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ARTICLE INFO ABSTRACT

Keywords: OSIRIS-REx (Origins, Spectral Interpretation, Resource Identification, and Security-Regolith Explorer) is a NASA

Photometry mission to return a sample of asteroid (101955) Bennu. Photometric modeling of Bennu’s surface is a key

ipteCtr‘?é’hOtometry element of both sample site characterization and our broader scientific understanding of the asteroid. Bennu’s
steroids

heterogeneous surface presents substantial variation in reflectance and produces a scattered dataset that poses a
challenge to photometric modeling. We show that the resolution of the shape model with which we calculate
photometric angles strongly affects the accuracy of the analysis, as well as the efficacy of subsequent photometric
corrections. We use global imaging data to fit empirical photometric models of the surface. These models
represent the average behavior of Bennu’s surface and can be used beyond this work to photometrically correct
panchromatic and color basemaps of Bennu and perform albedo analyses of individual features on Bennu’s
surface. Bennu’s global photometry reveals a moderate opposition effect and detectable phase reddening, both of
which suggest a macroscopically rough surface, which is confirmed by centimeter-scale images of the asteroid.

Image processing

1. Introduction

The primary objective of the Origins, Spectral Interpretation,
Resource Identification, and Security—Regolith Explorer (OSIRIS-REx)
mission is to return a sample of near-Earth asteroid (101955) Bennu
(Lauretta et al., 2017). Bennu is a low-albedo B-type asteroid with a
near-Earth orbit (Hergenrother et al., 2013). Ground observations
identified Bennu as a primitive body, potentially linked to hydrated
carbonaceous chondrites (Clark et al., 2011). The OSIRIS-REx spacecraft
was launched in September 2016; surface-resolved imaging began in
October 2018 with the OSIRIS-REx Camera Suite (OCAMS; Rizk et al.,
2018). Approach observations confirmed Bennu’s compositional and
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spectral characteristics but, contrary to radar observations, revealed a
heterogeneous and rugged surface (Lauretta et al., 2019). Before the
arrival of the OSIRIS-REx spacecraft at Bennu, our understanding of
Bennu’s photometric behavior was limited to disk-integrated, ground-
based observations. These showed Bennu to have a phase curve slope
consistent with other low-albedo asteroids (Hergenrother et al., 2013),
but indicated that disk-resolved data would be required to model the
surface accurately (Takir et al., 2015). Upon encounter with the
asteroid, the high degree of macroscopic roughness validates this pre-
diction and informs our analysis.

Several data products produced by the OSIRIS-REx team, such as
panchromatic and color basemaps, rely on the photometric behavior of
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Bennu’s surface. The OSIRIS-REx team used these products to help
identify potential sampling sites. The photometric models are also used
by the navigation team to predict the reflectance of features during
sampling for the natural feature tracking (NFT) process, which guides
the spacecraft’s descent to the surface (Berry et al., 2013; Lauretta et al.,
2017). Most importantly, understanding the photometric properties of
Bennu, both globally and at the sample site, allows us to put the returned
sample into scientific context.

Photometric properties of a surface drive its interaction with light
through the incidence (the direction from which the surface is being
illuminated), emission (the direction from which the surface is being
observed), and phase (the difference between the illumination and
observation vectors) angles. These properties depend on surface
composition, texture, and morphology (Hapke, 2012; Li et al., 2015;
Longobardo et al., 2016), as well as the wavelength of the incident light.
We have measured Bennu'’s surface reflectance under a range of illu-
mination conditions, against which we fit empirical photometric func-
tions. Here we review the challenges that Bennu’s surface poses to
modeling those observations, the photometric models developed from
the imaging data, and the physical interpretation of the model
parameters.

2. Photometric observations

We acquire all photometric data with MapCam, the medium-angle
color OCAMS imager (Rizk et al., 2018). MapCam has four narrow-
band (60-90 nm wide) color filters that mimic the Eight Color Asteroid
Survey (ECAS; Zellner et al., 1985) filters. We refer to the filters by their
ECAS designation: b/, v, w, and x, with effective wavelengths of
approximately 473, 550, 698, and 847 nm, respectively (Golish et al.,
2020). The b’ filter is slightly redder than its ECAS counterpart, hence its
prime designation. MapCam also acquired panchromatic data with its
broader filter (~300 nm wide centered at 646 nm).

MapCam photometric observations cover phase angles from 0.7 to
130°. While the lowest phase angle data do not have global coverage,
they can be included in this analysis, which treats Bennu as a uniform
surface. However, we exclude the highest phase angle data from the
analysis due to increased noise. Here we describe the observation
campaigns in detail (Table 1).

The OSIRIS-REx spacecraft has carried out several observation
campaigns throughout operations. The Approach and Preliminary Sur-
vey phases were designed to acquire astronomical and shape modeling
data (DellaGiustina et al., 2018; Lauretta et al., 2017), but provided
some photometric data. The Detailed Survey phase, however, was
dedicated to a global survey of Bennu. Most data used in this investi-
gation were acquired during the Equatorial Stations campaign of the
Detailed Survey phase (Lauretta et al., 2017). In this campaign, MapCam
imaged Bennu from seven equatorial stations, each at a different local
solar hour on the asteroid, measuring the surface at phase angles () of
7.5, 30, 45, 90, and 130° (Fig. 1). However, we do not use the 130° phase
angle data in this analysis, due to decreased signal-to-noise (Section
4.3). The spacecraft traveled on north-south trajectories in a series of

Table 1
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four-day hyperbolic flybys. For each flyby, MapCam acquired images
over a full rotation of Bennu (~4.3 h) while the spacecraft was
approximately over Bennu’s equator. The spacecraft was ~5 km from
the asteroid throughout the observation window. At this distance, a
nadir MapCam pixel (Rizk et al., 2018) subtends approximately 33 cm
on Bennu. At each station, the spacecraft slewed north-south every
2.7-3° of Bennu rotation, imaging with MapCam’s five filters. The
camera switched filters between each slew, such that every fifth slew (or
every 13-15° of Bennu rotation) imaged with the same filter.

Fig. 1 shows representative images from each station. We model
Bennu’s photometric response using only MapCam data. Much of the
global mapping of Bennu’s surface is done with PolyCam, the OCAMS
narrow-angle, high-resolution camera, and sample acquisition will be
documented with SamCam, the OCAMS moderate field of view, sam-
pling camera (Rizk et al., 2018). However, the MapCam, PolyCam, and
SamCam panchromatic bandpasses are similar to within 3% and their
detectors are identical (Rizk et al., 2018). Therefore, Bennu appears
effectively identical to the three cameras and the photometrical
modeling presented here is applicable to all three.

The Bennu local solar times observed during the Equatorial Stations
provide a range of rotationally resolved phase angle data, but lack
coverage below 7.5° and between 45° and 90°. Therefore, we include
images from earlier observation phases—Approach and Preliminary
Survey—that observed Bennu at the missing phase angles.

In the Approach mission phase, MapCam imaged Bennu at phase
angles between 0.7° and 20° with all five filters. Our investigation only
incorporates Approach data where Bennu subtended >20 pixels to avoid
aliasing of point sources (Golish et al., 2020). These observations
covered ranges to surface from 320 to 150 m (pixel scales from 22 to 11
m/pixel). Low-phase observations are of particular importance, as
OCAMS will not acquire any other images of Bennu with phase angles
under 7.5°. As such, they represent our only measurement of Bennu’s
opposition surge (Section 6.2). During the Preliminary Survey phase
immediately following Approach, MapCam acquired images using all
five filters, with phase angles ranging from 38° to 90°, as the spacecraft
transited along Bennu’s equator. Distance to the surface ranged from 9
to 18 km (pixel scale from 60 to 125 cm/pixel). Unlike Equatorial Sta-
tions, the data in Approach and Preliminary Survey do not image a
complete Bennu rotation. Images from these observation campaigns, at a
variety of phase angles, are shown in Fig. 2.

3. Photometric models

Our investigation considered a suite of empirical photometric models
(Table 2). We targeted models that are well-suited to describe the
behavior of low-albedo surfaces (Li et al., 2015; Takir et al., 2015; Zou
et al., 2019). Although Hapke analysis (Hapke, 1986) is a very common
method to study photometry of small bodies (Li et al., 2013, 2019;
Masoumzadeh et al., 2015; Spjuth et al., 2012), we elect not to include it
here for two reasons. Firstly, the pace of mission operations demanded
rapid photometric analysis and empirical models are more straightfor-
ward to implement quickly. More importantly, the challenge posed by

Summary of MapCam photometric observation campaigns. 3:20 am and 8:40 pm data were acquired, but not used in this analysis due to increased noise.

Observation campaign Phase angle range (°)

Pixel resolution (m/pixel)

Number of images per filter Global coverage

Approach 0.7-20 11-22
Preliminary survey 38-90 0.6-1.25
Equatorial stations — 12:30 pm 7-11 0.32-0.34
Equatorial stations — 10 am 28-32 0.32-0.34
Equatorial stations — 3 pm 43-47 0.32-0.34
Equatorial stations — 6 am 89-93 0.32-0.34
Equatorial stations — 6 pm 89-93 0.32-0.34
Equatorial stations — 3:20 am 130-134 0.32-0.34
Equatorial stations — 8:40 pm 130-134 0.32-0.34

93 No
39 No
70 Yes
70 Yes
70 Yes
140 Yes
140 Yes
95 Yes
125 Yes
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12:30 PM

Fig. 1. A schematic of the OSIRIS-REx Equatorial Stations observation campaign. The spacecraft performs hyperbolic flybys at seven local solar times, each for a full
Bennu rotation, ensuring near-global coverage of Bennu’s surface. The phase angle (denoted as o) and a representative MapCam image (taken with the v filter) are
shown for each station. Images were acquired in north-south slews every ~3° of Bennu rotation.

Bennu’s roughness (Sections 4.1, 4.5, 5) is heightened for Hapke anal-
ysis, which has more solvable parameters. When high-resolution global
shape models become available, the Hapke model will be included in our
suite of photometric functions.

Here and throughout this document we express the photometric
functions in terms of radiance factor (RADF), also referred to as I/F (Li
et al., 2015), where I is the scattered radiance (W m~2 pm’l st V) and F
is the radiance (W m~2 pm’l sr’l) from a Lambertian surface normally
illuminated by the Sun. As such, I/F is dimensionless. The I/F of a sur-
face can be described as a product of a phase function (A(a), describing
the phase dependence of the surface reflectance) and a disk function (d
(a,1,e), describing how reflectance varies over the surface at a constant
phase angle).

1 .
—=A(a)d(a,i,e) (€8]
F

Correspondingly, the OCAMS calibration pipeline converts all
OCAMS images to units of I/F (Golish et al., 2020). The pipeline also
corrects the images for known sources of noise (e.g. dark current, charge
smear, and pixel non-uniformity).

The terms i, e, and o denote the incidence, emission, and phase an-
gles, respectively; b and [ are the photometric latitude and longitude,
respectively; Axx is geometric albedo for a given function; all other

parameters are model coefficients. Geometric albedo is the ratio of the
brightness of a body at 0° phase to the brightness of a Lambertian disk
under the same conditions (Hapke et al., 1993). Photometric latitude
and longitude are photometric parameters calculated following Kre-
slavsky et al. (2000). The scattering plane is defined as the plane con-
taining the source, surface point, and an observer. The photometric
latitude b is the angle between the surface normal and that plane. The
photometric longitude [ is the angle in the scattering plane between the
projection of the surface normal and the vector from the surface point to
the observer.

f;’j? — cos(a)
tan(l) = < )sin(a) @)
cos(b) = LZ;Z((Z) 3)

Prior studies have varied the specific formulation of these photo-
metric models, depending on the planetary surface under consideration
(Hapke, 2012; Li et al., 2015, 2019; McEwen, 1986; Schroder et al.,
2017; Shkuratov et al., 2011; Takir et al., 2015). To characterize the
photometric properties of Bennu, we have customized these models for
our investigation. Table 2 lists the disk and phase functions used for each
model. The Lommel-Seeliger model uses a standard Lommel-Seeliger
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0.7° phase

63° phase

Fig. 2. Representative MapCam (v filter) images from Approach and Preliminary Survey, shown for selected phase angles.

Table 2

The photometric functions used to model OCAMS data, with their disk and phase functions, in terms of RADF.

Photometric function

Disk function - d(a,i,e)

Phase function — A(a)

Lommel-Seeliger
(Hapke, 1981)

cos(i)
cos(i) + cos(e)

Ars gebatra®+éa®

ROLO
(Buratti et al., 2011)

cos(i)
cos(i) + cos(e)

Coe 1% + Ag + Ara
+As0? + Asa® + Agat

: a pa+ya*+sa®
Akimov cos (E) cos ( z ( 75) ) cos(b)ﬁ A pel e ra o
(Shkuratov et al., 2011) 2 T—a 2 cos(l)
- - —0.4
Llneér-Aklmov o 7 e cos(b)ﬁ Apiaer10704
(Li et al., 2019) cos (E)“’S(” “a ( 75) ) cos(l)

Lunar-Lambert
(McEwen, 1986)

cos(i)

L((I) — eza+§a2 +na®

2L(a) (m) + (1 —L(a) )cos(i)

AnL ebat ya?+6a®

Minnaert

(Takir et al., 2015) k(a) = ko + ba

Cos(i)k(u) cos (e)k(u] -1

—0.4(pa+ya®+5a®
Apin10

disk function (Hapke, 1981) and an exponential phase function (Hapke,
2012). The RObotic Lunar Observatory (ROLO) (Kieffer and Wildey,
1996) photometric function uses a Lommel-Seeliger disk function and a
polynomial phase function (Buratti et al., 2011; Hillier et al., 1999).
ROLO is the only model used in this work with an explicit opposition
surge parameter (Section 6.2). The Akimov model has the advantage of a
disk function that minimizes limb brightening as the emission angle
approaches 90° (Shkuratov et al., 2011). Here we elect to use the
parameter-less form where 1 is set to 1.0. We have adapted the Akimov
model by substituting an exponential phase function, rather than using
the sum of exponentials described by Shkuratov et al. (2011). We also
include another form (Linear-Akimov) that utilizes the Akimov
parameter-less disk function in concert with a linear-magnitude phase
function. The Lunar-Lambert model (also called the McEwen model) was
originally developed to mimic the lunar disk function (McEwen, 1986).
It uses a partition function, L(a), to transition from a Lommel-Seeliger
disk function at low phase angles to a Lambertian disk function at
high phase angles. The partition function has the same exponential form
as the Lommel-Seeliger phase function. Our expression of the Lunar-

Lambert model uses an exponential phase function of the same form
as the Lommel-Seeliger model. This treatment allows us to compare the
Lunar-Lambert model to the Lommel-Seeliger model and evaluate
whether the surface of Bennu follows the Lommel-Seeliger or Lunar-
Lambert disk function more closely. The Minnaert model, developed
initially for lunar modeling (Minnaert, 1941), has an inverse logarithmic
phase function (Takir et al., 2015) like the Linear-Akimov model. Min-
naert also has a parameterized disk function, controlled via its limb-
darkening parameter, k(a) (Minnaert, 1941). Empirical models with
flexible disk functions, such as Lunar-Lambert and Minnaert, can be
valuable when attempting to photometrically model a complex surface
and have been commonly applied to other planetary bodies (Li et al.,
2013; Schroder et al., 2017, 2013).

4. Photometric modeling
The standard inputs to photometric modeling are observation ge-

ometry (incidence, emission, and phase angles) and reflectance (Hapke,
2012; Li et al., 2015). Two of the photometric functions used in this
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investigation (Minnaert and Lunar-Lambert) have parameterized disk
functions. With sufficient data, we can solve for the disk functions
simultaneously with the phase functions. However, Bennu’s rough sur-
face (Lauretta et al., 2019) makes this analysis challenging without
global, high-resolution digital terrain models (DTMs) that accurately
represent local emission and incidence angles (Section 4.5) at the pixel
scale. To improve the fidelity of the models, we solve for the disk
functions independently.

4.1. Disk function

We limit the disk function solutions to the Equatorial Stations
dataset, which has sufficiently high spatial resolution to track disk
function variation. The photometric angles for a given image are
calculated using USGS’s Integrated Software for Imagers and Spec-
trometers 3 (ISIS3; Keszthelyi et al., 2013) and SPICE kernels (Acton
et al., 2018) provided by the mission. We calculate backplanes for each
image (DellaGiustina et al., 2018), including the phase, emission, and
incidence angles, with respect to the v28 80-cm-resolution global shape
model (Barnouin et al., 2019, 2020). To mitigate the impact of terrain-
induced shadowing, and reduce the computation complexity, the images
are downsampled from their native 1024 x 1024 resolution to 128 x
128 pixels. We further exclude pixels with incidence or emission angles
above 82°. The number of remaining pixels per image averages between
10 and 15 thousand for the 7.5°, 30°, and 45° phase images, covering all
emission and incidence angles between 0 and 82°. We perform disk
function modeling with images in all MapCam filters: 420 images at 7.5°
phase and 350 at both 30° and 45° phase. We exclude the high phase
angles (~90° and ~130°) from this fit, as the disk functions are less
reliable for those angles. Bennu’s high degree of macroscopic roughness

(a)

Lunar-Lambert Disk Function

0 02 0.4 0.6 0.8 1
2*cos(i)/(cos(i)+cos(e)) - cos(i)

—_
2

1257

075} o -

05}

0251

Lunar-Lambert L parameter

-0.25

0 20 40 60
Phase Angle (°)
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causes shadowing (Section 4.5) and results in more scatter in the
reflectance data at high phase angles.

We first fit the Lunar-Lambert and Minnaert disk functions to the
downsampled data on a per-image basis. Phase angles within a single
MapCam image vary by approximately the MapCam field of view of 4°
(Rizk et al., 2018). As such, the phase angle dependence of the disk
functions in a given image is minimal, and we do not consider it in this
analysis. Accordingly, we use the measured reflectance in the images for
d(i,e) in Egs. (4)-(7), forgoing a phase correction. We solve for the disk
function parameters, L(a) and k(a), and record them with the median
phase angle of the image.

We reformulate the Lunar-Lambert disk function to a linear two-
dimensional relationship, where the slope of the fit is the Lunar-
Lambert parameter L(a).

d(i,e) = 2L() <#(?0S(6)> +(1—L(a) )cos(i) O]
d(i,e) — cos(i) = L(a) (2% — cos(i) > ®

We reformulate the Minnaert disk function to a linear two-
dimensional relationship by taking the logarithm of both sides. The
slope of the linear fit is then equal to the Minnaert parameter k(o).

d(ije) = cos(i)k(”)“"'cos(e)]"(a’)*1 (6)

log(d(i,e)*cos(e) ) = k(a)*log(cos(i)*cos(e) ) 7)

Fig. 3(a-b) plots the photometric data for both formulations, for a
single MapCam image acquired at 2019-05-09 20:51:07 UTC at a phase
angle of ~8°, and a linear fit to the distributions. In this example, the

(b) 7 Minnaert Disk Function

log(d(i,e)*cos(e))

-4 -3 -2 -1 0
log(cos(i)*cos(e))

06 e .
04|

027

Minnaert k parameter

0 20 40 60
Phase Angle (°)

Fig. 3. Fitting a line to the Lunar-Lambert (a) and Minnaert (b) disk functions for a single image provides the L and k parameters, respectively, for each phase angle.
We solve for L(a) and k(a) by fitting those parameters for every image as a function of phase angle (c and d). In (c) and (d) the phase angle ranges of the data are
artificially broadened to better visualize their density; these data actually vary <1° of phase.



D.R. Golish et al.

Table 3

Photometric model parameters, and their 2 error, for each model and MapCam filter.

Icarus 357 (2021) 113724

Lommel-Seeliger

Filter

Geometric albedo

Ars p Y 5 X
pan (646 nm) 0.042 0.0270 —3.395E-02 2.577E—-04 —1.579E-06 1.3e—4
b’ (473 nm) 0.042 0.0266 —3.365E—-02 2.617E—-04 —1.725E-06 1.5e—4
v (550 nm) 0.042 0.0265 —3.329E-02 2.321E-04 —1.385E-06 1.3e—4
w (698 nm) 0.040 0.0257 —3.219E-02 2.174E-04 —1.329E-06 1.2e—4
x (847 nm) 0.039 0.0250 —3.127E-02 1.877E—-04 —1.095E—-06 1.1e—4
ROLO
Filter Geometric albedo Co C1 Ao Ay Ay As As x
pan (646 nm) 0.045 0.0101 2.729E-01 7.936E—02 —2.191E-03 3.691E-05 —3.854E-07 1.671E-09 7.6e—5
b’ (473 nm) 0.045 0.0099 5.320E-01 8.096E—02 —2.368E—-03 4.192E-05 —4.382E—-07 1.850E—-09 1.0e—4
v (550 nm) 0.044 0.0094 3.615E-01 7.913E-02 —2.184E-03 3.542E-05 —3.519E-07 1.475E—-09 7.5e—5
w (698 nm) 0.043 0.0068 5.643E-01 7.962E—02 —2.450E—-03 4.805E—-05 —5.482E-07 2.450E—-09 7.4e-5
x (847 nm) 0.042 0.0060 5.936E-01 7.754E—02 —2.295E-03 4.220E—-05 —4.609E—-07 2.021E-09 7.7e-5
Minnaert
Filter Geometric albedo Awmin i Y ) ko b X2
pan (646 nm) 0.044 0.0139 3.807E—-02 —3.408E—-04 1.977E—-06 5.300E-01 2.100E-03 1.3e—4
b’ (473 nm) 0.043 0.0137 3.774E-02 —3.454E-04 2.139E-06 5.300E-01 2.100E-03 1.4e—4
v (550 nm) 0.043 0.0136 3.730E-02 —3.118E-04 1.761E—-06 5.300E-01 2.100E-03 1.2e—4
w (698 nm) 0.042 0.0132 3.610E-02 —2.966E—-04 1.709E—-06 5.300E-01 2.100E-03 1.1e—4
x (847 nm) 0.040 0.0129 3.505E-02 —2.634E—-04 1.449E—-06 5.300E-01 2.100E-03 1.0e—4
Lunar-Lambert
Filter Geometric albedo A i} Y ) € 4 n P
pan (646 nm) 0.043 0.0136 —3.305E—-02 2.790E-04 —1.598E—-06 —0.009 0 0 1.3e—4
b’ (473 nm) 0.042 0.0134 —3.274E-02 2.837E-04 —1.752E-06 —0.009 0 0 1.4e—4
v (550 nm) 0.042 0.0133 —3.233E-02 2.522E-04 —1.398E-06 —0.009 0 0 1.2e—4
w (698 nm) 0.041 0.0129 —3.124E-02 2.385E—-04 —1.352E-06 —0.009 0 0 l.le—4
x (847 nm) 0.040 0.0126 —3.026E-02 2.071E-04 —1.105E-06 —0.009 0 0 1.0e—4
Akimov
Filter Geometric albedo Ank i Y 5 x?
pan (646 nm) 0.043 0.0136 —3.380E-02 3.025E—-04 —1.898E—-06 1.2e—4
b’ (473 nm) 0.042 0.0134 —3.348E-02 3.067E-04 —2.048E—-06 1.4e—4
v (550 nm) 0.042 0.0133 —3.310E-02 2.765E—-04 —1.706E—-06 1.2e—4
w (698 nm) 0.041 0.0129 —3.202E-02 2.635E-04 —1.665E—-06 1l.1e—4
x (847 nm) 0.040 0.0126 —3.099E—-02 2.306E—04 —1.407E—-06 1.0e—4
Linear-Akimov
Filter Geometric albedo Ariax B X2
pan (646 nm) 0.040 0.0127 —2.363E—-02 3.9e—4
b’ (473 nm) 0.039 0.0126 —2.404E—-02 3.4e—4
v (550 nm) 0.039 0.0125 —2.373E-02 3.5e—4
w (698 nm) 0.038 0.0122 —2.343E-02 3.0e—4
x (847 nm) 0.038 0.0120 —2.339E-02 2.5e—4

disk functions are best fit with L = 0.950 + 0.005 and k = 0.536 + 0.002.

We repeat this process for every image, producing a dataset of phase
angles and disk function parameters (Fig. 3(c-d)). Both disk functions
depend on phase angle; Lunar-Lambert has an exponential dependency
and Minnaert has a linear dependency (Table 2). We fit those formulae

to the phase and parameter dataset and calculate the solutions (Table 3).

4.2. Phase function

We solve for the phase functions (Table 2) using a Levenberg-
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Marquardt minimization algorithm (a least-squares fitting algorithm
used to solve non-linear problems) in the mpfit library (Markwardt,
2008) in Interactive Data Language (IDL). For solving the phase func-
tions, we calculate the median reflectance and photometric angles over
all pixels in each image (Li et al., 2004; Schroder et al., 2013). We
remove pixels with I/F below 0.001 (i.e. unilluminated pixels) and pixels
with incidence or emission angles above 82° (where the disk functions
are less accurate) before calculating the median. As such, we model
Bennu as a uniform surface at a disk-resolved scale. This is distinct from
disk-integrated photometry where Bennu is treated as a whole disk, but
we do not yet independently model different surface locations. Long-
term analyses will require high-resolution global shape models to
photometrically model the surface regionally. We plot the phase func-
tion for each model against the disk-corrected reflectance values in
Fig. 4. That is, we divide the median reflectance values by the disk
function for each model. Consequently, the phase function solves for the
equigonal albedo (Kaasalainen, 2001; Shkuratov et al., 2011).

Fig. 4 shows that the solutions track the reflectance data well and are
similar to one another. Most of the models underestimate the phase
curve at low phase, except for the ROLO model, which includes an
explicit term to model the opposition surge (Section 6.2). All models
except ROLO and Linear-Akimov slightly overestimate the data in the
45-85° range, where we have only observations from the Preliminary
Survey phase, which are lower resolution and do not have global
coverage. Nonetheless, the solutions are within the scatter envelope
defined by the Equatorial Stations data. The ROLO model appears to fit
the reflectance data most consistently and is the only model with an
opposition effect term.

We do not plot the phase functions for each wavelength as they only
show small differences. However, we observe these subtle differences in
each photometric model, suggesting the presence of a spectral depen-
dence in the phase function. We discuss the implications of the most
obvious effects—at low and high phase angles—in Sections 6.1 and 6.2.

We compile the solved parameters, as well as the derived geometric
albedo, in Table 3 for each filter and photometric model. The albedo
terms (Axx for most models, Ap and Cy for ROLO) are directly related to
the geometric albedo of the surface via the relationships in Table 2. As
expected, the geometric albedo decreases with increasing wavelength,
matching Bennu’s B-type spectrum (Clark et al., 2011; Hamilton et al.,
2019; Hergenrother et al., 2013). However, the panchromatic filter’s

Lommel-Seeliger
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albedo is higher than that of all four color filters, which is unphysical;
the panchromatic filter spans wavelengths that include the v and w fil-
ters and should be similar to those bands. This is an extension of the
uncertainties in the radiometric calibration of the panchromatic filter
(Golish et al., 2020). The Lunar-Lambert, Akimov, and Lommel-Seeliger
phase function parameters are similar, indicating that the different disk
functions have a small, but measurable, impact.

We calculate X2 values for each model (Table 3), which are all <1%.
These error metrics are not absolute measures of quality, but they can be
useful for relative comparisons and selecting the optimal model. In this
analysis, ROLO consistently has the lowest ¥, because it captures the
bulk of the phase curve, including the opposition surge. As such, we
select it for photometric corrections where albedo calculations (e.g.
analyses of individual rocks) are critical.

4.3. High phase data

We do not include 130° phase angle data from the 3:20 AM and 8:40
PM Equatorial Stations in this analysis due to decreased signal-to-noise,
as we would expect from lower reflectance (signal) and increased
shadows (noise). The Xz errors for the photometric solutions increase by
as much as 250% (Table 4) when including the high phase data. The
Akimov and Linear-Akimov models have the largest increase in error
owing to the Akimov disk function poorly correcting the reflectance data
at 130° phase. The Lommel-Seeliger and ROLO models have the smallest
increase in error, but are at least 10% worse than the models that
exclude the 130° phase angle data. This behavior is true for all MapCam
filters and is consistent (within 15%) for a given model.

Although the ROLO model only shows a small increase in 2 error
when using the high phase data, its estimation of the opposition effect
(Section 6.2) is degraded. Including the high phase data suppresses the
opposition effect slightly. The magnitude of the suppression is 1% ab-
solute albedo and translates directly to an error in albedo estimations of
the surface. Moreover, the scatter at high phase varies with wavelength,
causing the ROLO opposition effect to vary by an additional 1-2% in
absolute albedo. This variation will manifest, when applied as a
photometric correction, as changes in Bennu’s spectrum that are not
realistic.

Minnaert
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Fig. 4. Phase functions (solid lines) are fit to disk-corrected reflectance data for each photometric model, shown here for MapCam’s v filter. Insets show low phase

angles, at which only the ROLO model accurately captures the opposition effect.
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Table 4
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x2 error for each photometric model solution, per filter, when including 130° phase angle data.

Filter Lommel-Seeliger ROLO Minnaert Lunar-Lambert Akimov Linear-Akimov
pan (646 nm) 1.7e—4 8.9e-5 2.1e—4 1.8e—4 3.0e—4 7.8e—4
b’ (473 nm) 2.0e—4 1.2e—4 2.4e—4 2.2e—4 3.4e—4 7.0e—4
v (550 nm) 1.5e—4 8.4e-5 1.8e—4 1.6e—4 2.6e—4 7.2e—4
w (698 nm) 1.6e—4 9.0e—5 1.9e—4 1.6e—4 2.7e—4 6.5e—4
x (847 nm) 1.3e—4 9.2e-5 1.5e—4 1.4e—4 2.3e—4 5.9e—4
Lommel-Seeliger ROLO Minnaert
[ ) v
0.04 ——MapCam 0.04 MapCam 0.04 MapCam
§ - — —Ground-based ?52 [ Ground-based § - - —Ground-based
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Fig. 5. Comparison of OCAMS (MapCam, solid lines) and ground-based (dashed lines) photometric models shows agreement at low phase angles, where the disk-
resolved and disk-integrated methods are most similar. The three ground-based models represent the range of potential models, based on different assumptions for

Bennu’s albedo (Takir et al., 2015).

4.4. Comparison to ground-based observations

We can compare ground-based, disk-integrated photometric analyses
of Bennu (Takir et al., 2015) and our disk-resolved models. The ground-
based work performed disk-integrated analyses using Lommel-Seeliger,
ROLO, and Minnaert models. In Fig. 5, we plot the models developed in
this work (solid lines) with the nominal, minimum, and maximum
models from Takir et al. (2015) (dashed lines). The nominal ground-
based model includes reduced v magnitude data from asteroid
Mathilde to fill in phase angles that were not observed for Bennu. The
maximum and minimum models attempt to capture the potential vari-
ation in Bennu’s brightness. The nominal models are in good agreement
with our disk-resolved models at low phase (<15% difference for a
<30°). All three methods deviate from the disk-resolved models at mid-
to high-phase angles; the OCAMS models have a shallower phase curve
slope than the nominal ground-based models. This deviation is consis-
tent with initial photometric observations of Bennu from the Approach
phase (Hergenrother et al., 2019). Nonetheless, the disk-resolved
models fall largely within the envelopes defined by the ground-based
analysis, which in turn have a shape similar to other dark asteroids
such as Ceres and Mathilde (Longobardo et al., 2019, 2016). Moreover,
the geometric albedos derived from these models (Table 3) agree with
ground-based measurements of 0.046 + 0.005 (Emery et al., 2014), as
well as measurements of CI and CM chondrites (Clark et al., 2011).

4.5. Sources of uncertainty

The uncertainty in the radiometric calibration of the camera (Golish
et al., 2020) directly affects photometry, but is limited to the albedo
terms (Table 3). Except for ROLO, the models considered in this study
have an albedo term that is a multiplicative scalar of the phase function,
Axx. For the ROLO model, two parameters control the albedo: the
multiplicative scalar in front of the exponential (opposition surge) term
and the additive scalar in front of the polynomial phase function, Ap and
Co.

Image-to-image radiometric variation is negligibly low in the
photometric data for two reasons. The SNR of individual pixels is
>~100, imparting <1% error due to shot noise. More importantly, the
photometric pipeline calculates the median of 300,000 to 1 million
pixels (depending on the amount of shadowing) for an image; this
further reduces stochastic noise by 2-3 orders of magnitude.

Nonetheless, it is evident from Fig. 4 that there is scatter in the
reflectance data, even after disk-correction. In part, this represents
imperfect disk corrections, due either to an empirical form that does not
perfectly describe the surface or to an imperfect solution for the disk
function parameters. It is also indicative of a heterogeneous surface with
arange of intrinsic albedos (Lauretta et al., 2019). However, the primary
contributor is likely the substantial terrain-induced reflectance variation
on the surface. The spatial resolution of the Equatorial Stations images is
approximately 33 cm/pixel; the size frequency distribution of Bennu’s
boulders (DellaGiustina et al., 2019) suggests hundreds of boulders
larger than 3 m (~10 pixels) in a typical MapCam Equatorial Stations
image. Each will cast a shadow with similar width (and with a length
dependent on the local solar time of the station). As we image further
from the equator, incidence angles will increase and shadows will
lengthen. Correspondingly, the bright face of rocks will be oriented to-
ward the Sun with low incidence angles, even when we observe the
underlying surface at relatively high incidence angles. Fig. 6 illustrates
this by plotting normalized histograms of the incidence and emission
angles using global medium-resolution (left) and local high-resolution
(right) shape models of a PolyCam image taken at 2019-03-28
19:24:10 UTC, with a center latitude/longitude of (—8°,110°). The
relatively narrow medium-resolution histogram captures the global
variation in the image. The broader high-resolution histogram also
captures the variation due to individual boulders. The global shape
model used in this analysis has a ground sample distance (GSD) of ~80
cm. As such, the photometric backplanes do not capture the high-
frequency variation, which therefore does not contribute to the photo-
metric statistics. Using a local high-resolution model produced by the
OSIRIS-REx Laser Altimeter (OLA; Daly et al., 2017) with a ~10-cm GSD
captures nearly all of the terrain variation visible at this image resolu-
tion (~5 cm/pixel) and shifts the median emission angle by ~10°. Shifts
such as this will be present in every image, for both incidence and
emission angle, with magnitude and direction that depend on the terrain
in the image. The offsets couple directly, and non-linearly, into both
solving the disk function (Section 4.1) and removing the disk function
when solving for the phase function (Section 4.2).

Moreover, we calculate reflectance values and photometric angles on
a per-image basis. This excludes extremely low (<0.001) reflectance
pixels and removes deep shadows, but it cannot remove gradual
shadows. It also excludes very high (>82°) emission and incidence an-
gles, but those angles come directly from the global shape model, which
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Fig. 6. Normalized histograms of emission and incidence angle using medium-resolution (global) and high-resolution (local) shape models demonstrate median
shifts that perturb global photometric modeling. Emission and incidence angles over 82° are not included in the calculation.

does not accurately represent features below its resolution. Even for
large features, their topography is limited by the vertical accuracy of the
shape model (Barnouin et al., 2019). As such, the photometric angles of
large features are underrepresented and small features are missing.
However, the reflectance variation due to their photometric orientation
is included in the median reflectance of an image. Bright rock faces will
boost the median reflectance but are not captured in the median

emission and incidence angles. Combined with imperfect shadow
removal, the disk-corrected reflectance data have increasing noise with
increasing phase angle.

We have not yet quantified the reflectance scatter due to these effects
and its contribution to the photometric model solutions is difficult to
assess. Traditional error bars on the parameters in these fits have limited
utility because the parameters are interdependent, i.e., there is not
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Fig. 7. Independently fitting phase curves to the top and bottom of the reflectance variation from each Equatorial Station produces an envelope of potential phase
functions (a). This envelope represents the worst-case photometric modeling error imparted by terrain-induced reflectance variation that is not represented in the

global shape model (b).

necessarily a unique solution. This is particularly true for empirical
models with polynomial components, which includes all of the models
presented here except Linear-Akimov. However, we can use the scatter
in the reflectance data itself to predict its effect. Because the six
photometric models and five filters are similar, we use the v filter with a
Lommel-Seeliger model to perform this analysis. We take the reflectance
points from each Equatorial Station and separate them into clusters at
either end of the range of variation. We are effectively separating the
population into a maximum and minimum reflectance group, against
which we re-fit the Lommel-Seeliger model. This allows us to solve for
an envelope of phase functions that bound the observed photometric
response of Bennu.

Fig. 7(a) shows a phase function envelope that represents the po-
tential shift of the phase function due to these errors; Fig. 7(b) plots the
error imposed by these worst-case models. At low phase angles (<30°),
where we are most likely to make reflectance/albedo measurements, the
error envelope is below 5%. At mid and high phase angles, the error
surpasses 20%. We emphasize that these are worst-case uncertainties
defined by the maximum variation in our reflectance data, due to the
variety of effects discussed here. Table 5 lists the Lommel-Seeliger pa-
rameters for the nominal, minimum, and maximum solutions; these
parameters emphasize the fact that traditional error bars on polynomial
terms are ineffective, as both the minimum and maximum cases have
polynomial terms that deviate in the same direction from the nominal
case. Subsequent photometric studies that can utilize global high-
resolution shape models will be able to decrease the reflectance scat-
ter and reduce the size of the envelope.

5. Influence of shape model resolution on photometric
correction

A useful metric for the efficacy of photometric modeling is the
quality of the resulting photometric correction (Denevi et al., 2018). For
many of the data products that we create throughout operations, our
goal is to make seamless maps; photometric correction is critical for
these products (Bennett et al., 2020). Photometric correction is imple-
mented by multiplying the measured signal by the ratio of the model
reflectance at a standard geometry (typically 30,0,30 or 0,0,0; Hicks
etal., 2011; McEwen, 1991; Yokota et al., 2011) to the model reflectance
at the measured geometry.

Table 5
Lommel-Seeliger phase function parameters for the phase curve error envelope.
Ars p v 8
Nominal 0.0265 —3.329e-2 2.321e—4 —1.385e—6
Maximum 0.0276 —3.403e—-2 3.354e—4 —2.136e—6
Minimum 0.0264 —3.563e—2 3.252e—4 —2.409e—6
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However, as with modeling, the resolution of the shape model limits
the accuracy of the photometric correction. This is especially true on
Bennu, with macroscopic roughness at the same spatial scale as our
image data. When a feature (e.g. a rock face) is oriented differently than
the underlying surface, and that feature is not resolved in the shape
model, the ipeqs and epeqs terms will be incorrect, leading to an imperfect
photometric correction. We demonstrate this qualitatively in Fig. 8,
which shows a PolyCam image, photometrically corrected with global
80-cm-resolution and local 10-cm-resolution shape models. Though the
registration errors between the image and the local 10-cm-resolution
shape model produce some high-frequency highlights, the overall
correction is much more accurate (i.e., has a flatter appearance) than
with the global 80-cm-resolution model. The small bright rock in the
insets appears ~50% brighter than its surroundings when corrected with
the 80-cm-resolution global shape model. Correction with the 10-cm-
resolution local shape model reveals that the rock has a similar albedo
to the background. Moreover, relatively large shape model facets in the
global model can introduce low-frequency highlights such as the one
seen on the upper-left corner of the large flat rock at the northern edge of
the crater. This simple example is representative of photometric
correction artifacts across the surface of Bennu, which can be universally
described as rough at these length scales. Indeed, for any surface, the
resolution of a shape model must match the length scale of the terrain
variation. Bennu’s roughness merely exaggerates the effect in OCAMS
images. The sensitivity of photometric correction to shape model reso-
lution is particularly important for analysis of individual features (e.g.
boulders) on the surface.

®

6. Implications for photometric properties of Bennu
6.1. Phase reddening

Phase reddening is a photometric effect commonly observed on
airless bodies (Li et al., 2015) and manifests as spectral reddening at
increasing phase angle (Gradie and Veverka, 1986). We explore the
extent of phase reddening by calculating ratios of the phase curves for
MapCam’s filters. We calculate these ratios with respect to the v filter at
7° phase, such that the separation of the b’/v and x/v curves are indic-
ative of the degree of phase reddening. Normalizing at 7° omits the
impact of the opposition surge, which is slightly blue in the ROLO model
(consistent with the analysis in Section 6.2). We do so for each photo-
metric model and plot the results in Fig. 9. The consistency of the models
is encouraging, as each demonstrates ~5% phase reddening at 90°
phase.

Wavelength dependence of the phase function is commonly attrib-
uted to multiple scattering, as it causes longer optical path lengths and
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Correction with local model

Fig. 8. The resolution of the shape model used to photometrically correct a PolyCam image (acquired 2019-03-29 21:10:16) has a large effect on the accuracy of the
result. The encircled rock appears bright in an image that is photometrically corrected with an 80-cm-resolution global shape model. Correction with a 10-cm-res-
olution local shape model corrects its reflectance to be closer to the surrounding terrain.
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Fig. 9. Normalizing the b’ (473 nm), w (698 nm), and x (847 nm) filters to the v (550 nm) filter at 7° phase illustrates ~5% phase reddening at 90° phase.

therefore more absorption in bluer wavelengths (Schroder et al., 2014).
In this context, however, Bennu’s low albedo suggests a single-scattering
surface (Muinonen et al., 2002) and limited wavelength dependence, yet
we observe a small degree of phase reddening (Fig. 9). In DellaGiustina
et al. (2019), we proposed that Bennu may be analogous to Ceres,
another dark object (~9% albedo; Li et al., 2016) that exhibits phase
reddening. Ceres shows stronger phase reddening (~15% over OCAMS’s
wavelength range) than Bennu. Li et al. (2019) suggested that phase
reddening might be due to the presence of micron-scale surface

11

roughness or particles.

On Ceres, multiple lines of evidence pointed to submicron grains as
the most likely mechanism (Li et al., 2019). However, recent Mobile
Asteroid Surface Scout (MASCOT) results from the Hayabusa2 mission at
asteroid Ryugu (Jaumann et al., 2019) show no evidence of a dust
covering on that asteroid, despite its low thermal inertia (Sugita et al.,
2019). This finding seems to contradict the conventional expectation
that low thermal inertia is due to a small average grain size (Gundlach
and Blum, 2013), but MASCOT thermal measurements have eliminated
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Fig. 10. High-resolution (~1 cm/pixel) imaging of Bennu’s surface, such as this image acquired at 2019-07-30 13:01:47, shows an extremely rough surface texture
that likely increases optical path lengths, causing reddening at high phase angles.

the possibility of an optically thick layer on Ryugu while confirming its
low thermal inertia (Grott et al., 2019). As Bennu and Ryugu are both
near-Earth asteroids with similar degrees of macroscopic roughness, we
might expect Bennu to exhibit similar behavior. Moreover, as OSIRIS-
REx studies Bennu in increasing detail, we see continued evidence of
porous, rough surface features at the centimeter scale (Fig. 10).
Macroscopic roughness has been linked to wavelength-dependent phase
response (Pilorget et al., 2016), which promotes the idea that surface
structure might contribute to Bennu’s modest phase reddening. As
higher-resolution shape models become available, regional photometric
modeling of Bennu’s surface, and corresponding indicators of surface
roughness whether through visual inspection or thermal analyses, will
be able to evaluate this link.

@ 0045 R Disk-corrected data
Se —Linear
ol s - - -ROLO

£ 0.035

0.03

0.025 : ‘ !
0 4 6 8 10
Phase Angle (°)

6.2. Opposition surge

The opposition surge is a phenomenon on most planetary bodies
wherein the reflectance of a surface increases dramatically as phase
angle approaches 0° (Irvine, 1966). It is typically modeled as the com-
bination of two effects — the coherent backscatter opposition effect
(CBOE) and the shadow hiding opposition effect (SHOE). CBOE occurs
when independent electromagnetic waves scatter off a surface and
constructively interfere (Hapke, 2012). This coherent backscatter can
only occur at very low phase angles, where the waves travel nearly
identical optical path lengths and is typically dominated by multiple
scattering. SHOE occurs when a particle obstructs an observer’s view of
the particle’s shadow, which can only occur at low phase (Hapke, 2012).
This effect is driven by particle size and macroscopic surface roughness.

OSIRIS-REx did not acquire any images or spectra at 0° phase, but
MapCam did acquire images from 0.7 to 20° phase during Approach.

ROLO / Linear
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Fig. 11. Bennu’s moderate opposition surge is illustrated by comparing the Linear-Akimov and ROLO phase functions (a). Linear-Akimov is linear in magnitude
space; ROLO has an opposition surge term. The ratio of the two models (b) shows an opposition magnitude of ~15%.
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These data, taken while Bennu subtended only a few dozen pixels,
indicate a small opposition surge. We show these data for the v filter in
Fig. 11(a) and overlay the Linear-Akimov and ROLO phase functions.
The Linear-Akimov phase function is linear in magnitude space, whereas
the ROLO phase function is polynomial and includes an exponential
parameter to model the opposition surge (Table 2). Here we model the
Linear-Akimov phase function using only data with phase angles >7°.
This ensures that low phase data do not perturb the linear model, while
also including all of the Equatorial Stations data. The ROLO model uses
all available data. Dividing the ROLO phase curve by the Linear-Akimov
phase curve (Fig. 11(b)) illustrates that the opposition curve has a
magnitude of ~14-18% and a half-width at half maximum of ~2°. As
expected, the peak is lower and broader than that of higher-albedo
surfaces such as Eros (Domingue et al., 2002), Itokawa (Kitazato et al.,
2008), and the Moon (Buratti et al., 1996). It is also somewhat lower and
broader than the opposition effect seen on Ceres (Schroder et al., 2018),
which is twice as bright as Bennu. Although the surge magnitude in-
creases slightly with decreasing wavelength, the change is on the same
order as the uncertainties described in Section 4.5, thus we cannot
confirm it with this analysis. The minimal spectral effect aligns with the
common understanding that a single-scattering surface should not show
a significant wavelength-dependent opposition surge (Buratti et al.,
1996).

Bennu’s rough, heavily shadowed terrain, would suggest a surface
dominated by shadow hiding. The relatively broad shape of Bennu’s
opposition surge is in accordance with a prominent SHOE (Helfenstein
et al.,, 1997). The dark, presumably single-scattering, surface should
reduce the magnitude of the multiple-scattering component of the
CBOE. However, the single-scattering component is likely still present,
given Bennu’s roughness (Hapke, 2012). A slight inflection in the ROLO
phase model at ~2° phase may hint at a CBOE, which is typically
associated with a narrow opposition surge. Though we are limited by the
sparsity of data at low phase, we expect that Hapke modeling of the
surface will explore the opposition surge further and quantify the rela-
tive weight of the CBOE and SHOE components.

7. Conclusions

We present global photometric models for asteroid (101955) Bennu.
We calculate the models from images acquired by OCAMS during
dedicated photometric imaging observation campaigns. The series of
photometric models presented in this work show similar qualities of fit,
with some subtle variations, are in agreement with ground-based mea-
surements of Bennu, and confirm a global albedo of 0.044 at 550 nm.
The ROLO model is the only model to accommodate Bennu’s opposition
surge and produces the best fit to the data. As such, we suggest the ROLO
model for photometric correction of OCAMS images. However, the
choice of disk function is strongly dependent on shape model resolution
and may evolve in the future.

We observe a minor opposition surge and gentle phase reddening in
the photometric models. These effects potentially result from the
macroscopic roughness of the surface, which enables the shadow-hiding
opposition effect and longer optical path lengths that increase the degree
of phase reddening. The dramatic shadowing that results from Bennu’s
rugged terrain creates challenges in both the photometric modeling and
photometric correction processes, due to inaccurate measurements of
incidence and emission angles on the surface. Subsequent work with
higher-resolution, laser altimeter-based, shape models will account for
the variation on Bennu’s surface. These efforts will produce a more ac-
curate representation of Bennu’s photometric response, develop
knowledge of the impact of shadows on small rubble-pile asteroids, and
significantly improve the photometric correction of individual rocks and
other features on Bennu’s surface.
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