfaces, the value of 𝐼/(𝜇𝑜 ℱ) is
close to the value of the geometric albedo at wavelength 𝜆 when observed at a phase
angle 𝛼 = 0. 𝐼/ℱ = 1 is for a flat Lambertian surface when viewed at normal incidence.
 For disk-integrated observations and Lommel-Seeliger surfaces, the geometric albedo,
which is similar to the normal albedo, is a measure of a surface's brightness relative to a
perfectly scattering Lambertian disk.
 The Lambert and Minnaert functions are disk functions with no dependence on phase
angle and account only for limb darkening. However, the Hapke, Minnaert, the LommelSeeliger/Veverka, and ROLO functions include surface phase functions and limb
darkening.
 For Bennu and other dark objects, the normal reflectance value is close to (1/𝜋) times the
geometric albedo value for Lommel-Seeliger surfaces. The normal reflectance is the most
reasonable quantity to use when mapping the “albedo” of the surface.
 Lester et al. (1979), who called the normal albedo (pn), found that the geometric albedo
(p) is equivalent to the normal albedo (pn) for Lommel-Seeliger surfaces.
 Table 2. In this table we show various models converted from RADF to BRDF by
division of 𝜋𝜇𝑜 . Note that in our equations, 𝐼/ℱ is unitless, where I = measured radiance
from the surface in W/m2/sr/nm and J = 𝜋ℱ = solar irradiance (flux) in W/m2/nm. 𝜋 has
units of steradian and ℱ units of W/m2/nm/steradian.
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𝑹𝑨𝑫𝑭

Lambert Model
Minnaert Model
Lommel Seeliger Model
ROLO Model

𝑩𝑹𝑫𝑭

[𝐼/ℱ](𝑖, 𝑒, 𝛼) =

[𝐼/ℱ](𝑖,𝑒,𝛼)

𝐴𝐿 𝑓(𝛼)𝜇𝑜

𝐴𝐿 𝑓(𝛼)

π𝐴𝑀 𝑓(𝛼)𝜇𝑜𝑘(𝛼) 𝜇 𝑘(𝛼)−1
𝜛𝑜

𝜇𝑜

4 𝜇𝑜 + 𝜇
𝜇𝑜
𝜇𝑜 + 𝜇

𝑓(𝛼)

𝑓(𝛼)

𝜋𝜇𝑜

=

𝜋
𝑘(𝛼)−1

𝐴𝑀 𝑓(𝛼)𝜇𝑜
𝜛𝑜

1

4𝜋 𝜇𝑜 + 𝜇
1

1

𝜋 𝜇𝑜 + 𝜇

𝜇 𝑘(𝛼)−1

𝑓(𝛼)
𝑓(𝛼)
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a b s t r a c t
We used ground-based photometric phase curve data of the OSIRIS-REx target Asteroid (101955) Bennu
and low phase angle data from Asteroid (253) Mathilde as a proxy to ﬁt Bennu data with Minnaert,
Lommel-Seeliger, (RObotic Lunar Orbiter) ROLO, Hapke, and McEwen photometric models, which capture
the global light scattering properties of the surface and subsequently allow us to calculate the geometric
albedo, phase integral, spherical Bond albedo, and the average surface normal albedo for Bennu. We ﬁnd
that Bennu has low reﬂectance and geometric albedo values, such that multiple scattering is expected to
be insigniﬁcant. Our photometric models relate the reﬂectance from Bennu’s surface to viewing geometry
as functions of the incidence, emission, and phase angles. Radiance Factor functions (RADFs) are used to
model the disk-resolved brightness of Bennu. The Minnaert, Lommel-Seeliger, ROLO, and Hapke
photometric models work equally well in ﬁtting the best ground-based photometric phase curve data
of Bennu. The McEwen model works reasonably well at phase angles from 20° to 70°. Our calculated
þ0:005
þ0:012
geometric albedo values of 0:047þ0:012
0:014 ; 0:0470:014 , and 0:0480:022 for the Minnaert, the Lommel-Seeliger,
and the ROLO models respectively are consistent with the geometric albedo of 0.045 ± 0.015 computed
by Emery et al. (Emery, J.P. et al. [2014]. Icarus 234, 17–35) and Hergenrother et al. (Hergenrother,
C.W. et al. [2014]. <http://arxiv.org/abs/1409.4704>). Also, our spherical Bond albedo values of
þ0:003
þ0:007
0:016þ0:005
0:004 ; 0:0150:001 , and 0:0150:005 for the Minnaert model, Lommel-Seeliger, and ROLO models
respectively are consistent with the value of 0.017 ± 0.002 presented by Emery et al. (Emery, J.P. et al.
[2014]. Icarus 234, 17–35). On the other hand, the semi-physical models such as the Hapke model, where
several assumptions and approximations were necessary, and the McEwen model are not supported by
the global disk-integrated data, indicating that disk-resolved measurements will be necessary to
constrain these models, as expected.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
Near-Earth Apollo Asteroid (101955) Bennu (provisional designation 1999 RQ36) is under intense scrutiny because it is the target
of the NASA Origins Spectral Interpretation Resource Identiﬁcation
Security Regolith Explorer (OSIRIS-REx) mission (Clark et al., 2011;
Nolan et al., 2013; Hergenrother et al., 2013, 2014; Emery et al.,
2014; Chesley et al., 2013). The OSIRIS-REx spacecraft will collect
a sample of Asteroid Bennu and return to Earth in 2023 (Lauretta
et al., 2015).
⇑ Corresponding author at: Department of Physics and Astronomy, Ithaca College,
Ithaca, NY 14850, USA. Fax: +1 607 274 1773.
E-mail address: dtakir@ithaca.edu (D. Takir).
http://dx.doi.org/10.1016/j.icarus.2015.02.006
0019-1035/Ó 2015 Elsevier Inc. All rights reserved.

The primary objective of OSIRIS-REx is to return pristine samples of carbonaceous material from the surface of a primitive asteroid. The target asteroid, near-Earth object Bennu, is an accessible
volatile and organic-rich remnant from the early Solar System.
OSIRIS-REx returns a minimum of 60 g of bulk regolith and a separate 26 cm2 of ﬁne-grained surface material from this body. Analyses of these samples provides knowledge about presolar
history, from the initial stages of planet formation to the origin
of life. Prior to sample acquisition, OSIRIS-REx will perform comprehensive global mapping of the topography, mineralogy, and
chemistry of Bennu, resolving geological features, revealing its
geologic and dynamic history, and providing context for the
returned samples. The instruments will also document the regolith
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at the sampling site in situ at scales down to the sub-centimeter.
In addition, OSIRIS-REx will study the Yarkovsky effect, a
non-Keplerian force affecting the orbit of this potentially hazardous
asteroid (PHA), and will provide ground truth measurements for
telescopic observations of carbonaceous asteroids.
We present photometric models constrained by disk-integrated
asteroid brightness data, which predict the disk-resolved brightness of Asteroid Bennu. These models provide Bidirectional Reﬂectance Distribution Functions (BRDFs) for this asteroid; functions of
this form provide important information to scientists and engineers designing OSIRIS-REx instruments. In order to model Bennu’s
surface brightness, we have selected three photometric models:
the Minnaert model (Minnaert, 1941), the Lommel-Seeliger model
(Seeliger, 1884), and the RObotic Lunar Orbiter (ROLO) model
(Buratti et al., 2012). With these models, the geometric albedo,
the phase integral, the spherical Bond albedo, and the normal
albedo can be computed for Bennu. The spherical Bond albedo is
an important quantity to constrain the thermal properties of Bennu, relevant to estimates of thermal inertia and models of the Yarkovsky effect (Emery et al., 2014; Chesley et al., 2013).
The OSIRIS-REx spacecraft will observe Bennu at a wide range of
viewing geometries, and our photometric models are useful for predicting ﬂux and brightness quantities at these geometries. We used
ground-based disk integrated data (Hergenrother et al., 2013) to
constrain possible disk-resolved photometric behavior. Because
there are a variety of disk-resolved scattering laws that can mimic
the same disk-integrated data, our models are uncertain and preliminary, and will be updated when the spacecraft arrives at Bennu.
Because of the wide range of models that are consistent with the
limited available data, we estimate the error envelope of our predictions, and provide minimum and maximum expected diversions in
brightness that may be observed at the surface of Bennu.

model parameters are directly related to the geometric albedo
(Section 2.3). Therefore, knowing the geometric albedo for B-type
asteroids can help choose the appropriate initial values for the
model ﬁtting.
2.1. Model BRDFs and RADFs for Bennu
Radiance Factor (RADF) is the ratio of the bidirectional reﬂectance of a surface to that of a perfectly diffuse surface illuminated
at i = 0° (Hapke, 2012). Bidirectional Reﬂectance Distribution Function (BRDF) is the ratio of the radiance scattered by a surface into a
given direction to the collimated power incident on a unit area of
the surface (Hapke, 2012). Functions in the form of BRDFs are
requested by the OSIRIS-REx instrument teams to be used to predict the returned ﬂux from Bennu and its brightness during the different observing campaigns of the mission, in particular, the
quantity RADF, or ½I=F ði; e; aÞ (reﬂectance) of Bennu is of most
interest. Therefore, we present our Minnaert, Lommel-Seeliger,
and ROLO, modeled BRDF for use in predicting the reﬂectance of
Bennu. BRDF is directly related to RADF and bidirectional reﬂectance, r, as described in the following sections (Hapke, 2012).
2.1.1. Minnaert model
Minnaert’s model is a generalization of Lambert’s law, suggested by Minnaert (1941). Li et al. (2009) added an empirical phase
function term, which describes the variation in surface reﬂectance
ba

with phase angle ðaÞ (in degrees), to the model: f ðaÞ ¼ 102:5 (linear-magnitude). The phase function of Li et al. (2009) did not work
well in ﬁtting Bennu data so we further modiﬁed it as follows:
ðbaþca2 þda3 Þ
2:5

f ðaÞ ¼ 10

ðpolynomial-magnitudeÞ:

ð1Þ

The Minnaert model has six free parameters and includes the
effects of limb-darkening and the surface phase function:
2. Methodology

BRDFði; e; aÞ ¼
We used the mean diameter of Bennu from Nolan et al. (2013)
in our photometric models: 0.492 ± 0.020 km, and the calibrated
ground-based photometric phase curve data from Hergenrother
et al. (2013). All lightcurve and phase functions of Bennu observations were acquired during the 2005–2006 and 2011–2012 apparitions. Most of the optical magnitudes were not corrected for
rotational modulation. Only the 4 nights from September 2005
were corrected as the data were taken speciﬁcally for lightcurve
work. Because the low lightcurve amplitude of ±0.15 magnitudes
was comparable to the photometric uncertainty most nights,
Hergenrother et al. (2013) increased the errors for that data to also
take into account lightcurve effects.
In our nominal model, the reduced V magnitude (the apparent
visual magnitude with inﬂuence of distance removed) values
include the NEAR spacecraft data of Mathilde (Clark et al., 1999).
We are using Mathilde data as the best available proxy because
ground-based observations of Bennu are lacking data at the low
and high ends of the phase angle range.
The maximum model was computed (using V magnitude  1r
uncertainty), and the minimum model was computed (using V
magnitude + 1r uncertainty). The maximum and minimum models
capture the scatter in the moderate phase angle ground-based
observations of Bennu, the uncertainties in the mean diameter
(0.492 ± 0.020), and the low and high phase-angle behavior. To
compute our model best-ﬁt parameter sets, we used the Interactive
Data Language (IDL) MPFIT package, which uses a Levenberg–
Markwardt (LM) least-squares minimization algorithm (MINPACK-1) (Markwardt, 2008). The LM algorithm is based on the
Gauss–Newton and the gradient descent methods, and requires a
good initial estimate of the model parameter sets. Some of these

RADFði; e; aÞ

¼

½I=F ði; e; aÞ

lo p
lo p
¼ AM f ðaÞðlo lÞkðaÞ1 ;

¼

prði; e; aÞ
lo p
ð2Þ

where lo ¼ cosðiÞ; l ¼ cosðeÞ, i is the incidence angle (degrees), e is
the emission angle (degrees). AM is the Minnaert albedo,
kðaÞ ¼ ko þ ba characterizes the limb-darkening behavior of the
surface, and b captures the linear relationship between k and phase
angle (aÞ. ko is the value of k at zero degrees phase angle. I is the
radiance and has units of W/m2/sr. J ¼ pF is the collimated light
(irradiance) and has units of W/m2. Strictly speaking I=F is a dimensionless quantity (F has units of W/m2/steradian and p here has
units of steradian). RADFðI=F Þ is what is measured by the
spacecraft.
2.1.2. Lommel-Seeliger model
Lommel-Seeliger’s model was originally developed by Seeliger
(1884) and modiﬁed by Hapke (2012). In order to better ﬁt Bennu
data, we added an exponential empirical phase function term to
this model:

f ðaÞ ¼ ebaþca

2 þda3

ð3Þ

;

which describes the variation in surface reﬂectance with phase
angle ðaÞ. The Lommel-Seeliger model has four free parameters
and includes the effects of limb-darkening and the surface phase
function:

BRDFði; e; aÞ ¼ ALS

f ðaÞ
;
lo þ l

ð4Þ

o
where ALS ¼ is the Lommel-Seeliger albedo and -o is the average
4p
particle single scattering albedo.
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2.1.3. ROLO model
The ROLO model was developed by Buratti et al. (2012), using
the United States Geological Survey’s ROLO data from NASA’s
Moon Mineralogy Mapper (M3). The ROLO model describes the
lunar scattering law, given by the llþo l term (often called the
o

Lommel-Seeliger function), and was derived from the equation of
radiative transfer (Chandrasekhar, 1960). The ROLO model has
seven free parameters and includes the effects of limb-darkening
and the surface phase function:

2

3

the phase function f ðaÞ ¼ C 0 e
þ A0 þ A1 a þ A2 a þ A3 a þ A4 a
includes an exponential term that describes the opposition surge.

4

2.2. Bennu disk-integrated brightness
Solving for rði; e; aÞ, which is directly related to ½I=F ði; e; aÞ, for
the models described in the previous section, the following diskresolved function can be integrated to give the disk-integrated
magnitude of Bennu. We start with the disk-averaged albedo,
AðaÞ, as a function of phase angle, assuming a spherical shape:

Z p=2 Z p=2
rði; e; aÞl cosðhÞd/ dh;

ð6Þ

HðaÞ ¼ 5Log 10

!
p
D AðaÞ
;
K

ð7Þ

where D is Bennu’s mean diameter in (km), and K  2 AU  10VSun/5
with the V magnitude of the Sun VSun = 26.762 ± 0.017 (Campins
et al., 1985).

Physical albedo (a.k.a., geometric albedo) (Ageo Þ, which is a diskintegrated quantity, is the ratio of the brightness of a body
observed from zero phase angle a ¼ 0 to the brightness of a perfect Lambert (ﬂat) disk of the same radius and at the same distance
as the body, but illuminated and observed along an axis perpendicular to the plane of the disk (Hapke, 2012). The geometric
albedo is usually presented at one wavelength, the V passband,
centered around 0.55 lm:

REFFðe; e; 0Þ

2p

p

llo dX;

ð8Þ

where dX ¼ 2p sinðeÞde ¼ 2p dl and the Reﬂectance Factor (or
reﬂectance coefﬁcient) (REFF) is the ratio of the reﬂectance of the
surface to that of a perfectly diffuse (Lambert) surface under the
same conditions of illumination. REFF is deﬁned as follows:

REFFði; e; aÞ ¼

ð10Þ

where f(0) is the Minnaert phase function at a ¼ 0 .
Lommel-Seeliger geometric albedo:

Ageo ¼

ALS
pf ð0Þ
2

Z p=2
cosðeÞ sinðeÞde ¼
0

ALS
pf ð0Þ;
2

ð11Þ

where f(0) is the Lommel-Seeliger phase function at a ¼ 0 .
ROLO geometric albedo:

Z

p
2

Ageo ¼ f ð0Þ

cosðeÞ sinðeÞde ¼

0

f ð0Þ
;
2

ð12Þ

where f(0) is the ROLO phase function at a ¼ 0 .
2.4. Spherical Bond albedo

½I=F ði; e; aÞ

lo

Spherical Bond albedo (a.k.a., Bond albedo) (Asph ) is the total
fraction of incident irradiance scattered by a body into all directions at one wavelength, usually presented for 0.55 lm (Hapke,
2012):

Asph ¼

1

Z

Z

rði; e; aÞl dXi dXe ;

p

2p

ð13Þ

2p

where dXi ¼ sinðiÞ di dw and dXe ¼ sinðeÞ de dw with w is the
azimuth.
The spherical Bond albedo can also be expressed as qAgeo , where
q is the phase integral, deﬁned as:

Z p

UðaÞ sinðaÞda;

q¼2

ð14Þ

0
FðaÞ
where UðaÞ  Fð0
is the disk-integrated brightness at phase
o
Þ

2.3. Geometric albedo

Z

2p
f ð0Þ;
2ko þ 1

/¼ap=2

where h is the photometric latitude (the angle between the normal
to the surface and the scattering plane), and / is the photometric
longitude (the angle in the scattering plane between projection of
the normal and direction from the object to the observer). The
disk-integrated absolute magnitude is then a function of the diskaveraged albedo (Pravec and Harris, 2007):

Ageo ¼

½cosðeÞ2ko sinðeÞde

0

ð5Þ
C 1 a

h¼p=2

Z p=2
Ageo ¼ 2pAM f ð0Þ
¼ AM

f ðaÞ
BRDFði; e; aÞ ¼
;
pðlo þ lÞ

AðaÞ ¼

e = 0°, a ¼ 30 ) in REFF units for comparison with standard reference mineral libraries.
Disk-resolved scattering models can be used to compute the
derived quantities of geometric albedo, using equations in Section 2.3 and Eqs. (8) and (9).
Minnaert geometric albedo:

:

ð9Þ

This reﬂectance quantity (REFF) is what is generally measured in the
laboratory. For OSIRIS-REx Visible-Infrared Spectrometer (OVIRS)
(Reuter and Simon-Miller, 2012; Simon-Miller and Reuter, 2013)
mineralogic spectral indices, the spacecraft measurements will be
photometrically corrected to a standard viewing geometry (i = 30°,

angle a, assuming a spherical body (Buratti and Veverka, 1983).
FðaÞ is the phase dependence of the disk-integrated ﬂux deﬁned
as follows:

FðaÞ ¼

D2
4r 2

Z

p
2

p2

Z

p
2

ap2

½I=F ði; e; aÞ cosð/Þ cos2 ðhÞd/ dh;

ð15Þ

h
i
cosðiÞ
where / ¼ Arctan cosðeÞ
 cosðaÞ is the photometric longitude,
h
i
cosðeÞ
h ¼ Arccos cosð/Þ
is the photometric latitude, D = diameter of Bennu,
and r = observer-Bennu distance.
Bolometric Bond albedo (Abolo ) is the average of the spherical
Bond albedo Asph ðkÞ weighted by spectral irradiance of the Sun
Js(k). This integrates spherical albedo over all k (Hapke, 2012):

R1

Abolo ¼

0

Asph ðkÞJ S ðkÞdk
R1
:
J ðkÞdk
0 S

ð16Þ

The OSIRIS-REx Science Team has adopted a composite solar
ﬂux model from Thuillier et al. (2003) and Rieke et al. (2008),
which ranges from 0.435 lm to 1.8 lm. The bolometric Bond
albedo is the quantity required for estimates of thermal inertia
and models of the Yarkovsky effect for OSIRIS-REx for Asteroid
Bennu.
It is generally assumed that the spherical Bond albedo in the V
passband (550 nm) is a good representation of the bolometric
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Bond albedo. This is because most of the Sun’s energy is in the visible and most spectra of Solar System bodies do not change drastically over the UV/visible spectral range.

Table 1b
Lommel-Seeliger functions that predict ½I=F ði; e; aÞ (reﬂectance) of Bennu at 550 nm.
ALS a
Nominal
Maximum
Minimum

2.5. Normal albedo
The normal albedo (An) is deﬁned as the ratio of the brightness
of a surface observed at zero phase angle from an arbitrary direction to the brightness of a perfectly diffuse surface located at the
same position, but illuminated and observed perpendicularly
(Hapke, 2012).

An ¼ prðe; e; 0Þ:

ð17Þ

At i = e = 0°, the normal albedo is equivalent to the geometric albedo
for Lommel-Seeliger surfaces (Lester et al., 1979).
3. Results
Using the Minnaert, Lommel-Seeliger, and ROLO RADF functions
described in the previous section, we constrained the average diskresolved brightness across the surface of Bennu by ﬁtting the diskintegrated ground-based phase curve of this asteroid from
Hergenrother et al. (2013). Tables 1a, 1b, and 1c show our Minnaert, Lommel-Seeliger, and ROLO models, respectively, for nominal, maximum, and minimum predicted brightness of Bennu at
550 nm.
The minimum and maximum models capture the uncertainties
in the size of Bennu, its low and high phase-angle behavior, and the
scatter in the moderate phase angle ground-based observations of
Bennu. Using the Minnaert, Lommel-Seeliger, and ROLO models,
we computed minimum, maximum, and nominal geometric albedo
(Ageo), phase integral (q), and spherical albedo (Asph) for Bennu
(Table 2). The calculated geometric albedo.
Figs. 1–3 show the data for Bennu as compared with our models. We note that the BRDF values at i = 0°, e = 0°, and a = 0°, calculated using our Minnaert, Lommel-Seeliger, and ROLO models are
þ0:002
þ0:002
0:012þ0:000
0:001 , 0:0150:005 , and 0:0150:005 , respectively.
The Lommel-Seeliger BRDF value represents almost 1/p times
the geometric albedo: 0.045 ± 0.015 as expected for Lommel-Seeliger spheres (Lester et al., 1979). Table 2 includes the calculated
Bennu geometric albedo, phase integral, spherical Bond albedo,
and normal albedo values for the Minnaert, Lommel-Seeliger, and
ROLO models. These values are consistent with the geometric
albedo, phase integral, and spherical Bond albedo values calculated
by Hergenrother et al. (2013, 2014) and Emery et al. (2014), who
combined Bennu’s thermal IR and visible phase function properties.
The calculated geometric albedo values were found to be
þ0:005
þ0:012
0:047þ0:012
0:014 , 0:0470:014 , and 0:0480:022 for the Minnaert, the Lommel-Seeliger, and the ROLO models respectively. In comparison
with other dark objects, the geometric albedo values for Mathilde
(Clark et al., 1999), Phobos (Simonelli et al., 1998), and Deimos
(Simonelli et al., 1998) were found to be 0.047 ± 0.005, 0.071,
and 0.068 respectively.

Table 1a
Minnaert functions that predict ½I=F ði; e; aÞ (reﬂectance) of Bennu at 550 nm.
AMa
Nominal
Maximum
Minimum
a

0.012
0.012
0.011

bb
0.045
0.034
0.044

cb
4

2.50  10
4.79  105
2.86  104

db

ko

b

7.76  107
1.12  106
9.15  107

0.30
0.15
0.55

0.002
0.001
0.003

AM is Minnaert albedo.
ðbaþca2 þda3 Þ

f ðaÞ ¼ 10 2:5
. The values given in this table for b, c, and d were derived for
phase angle values in units of degrees.
b

0.030
0.033
0.021

bb

cb
2

4.36  10
2.51  102
4.17  102

db
4

2.69  10
1.62  104
2.72  104

9.90  107
18.77  107
11.96  107

a

ALS is Lommel-Seeliger albedo.
2
3
f ðaÞ ¼ ebaþca þda . The values given in this table for b, c, and d were derived for
phase angle values in units of degrees.
b

4. Discussion
We ﬁtted three empirical photometric models (Minnaert, Lommel-Seeliger, and ROLO) to the brightness data of Bennu in order to
predict how the brightness of Bennu depends on illumination and
observing geometries. These three models work equally well in ﬁtting Bennu’s data. We will be using these models during the
OSIRIS-REx mission operations.
For the purposes of discussion, we have also ﬁtted the Bennu
data with two other models: Hapke and McEwen (Hapke, 2012;
McEwen, 1986, 1991); however, these two models will not be used
during operations because they have some limitations. In this section, we will discuss the implications of these photometric models
for OSIRIS-REx instrument teams.
4.1. The selected photometric models for Bennu
The Minnaert, Lommel-Seeliger, and ROLO models are wellsuited for predicting the brightness of Bennu at arbitrary illumination and viewing geometries. These models are also well-suited for
photometrically correcting Bennu imaging and spectral observations to a common standard geometry, and therefore, for comparing images of different areas on Bennu with each other and Bennu’s
spectral data with laboratory measurements. However, these models cannot be used to infer the physical properties and compositions of Bennu’s surface. We chose to use these three models
because they relate the reﬂectance from a particulate surface to
viewing geometry in a simple fashion as functions of the incidence,
emission, and phase angles (disk function and phase function). Furthermore, Minnaert, Lommel-Seeliger, and ROLO models work well
for Bennu’s very low surface reﬂectance and geometric albedo,
where multiple scattering is not signiﬁcant. Generally, planetary
objects with a high surface reﬂectance and geometric albedo follow
the Lambert law (Li et al., submitted for publication). Tables 3a and
3b show Hapke and McEwen models, respectively, which predict
[I=F ] (i, e, a) of Bennu at 550 nm.
4.2. Other photometric models
4.2.1. Hapke model
The Hapke model is based on a semi-physical model that uses
the analytical solutions of radiative transfer on an asteroidal surface with simpliﬁcation assumptions, coupled with the empirical
models that describe the scattering behavior aspects of a particulate surface (Hapke, 2012):

RADFði;e; aÞ ¼

- o lo
f½1 þ BðaÞpðaÞ þ Hðlo ÞHðlÞ  1gSði; e; a; hÞ;
4 lo þ l
ð18Þ

where -o is the average particle single scattering albedo, B is the
shadow hiding opposition surge function, pðaÞ is the average
particle single-scattering phase function, H is Ambartsumian–
Chandrasekhar function for multiple scattering, and S is the Hapke
roughness shadowing function.
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Table 1c
ROLO functions that predict ½I=F ði; e; aÞ (reﬂectance) of Bennu at 550 nm.
C0
Nominal
Maximum
Minimum

0.043
0.263
0.022

C1
0.080
0.010
0.012

A0
0.053
0.14
0.074

A1

A2
3

1.04  10
1.45  103
9.56  104

A3
6

A4
8

7.75  10
5.14  105
1.14  105

1.54  10
4.67  107
1.16  108

3.74  1011
1.54  109
2.42  1010

f ðaÞ ¼ C 0 eC 1 a þ A0 þ A1 a þ A2 a2 þ A3 a3 þ A4 a4 . The ﬁrst term of the phase function describes opposition surge.

Table 2
Bennu’s geometric albedo, phase integral, spherical albedo, and normal albedo.
Geometric albedo (Ageo)

Phase integral (q)

Spherical albedo (Asph)

Normal albedo (An)

Minnaert model

0:047þ0:012
0:014

0:34þ0:02
þ0:03

0:016þ0:005
0:004

0:0380:000
0:003

Lommel-Seeliger model

0:047þ0:005
0:014

0:32þ0:00
þ0:09

0:015þ0:003
0:001

0:047þ0:006
0:010

ROLO model

0:048þ0:012
0:022

0:32þ0:05
þ0:07

0:015þ0:007
0:005

0:047þ0:012
0:021

Fig. 1. The reduced V magnitude of Bennu as a function of phase angle predicted by
the Minnaert model is shown compared with the ground-based measurements.
Shown are the minimum (red dots), maximum (blue dashes), and nominal (black
solid line) models. Our minimum and maximum models do not include the
Mathilde data, however our nominal model does. rM is in units of sr1. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

Fig. 2. The reduced V magnitude of Bennu as a function of phase angle predicted by
the Lommel-Seeliger model is shown compared with the ground-based measurements. Shown are the minimum (red dots), maximum (blue dashes), and nominal
(black solid line) models. Our minimum and maximum models do not include the
Mathilde data, however our nominal model does. rLS is in units of sr1. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

Fig. 4 shows the ground-based measurements of Bennu as compared with the Hapke model. Although the Hapke model is a semiphysical photometric model and ﬁts well Bennu’s data, this model

Fig. 3. The reduced V magnitude of Bennu as a function of phase angle predicted by
the ROLO model is shown compared with the ground-based measurements. Shown
are the minimum (red dots), maximum (blue dashes), and nominal (black solid line)
models. Our minimum and maximum models do not include the Mathilde data,
however our nominal model does. rrolo is in units of sr1. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

does not allow the computation of exact and unique solutions of
radiative transfer equations of the surface physical conditions of
this asteroid. In addition, the Hapke model requires making some
assumptions and approximations. The limited observing geometries available from the ground-based observations, particularly at
small phase angles, are insufﬁcient to fully constrain a Hapke model; as a result, the Hapke model is not useful for interpreting Bennu’s
disk-integrated data at this early stage of the OSIRIS-REx mission.
Because the surface roughness parameter h and the asymmetry
factor g cannot be decoupled from disk-integrated phase function,
we had to assume h ¼ 20 and ﬁxed it for the ﬁtting the data. Also,
we did not place any constraints (such as the Bo < 1) for the opposition effect parameters. With these assumptions and approximations, the Hapke ﬁt for Bennu is not unique. This model is very
difﬁcult to apply to Bennu’s data because Hapke’s phase function
and bidirectional reﬂectance are not linear, and their ﬁve parameters are entangled with each other. Furthermore, Shepard and
Helfenstein (2007), who compared the known characteristics of
laboratory samples to those predicted by ﬁtting of the Hapke model parameters, found that this model does not adequately describe
the physical state of the samples.
4.2.2. Lommel-Seeliger–Lambert model
The Lommel-Seeliger–Lambert model (also called the lunarLambert model) is a hybrid model that includes a lunar scattering
function, given by the llþ0 l term (Seeliger, 1884), in addition to a
0
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Table 3a
Hapke function that predicts [I=F ] (i, e, a) (reﬂectance) of Bennu at 550 nm.

Hapke

wo

Bo

h

g


h

0.031

3.9

0.11

0.32

20

Table 3b
McEwen function that predicts [I=F ] (i, e, a) (reﬂectance) of Bennu at 550 nm.

McEwen

AMC

b

c

d

0.015

0.043

2.66  104

9.75  107

Lambert disk function (Lambert, 1759) (Buratti and Veverka,
1983):

RADFði; e; aÞ ¼ A

l0
l0 þ l

f ðaÞ þ Bl0 ;

ð19Þ

where A; B; and f are functions of a.
This hybrid model was originally introduced by Buratti and
Veverka (1983) to photometrically model the bright plains and
the dark terrain of Europa. By setting B = 1  A in Eq. (19), Buratti
and Veverka (1983) suggested a simple expression that spans the
range between lunar-like scattering (A = 1), and Lambert-like scattering (A = 0). Bright objects with high geometric albedos are welldescribed by the Lambert-like scattering law, and dark objects with
low geometric albedos, where multiple scattering can be negligible
(like in Bennu), are well described by the lunar-like scattering law.
Hence, the Lommel-Seeliger–Lambert model works well for objects
with a wide range of different geometric albedos such as Europa
(Buratti and Veverka, 1983).
Because the Lommel-Seeliger–Lambert model cannot be
applied for photoclinometry, where measurements from two proﬁles (two versions of Eq. (19)) cannot be ratioed to remove the
effects of the intrinsic reﬂectivity of the surface materials,
McEwen (1991, 1986) rewrote Eq. (19) in the following form:

RADFði; e; aÞ ¼ Bo ðaÞ

2LðaÞl0
þ ð1  LðaÞÞl0 ;
l0 þ l

ð20Þ

ðaÞ
where LðaÞ ¼ Af Af
is a partition parameter between the LommelðaÞþ2B

Seeliger term and the Lambert term, and Bo ðaÞ is the intrinsic albedo

Fig. 4. The reduced V magnitude of Bennu as a function of phase angle predicted by
the Hapke model is shown compared with the ground-based measurements. Bo is
the shadow hiding opposition surge function, pðaÞ is the average particle singlescattering phase function, H is Ambartsumian–Chandrasekhar function for multiple
scattering, and S is the Hapke roughness shadowing function. rHapke is in units of
sr1. wo is the single-scattering albedo (fraction of total incident energy that is
scattered by a single particle towards all directions), Bo is the opposition effect
amplitude parameter, h is the opposition effect width parameter, g is the
asymmetry parameter (spatial energy distribution in a single particle scattering
phase function), and 
h is the surface roughness parameter (average deviation of
local normal with respect to average).

Fig. 5. The reduced V magnitude of Bennu as a function of phase angle predicted by
the McEwen model (blue solid line) and the Lommel-Seeliger model (black dashdots) are shown compared with the ground-based measurements. LðaÞ is a partition
parameter between the Lommel-Seeliger and Lambert functions. The McEwen
model works reasonably well between 20° and 70°. When the Lambert term was
removed from the lunar-Lambert model, the new model becomes equivalent to the
Lommel-Seeliger model described in this paper and works well in ﬁtting Bennu
ground-based observations. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

that describes the intrinsic properties of the surface materials,
including composition, grain size, roughness, and porosity. In Eq.
(20), Bo ðaÞ is independent of the incidence (i) and emission (e)
2

3

angles. Using the following phase function f ðaÞ ¼ ebaþca þda , we
found that the McEwen’s model does not ﬁt Bennu ground-based
observations. Even though, this model works reasonably well at
phase angles from 20° to 70° (Fig. 5). However, when the Lambert
term was removed from the lunar-Lambert model, the new model
becomes equivalent to the Lommel-Seeliger model described in this
paper and works well in ﬁtting Bennu ground-based observations.
These results suggest that the lunar-Lambert model of McEwen
(1986, 1991) may not be suitable for Bennu.
4.3. Application to OSIRIS-REx mission data processing
The Minnaert, Lommel-Seeliger, and ROLO models are useful for
predicting ﬂux and brightness quantities for Bennu at a wide range
of viewing geometries, which provide important information to
engineers designing OSIRIS-REx instruments (Fig. 6).
Spectral mapping of the surface of Bennu is performed using the
four spectral ﬁlters (470, 550, 700, 853 nm) of OSIRIS-REx Mapping

Fig. 6. The logarithm of ﬂux in W/m2/nm as a function of phase angle predicted by
the ROLO model (red solid line with an error envelope in red), the Minnaert model
(green dashes with an error envelope in green), and the Lommel-Seeliger model
(black dashes with an error envelope in yellow). Note that the Minnaert model and
the Lommel-Seeliger model have the same ﬁt. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Camera (MapCam) based on the Eight Color Asteroid Survey (ECAS)
b, v, w and x ﬁlters (Tedesco et al., 1982). All of these data will be
photometrically modeled and photometrically corrected with the
best ﬁt model, as described in this work. The wavelength range
of MapCam includes broad spectral features that are observed on
a wide variety of carbonaceous asteroids, and allow direct comparison with ground-based observations using the same ECAS ﬁlters.
MapCam images will provide geologic context at the meter-scale
for the high-spectral-resolution data acquired by OVIRS and
OSIRIS-REx Thermal Emission Spectrometer (OTES) (Hamilton
and Christensen, 2014) and guide sample site selection.
OSIRIS-REx will perform extensive global mapping of the surface spectral characteristics with comprehensive spectral coverage
(0.4–50 lm) and global spatial resolution of <50 m/pixel using
OVIRS and OTES instruments. Combined data from these two
instruments allow the identiﬁcation and quantiﬁcation of all compounds having spectral absorptions >5% in this wavelength range.
This data set will provide information on the distribution and composition of minerals and organic material across the surface of Bennu. It will allow the ﬁrst analysis of surface processing of
carbonaceous material and will guide sample site selection, ensuring maximum science return from the samples. In addition, any
spectral diversity observed across the surface after photometrically
correcting the data will be used to understand how material is
being displaced, providing important clues to the geological and
geophysical evolution of Bennu.
When the mission is complete, Bennu will have been observed
across a very wide range of solar phase angles and electromagnetic
wavelengths. We will have global disk-resolved observations from
5° (±5°) up to 90° (±5°), and more extreme observations (higher
and lower phase angles) of selected regions on the surface. It will
be very exciting to synthesize all of these data for a more comprehensive understanding of this very dark asteroid. It will be very
exciting to synthesize all of these data for a more comprehensive
understanding of this very dark asteroid.
5. Conclusions
In this paper, we showed that three empirical models (Minnaert,
Lommel-Seeliger, and ROLO) work equally well in ﬁtting the best
ground-based photometric phase curve data of the OSIRIS-REx target Asteroid (101955) Bennu. These models capture the light scattering properties of the surface and subsequently allow us to
compute the geometric albedo, phase integral, and spherical Bond
albedo for Bennu, which has a low reﬂectance and geometric
albedo, where multiple scattering is not signiﬁcant. However, these
models cannot be used to infer physical properties of Bennu’s surface material. We selected these three models because they are
simple empirical models with uncoupled and uniquely determined
parameter values that can be used to photometrically correct mission data quickly after data acquisition. Other semi-physical models
such as the Hapke model, where many assumptions and
approximations are necessary, and the McEwen model, are not fully
constrained by the available ground-based data of Bennu.
RADFs will be used to model the disk-resolved brightness when
the OSIRIS-REx spacecraft arrives at Asteroid Bennu. Our geometric
þ0:005
þ0:012
albedo values of 0:047þ0:012
0:014 , 0:0470:014 , and 0:0480:022 for the
Minnaert model, Lommel-Seeliger, and ROLO models respectively
are consistent with albedo of 0.045 ± 0.015 computed by
Hergenrother et al. (2013, 2014) and Emery et al. (2014). Additionþ0:003
ally, our spherical albedo values of 0:016þ0:005
0:004 ; 0:0150:001 , and

0:015þ0:007
0:005 for the Minnaert model, Lommel-Seeliger, and ROLO
models respectively are consistent with the Bond albedo of
0.017 ± 0.002 calculated by Emery et al. (2014).
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