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MRD 149 

Summary of Requirement 

 

MRD-149 (2.13.1) 149     For ≥80% of the asteroid surface, map the variation in spectral properties in regions 

where the albedo is ≥1% using photometrically corrected (to 30° phase angle) and normalized (at 1.3 µm) 

reflectance spectra over a wavelength span of at least 0.3 µm within the region 0.4 - 1.5 µm with 5% accuracy 

and 2% precision (Global MapCam Panchromatic  Photometric Model, Global MapCam Color Photometric 

Models (4), Global OVIRS Photometric Model). 

 

Data Products Required 

 

Input Data: 

 

    Level-2 radiometrically calibrated I/F data from MapCam and OVIRS observations 

    Geometry associated with the above - both illumination and viewing angles specified. 

    List of data selected from observations to serve as the Photometric Modeling datasets for (separately) the 

imaging and spectroscopy cases. 

 

 

Output Data Products: 

 

    Global MapCam Panchromatic Photometric Model 

    Global MapCam Color Photometric Models (4) 

    Global OVIRS Photometric Model (1400 - one for each wavelength) 

 

Ability/Availability of the System to Generate Sufficient Observations 

 

To accurately photometrically correct imaging and spectroscopy data, it is important to collect observations at a 

range of incidence angles, emission angles, and phase angles.  In particular, surface reflectance is a strong 

function of the phase angle, hence observations should span the widest phase angle range possible.  This is 

extremely important.  If we try to photometrically correct data to an unobserved phase angle, we are essentially 

extrapolating, and in such scenarios the ability to meet the 5% accuracy requirement may be compromised.  The 

current design of the Detailed Survey phase of the mission will allow us to collect imaging data at 4 different 

phase angles, and at a range of incidence and emission angles, since the spacecraft will be slewed North-South 

to capture portions of the surface with differing emitted rays. Data from Approach and Preliminary Survey will 

also be used. 



 

The following paragraph defines the illumination and viewing angle terms: 

i. Incidence angle is the angle between the sun (illumination source) and the surface normal (the surface normal 

is defined at the point of intersection of the bore site of the instrument with the surface of the asteroid) 

ii. Emission angle - the angle between the surface normal (the surface normal is defined at the point of 

intersection of the bore site of the instrument with the surface of the asteroid) and the line (or ray) connecting 

the bore site of the instrument with the surface normal point.  

iii. Phase angle - the angle between the incident ray and the emitted ray.  When the surface normal, the incident 

ray, and the emitted ray are all co-planar, the phase angle is the sum of the incidence and the emission angles. 

 

The asteroid surface reflectance will vary with changes in illumination and viewing geometry.  The photometric 

modeling effort thus includes an effort to capture the natural variations in reflectance observed per pixel in the 

imaging data and per spot in the spectral data, to model these variations with semi-physical mathematical 

descriptions of light scattering, and to test the models against the data in a least-squares sense to determine the 

best model.   Once a model is derived, it can be used to photometrically correct all the data to a common 

reference viewing and illumination geometry for radiometrically correct inter-comparisons of surface features, 

and for mosaicking of surface images.  Mosaics made without a photometric correction are very difficult to use 

due to severe brightness changes from image to image that create seams and dominate the visual impact.  

Spectral maps made without a photometric correction will invariably show regions near limbs and terminators 

to be much redder than they actually are, but otherwise photometric effect contamination of spectral properties 

will be hard to detect due to the low spatial resolution of the data. 

 

Minimum Success Criteria 

 

The minimum success criterion for MRD 149 is that we obtain the observations required to photometrically 

correct all imaging and spectroscopy data to (30,0,30) degrees (incidence, emission, phase).  This minimum 

would require observations that bracket the (30,0,30) range in phase angle, incidence angle, and emission angle. 

 

To set this minimum, we considered the plans to photometrically correct all the imaging data to a non-zero 

phase angle for optimized use of shadows in determining rock heights for the Thematic Hazard Map.  And we 

considered the plans to photometrically correct all the OVIRS spectral data to (30,0,30) for comparison with 

laboratory bidirectional reflectance in the calculation of the Spectral Parameters for Mineral/Chemical Maps. 

 

Meeting the above two minimum success criteria, we would be able to photometrically correct all the imaging 

and spectroscopy observations well enough for global mapping for tactical site-selection purposes. 

Dependencies by Mission Phase 

 

The current design of the Detailed Survey phase of the mission will allow us to collect imaging and 

spectroscopy data at 4 different phase angles, and at a range of incidence and emission angles, so long as the 



spacecraft is slewed North-South to capture portions of the surface with differing emitted rays. Thus MRD 149 

depends on the DRM capability of providing a range of emission angles in the imaging and spectroscopy 

observations. 

 

Adequacy of the DRM 

 

The current DRM Rev C is adequate, with the exception of the liens on the observation planning team that are 

listed below. 

 

However, adding very low phase angle observations on Approach is highly recommended due to the fact that 

the imaging data product called the 1064nm Reflectance Map will extrapolate to zero phase angle (this is to 

predict what the Lidar will see).  As explained above, phase angle functions are highly non-linear, making 

extrapolations highly uncertain. 

 

Since DRM Rev C, additions have been made to Approach, Preliminary Survey, and Detailed Survey to obtain 

observations with a wider range of phase, incidence, and emission angles. 

Data Products per Mission Phase 

 

From Detailed Survey we get: 

 

    Global MapCam Panchromatic Photometric Model 

    Global MapCam Color Photometric Models (4) 

    Global OVIRS Photometric Model (1400 - one for each wavelength) 

 

If we can add zero-phase angle observations on Approach, then we run a lower risk of having high uncertainties 

in the derived data product: 1064nm Reflectance Map for lidar signal predictions.   

 

Overview of Processing 

 

The photometric modeling process 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.  



 

Provenance of Algorithms, Software and Techniques 

 

The provenance of the algorithm for photometric modeling comes from about 50 years of study of the surface 

reflectance properties of airless planetary bodies.  A major source for the physics and mathematical description 

of the scattering of light is the book by Bruce Hapke: "Theory of Reflectance and Emittance Spectroscopy" 2nd 

edition, Cambridge University Press, 2012. 

 

A summary of the mathematical treatment of reflectance measurements as applied to the Photometric Modeling 

process for Bennu data is available here: 

 

Reflectance_Albedo_Quantities_V30.pdf 

 

 

Expected Data 

 

The  data for this MRD are expected to come from the Detailed Survey Phase of the mission where we position 

the spacecraft in 7 different locations around the Sun--Bennu line in order to observe the surface globally as a 

function of phase angle (time of day).  The data are expected to be associated with pointing information from 

SPICE files, in units of I/F, with Thermal Tail Removed. In addition to the Detailed Survey observations, data 

from Approach and Preliminary Survey will also be used. 

 

Simulated Data 

 

It would be possible and advisable to simulate the planned observations of Bennu using spacecraft and 

instrument SPICE kernels in order to create as high-fidelity to true mission data as possible and then run these 

test data through the Photometric Modeling Software.  The utility of this exercise is that it would allow us to 

verify and validate that our planned observations are sufficient for supplying an accurate photometric model 

that can be used to photometrically correct the Reconnaisance Phase observations of the asteroid before TAG. 

 

Currently there are no detailed plans to simulate Bennu data for the Imaging observations during Detailed 

Survey for use in testing the photometric model, however there are limited data available for simulating the  

 

Analysis & Verification Methods 

 

We have tested our plans for photometric modeling and photometric correction in the following ways: 



 

1) After selecting 4 empirical photometric models for use during operations (we will let the asteroid decide 

which of the 4 scattering laws best describes the asteroid surface), we fit the ground-based observations of 

asteroid Bennu using all 4 models, plus a comparison analysis using the Hapke Model.  These ground-based 

observations are disk-integrated and therefore do not constrain the disk-function scattering behavior of the 

surface.  Instead, they constrain the phase function of the surface, and this function tends to dominate scattering 

laws.  Our model fits to the observations were compared with independent assessments of the albedo of Bennu 

(Hergenrother et al. 2011; Emery et al. 2013), and were found to be consistent.   

 

2)  We compared our calculations for the radiance of Bennu with those calculations provided by colleagues at 

Lockheed Martin and Goddard Space Flight Center.  While these comparisons initially disagreed, this led us to 

examine our process from start to finish, painstakingly, at which point we found a bug in our software that was 

inherited from the OCAMS team earliest calculations for Bennu radiance.  Tracing the bug back to its source 

resulted in a confirmation that our margin on the radiance of Bennu is large enough such that Bennu is predicted 

to be detected by all OCAMS cameras.   

 

3) We conducted a blind test where we analyzed a data set from a spacecraft mission using our software and our 

chosen 4 photometric models - at the same time that another expert analyzed the same data set, using 

independent software and independent computing platforms.  A post-analysis comparison of the results showed 

that we agreed with the independent expert in all but two minor cases, and both of those cases resulted in minor 

tweaks to the software such that our results completely agreed with the independent expert in all cases. 

 

4) Finally, we used our chosen 4 empirical photometric models and used them to fit models to the disk-

integrated ground-based data of Bennu that were published in Hergenrother et al. 2011.  Our paper was peer-

reviewed and published and is linked below. 

Takir_et_al._2015_Bennu_Photometric_Models.pdf 

 

 

Now, the next step will be to verify that our approach to photometric modeling will work given the specific 

observation plans at Bennu during the Detailed Survey. 

 

In order to verify that our plans for developing photometric models during asteroid proximity operations are 

valid, it is important to test the observational plan against the modeling plan.  That is, we have a specific plan 

for how the observations will be obtained with respect to viewing and illumination geometry conditions.  To 

show that those observations are sufficient to generate accurate photometric models, we have to generate test 

data that will mimic the observational conditions, retrieve photometric data from the test data, and model the 

photometric data. 

 

We would then seek to validate our photometric modeling plan by first checking to make sure that all models 

converge for the test data, and then comparing the models with what is known about asteroid surfaces, and 



about Bennu in particular.  A final check on the validity of the models would come from a comparison of the 

models with the test data themselves and a determination of how well the model can predict the radiance of 

Bennu as a function of viewing geometry that has not been obtained during Detailed Survey, but that will be 

necessary for the photometric correction of RECON data (i.e. will an extrapolation be necessary, or will an 

interpolation be possible?). 

 

The DRM Rev C Detailed Survey Equatorial Stations pointing was delivered to PMWG for SOPIE-1 planning. 

This information satisfied Lien-PHOMOD-2 as it gave PMWG the information needed to analyze whether the 

observation plan was sufficient. Lien-PHOMOD-1 is still relevant as the data to satisfy PHOMOD-2 showed 

that the observational plan (DRM Rev C) would not provide the full phase angle range to sufficiently constrain 

the phase function. 

 

 

Existing or Potential Liens 

 

This V&V process has brought to light several liens that are described more fully in context above.   The liens 

are: 

 

Lien-PHOMOD-1 has closed with the addition of observations in Approach, Preliminary Survey, and Detailed 

Survey. These additional observations include the Daily MapCam Phase Function observations in Approach, 

OVIRS Spectra for Phase Function (a ride-along) on the last day of Approach, High Phase Angle MapCam 

observations in Preliminary Survey, and the addition of a quarter rotation (~1.1 hrs) of off-nadir observing for 

the 3:20 AM and 6 AM stations in Detailed Survey Equatorial Stations. The attached presentations detail 

PMWG and IPWG assessment of the Detailed Survey SPP showing that with the additional observations, 

PMWG/IPWG can produce good photometric models for OVIRS and MapCam. 

2017_11_07_Li_Clark_DS_PSS_testdata_report_SOPGslides.pptx 

 

ESv2_PMWG_IPWG_20171031_CCv0001.pdf 

 

    Lien-PHOMOD-1: Lien on the Asteroid Observation Planning Group at the SPOC: If the spacecraft is always 

pointed nadir from a stationary position at the equator, then we may not obtain sufficient emission angle 

coverage - it is important to work with the Photometric Modeling team to ensure that observations are planned 

with sufficient phase and emission angle sampling for both Imaging and Spectroscopy. 

 

 

Lien-PHOMOD-2 has closed with the delivery of the SOPIE-1 pointing information, which covers DRM Rev C 

Equatorial Stations. 

 



    CLOSED - Lien-PHOMOD-2: Lien on the Asteroid Observation Planning Group at the SPOC: provide the 

observing conditions at the surface of Bennu in terms of the range of boresight intersections with surface 

normals (emission angles); and the range of sunlight intersections with surface normals (incidence angles), and 

the range of solar phase angles that are obtained through each Equatorial Station of the Detailed Survey Phase. - 

CLOSED 

 

Lien-SPEC-6 has closed now that the thermal tail removal has been implemented in the OVIRS L3 processing 

and released at the SPOC.  

 

    Lien-SPEC-6: Lien on the SPOC in collaboration with the SAWG/TAWG: provide and test an algorithm for 

matching each OVIRS spot with its corresponding OTES spot observation for temperature input to the Thermal 

Tail Removal algorithm that is a required step in the science processing of all OVIRS spots prior to the 

photometric model creation. This includes all OVIRS L3 data products. 

 

SPOC Requirements 

 

The requirements levied on the SPOC by this MRD are the following: 

 

1) The SPOC shall produce Level-2 calibrated data for all MapCam and OVIRS observations. 

 

2) The SPOC shall assist with SPOC Data Repository interfaces to (curl scripts and other methods of retrieving 

and depositing) the Level 2 imaging and spectroscopy data. 

 

External Interfaces 

 

The Photometric Modeling team consists of Dr. Beth Ellen Clark of Ithaca College (internal interface), Dr. Jian-

Yang Li (external interface with the Planetary Science Institute managed by Dr. Beth E. Clark), and Dr. Driss 

Takir (external interface with Northern Arizona University managed by Dr. Beth E. Clark).  Imaging 

photometric modeling and photometric correction assistance may be provided by the USGS (external interface 

managed by Dani DellaGiustina at the University of Arizona). 

 

 



Detailed Survey
Science Phase Plan

Test Data Report

re: data delivered by J. Joseph: 2017-10-31

Jian-Yang Li
Beth Clark

SOPG - 11/07/2017



Test Data Summary
• Test data generated by Jonathan Joseph released on 10/31/2017
• With the updated EPP Rev-4c (Equatorial_Stations_Phase_Plan_Narrative_Rev-

4c.docx)
– Data at five stations: 3 pm, 12:30 pm, 10 am, 3:20 am off-nadir, 6 am off-nadir
– No data from other four stations (i>=90º): 3:20 am, 6 am, 6 pm, 8:40 pm
– A shape model of Bennu with topography was used to generate the pointing file

• Exposure time used 0.91 s
• Minnaert photometric model used

– Phase function parameters: (beta, gamma, delta) = (0.0357, 0, 0)
– Minnaert k parameters: (k0, b1) = (0.5399, 0.0035)

Station Phase angle (deg) Data Acquisition Date

3:00 pm 45 2019-01-27T18:56:09

3:20 am off-nadir 90 2019-02-03T19:31:09

12:30 pm 10 2019-02-10T19:21:09

10:00 am 30 2019-02-17T19:21:09

6:00 am off-nadir 90 2019-02-24T18:31:07



Check Test Data

• Verify observing geometry, scattering geometry

• Check photometric modeling

• Check photometric correction

• Verify surface mapping 

– consistency of lat-lon associations of spectra

• Check bolometric Bond albedo calculation



Observing Geometry

12:30 pm, 10º 10 am, 30º 3 pm, 45º

6 am off-nadir towards 7 am, 90º 3:20 am off-nadir towards 8 am, 130º

• Dark-color points have 
i<75º and e<75º

• Light-color points have 
i>75º or e>75º

• Usable data at all stations



Observing Geometry
6 am off-nadir towards 7 am, 90º

3:20 am off-nadir towards 8 am, 130º

• Question 1: Off-nadir scans do 
not see the  poles, why do we 
have data at lat=±90º?

• Question 2: Off-nadir pointing 
looks away from sub-spacecraft 
point (where e=0º).  Why do we 
still have e=0º in the data for 
these two off-nadir pointings?



Lat-Lon Distribution

10º 30º 45º

90º 130º

• Orange: Usable data (i<75º 
and e<75º)

• Light blue: Unusable data 
(i>75º or e>75º)

• Data points cover the whole 
surface of target

• However: Usable off-nadir 
data only cover a small 
fraction of the surface



Lat-Lon Map and Spectral Units

Coordinates of regions: (lat, lon):
• 1: (0, -110)
• 2: (0, 0)
• 3: (0, 20)
• 4: (18, 16)
• 5: (0, 32)
• 6: (-14, 18)

1

2 3

4

5

6

• Six different materials present, with one background, five patches
• The patterns near lat=±90º are artifacts, not real

10º



Phase Angle Effects on Spectra,
Coverage of Spectral Units

• Gores are obvious in this test data set
• However, this is due to Beth’s method of test data simulation – inserting the 

recognizable pattern at a fixed location

1 2 3 4 5 6

10º * * * * * *

30º * * * *

45º * * * * *

90º * * * * *

130º * * * *

Coverage of 6 regions



Photometric Effects – I/F Data of Band #100
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• Photometric data at high phase (90º, 130º) do not cover all mineralogical terrains
• Photometric model used has slightly more limb-darkening than LS model



Photometric Data

• New SPP provides data with phase angles up to 130º
• Significantly expand the phase angle coverage, and improves photometric modeling

Old SPP New SPP

* Note: The photometric model was changed to simulate data for new SPP.  But this mostly changes the dependence on i and e, and 
doesn’t affect the phase function modeling assessment much



Phase Function Modeling

• Phase function modeling is significantly improved
– Smooth, monotonically decreasing function over the full range of phase angles
– Stable over all wavelengths
– Should result in a much reliable and stable calculation of bolometric Bond albedo

• The slight difference between different models is due to the different disk-function used, resulting in 
different normalization w/r to (i, e) for the data

Old SPP New SPP

Blue: Akimov
Green: McEwen
Red: Lommel-Seeliger

Blue: Lommel-Seeliger
Cyan: ROLO
Green: Minnaert
Red: McEwen



Assessment of Test Data
• Suspicion on the calculation of geometry for the two stations with off-

nadir pointing
• Implications for the new SPP

– High phase angle data available now – huge phase angle improvement for 
photometric modeling

– However, better coverage at 6 am and 3:20 am would help if interesting color 
units are located in non-observed longitudes of Bennu

• Photometric effects are sensible
– Disk function has slightly more limb-darkening than that described by 

Lommel-Seeliger model
– Certainly not Lambertian
– Phase function is monotonically decreasing with phase angle

• Six different spectra are used to simulate the surface mineralogy of Bennu
– One background mineral composition
– Five distinct mineral compositions distributed near (lat, lon) = (0, 0)
– Large albedo contrast between dark and bright compositions
– Not all are covered at all five stations



Photometric Modeling Scatter Plot

• Minnaert model is nearly perfect, 
because the data is generated with 
this model

Band 100



Photometric Modeling Scatter Plot

• Lommel-Seeliger model doesn’t 
perform well

• Obvious trends seen in ratio vs. all 
three geometric angles.  

Band 100



Photometric Modeling Scatter Plot

• McEwen model performs well
• Larger scatter towards limb and 

terminator
• Nearly no trend w/r to phase angle

Band 100



Photometric Modeling Scatter Plot

• Akimov model performs fine
• Larger scatter towards limb and 

terminator
• Slight trend w/r to phase angle

Band 100



Assessment for Photometric Modeling
• Minnaert, McEwen, and Akimov models all fit the data well, L-S 

doesn’t do well
– Minnaert is the best, but this is because data were generated with this 

model
– McEwen is great, with no obvious trend in the model/measure ratio 

vs. geometric angles
– Akimov is also good, although slight trend is seen in the 

model/measure ratio vs. phase angle
– Lommel-Seeliger fit has the largest model scatter, and shows obvious 

trend in the model/measure vs. geometric angles

• All models are well constrained in the phase function
– This is a huge improvement from previous DS equatorial stations

• All four models included in photometric modeling software now 
should work well for photometric correction



Conclusions
• New SPP for DS result in great improvement for photometric modeling

– Phase functions can be constrained much better than before
– However, the spatial coverage needs to be improved for of—nadir pointing data at high phase 

angle

• Photometric modeling is substantially affected by the mineralogical regions
– Good model fit after excluding those mineralogical regions in the modeling
– All modeling results make good sense
– Different models result in lightly different phase functions
– Initial conditions for modeling fitting affects the stability of model fitting
– Lommel-Seeliger model performs the worst compared to other three

• Spectra data at 10º, 30º, 45º can be photometrically corrected well with the model 
parameters

• Bolometric Bond albedo calculation to be checked…



Backup slides to follow



Equatorial Stations v2
SPP v4

Imaging Photometry
PMWG/IPWG

10/31/2017



• SOPG/SPT has released a new Science Phase Plan for the reworked Equatorial Stations
• SPP v4, SOCR-32

• Relevant details from imaging photometry perspective:
• Single-filter slews at all stations (rather than swapping filters during a slew)

• This is permitted (and even preferable) because global color imaging was moved to BBD
• So there is no need to minimize color set overlap

• 3 images per slew, providing ~50% overlap (according to SPP)

• Most stations are identical in design
• 3:20 am and 6 am stations observe for an extra ¼ Bennu rotation so that OVIRS can observe the sun-lit part of 

the asteroid off-nadir
• MapCam will also image at these times to get more valuable high-phase images than will be obtained during 

the full rotation when Bennu is mostly dark (especially at 3:20)

• In principle, the imaging presented in the SPP meets PMWG/IPWG constraints and will allow us to produce a good 
photometric model when coupled with the Approach/Preliminary survey “high phase” (55-80°) images

• We have done some analysis to verify these initial impressions



• We have simulated the full set of images using the new kernels and imaging times that came with the SPP
• SPK: orx_190118_190317_DS_reordered.bsp
• CKs: orx_f_2019*_2019*_SOPG_DS_ES_rev2_*.bc 

• e.g. orx_f_20190127T1855_20190127T2345_SOPG_DS_ES_rev2_3pm.bc

3 pm – 1/27 6 pm – 3/1010 am – 2/1712:30 pm – 2/10 8:40 pm – 3/3



3:20 am – 2/3 6 am – 2/24

• 3:20 am and 6 am stations observe an extra ¼ Bennu rotation for OVIRS
• MapCam will also get images during this time to see more of the sun-lit side



• Run simulated data for each filter through IPDIF creation scripts to be able to analyze observation geometry
• Results are very similar to the original ES design that was used in previous photometric analyses
• The intermediate rejected design (that had compromises with global color imaging) was never simulated as there 

were never kernels and imaging times for that design

• Showing results for all filters, but they are very similar



B’ Filter



V Filter



W Filter



X Filter



Pan Filter



• Compare ES v1 (left) and v2 (right) designs, both using all filters
• v1 had more images per slew (~9), and thus produced a wider variety of emission angles, incidence angles
• v2 kernels also has a “perfect” imaging cadence (Bennu is in the exact center of the slew), which produces lat/lon 

coverage that is tightly clustered
• Returning to image binning (e.g. 2x2, 3x3) will help broaden the coverage

• This is especially important for emission/incidence angles, as they will define our disk function

ES v1 ES v2



• Pass IPDIFs through modelling software
• Showing results for X only, all filters are very similar

• As with v1, Minneart solves very easily



• Unlike before, Lommel-Seeliger also appears to solve well
• But this is a lack of incidence/emission coverage



• Unlike before, Lommel-Seeliger also appears to solve well
• But I think what we’re seeing is a lack of incidence/emission coverage

• Even more reason to explore image binning to broaden the emission/incidence coverage
• There is a distinct chance that we solve for the disk function poorly and don’t even know it

ES v1 ES v2



• Data quantity
• There are 3 images per slew in this version
• The old ES had ~9 images per slew, but only took 

images every 3 slews
• Hence the data volume is roughly the same

• What if we miss an image in a slew?
• Orange footprints are X Slew 1, Blue are X Slew 3
• Black footprints are “missing” images in X Slew 2
• There is still plenty of coverage

X Slew 1 X Slew 2 X Slew 3



• Emission/Incidence angle coverage
• As noted in the IPDIF plots above, our emission and incidence angle diversity is lower than in ESv1
• This can be improved by binning the images to extract data at the angles in the sub-regions
• But this also means fewer pixels averaging in to a given region, additional data would improve statistics

• Additional images per slew are not necessary to meet requirements, but would help with processing time and statistics if 
the data volume can support it



• Data from the 3:20 am and 8:40 pm stations is bonus for MapCam
• Not required to define the phase function, but helpful and scientifically interesting

• Because most of the asteroid is unlit, it is worth checking what sort of coverage we will get at those stations
• Also worth checking how much the extra ¼ Bennu rotation at 3:20 improves the coverage there

• Extra ¼ turn fills in the portion of the asteroid we see during that time
• Note: the threshold for quality data in this image is arbitrary (and very low, I/F = 1E-4)

3:20 am, 1.25 revolutions3:20 am, 1 revolution



3:20 am8:40 pm
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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
geometric albedo values of 0:047þ0:012

�0:014;0:047þ0:005
�0:014, and 0:048þ0:012

�0:022 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
0:016þ0:005

�0:004;0:015þ0:003
�0:001, and 0:015þ0:007

�0:005 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.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Near-Earth Apollo Asteroid (101955) Bennu (provisional desig-
nation 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).

The primary objective of OSIRIS-REx is to return pristine sam-
ples of carbonaceous material from the surface of a primitive aster-
oid. 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 sepa-
rate 26 cm2 of fine-grained surface material from this body. Ana-
lyses 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 com-
prehensive 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 bright-
ness of Asteroid Bennu. These models provide Bidirectional Reflec-
tance Distribution Functions (BRDFs) for this asteroid; functions of
this form provide important information to scientists and engi-
neers 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 Ben-
nu, relevant to estimates of thermal inertia and models of the Yar-
kovsky 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 pre-
dicting 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 pre-
liminary, 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 predic-
tions, and provide minimum and maximum expected diversions in
brightness that may be observed at the surface of Bennu.

2. Methodology

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 observa-
tions were acquired during the 2005–2006 and 2011–2012 appari-
tions. 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 (MIN-
PACK-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

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 reflec-
tance of a surface to that of a perfectly diffuse surface illuminated
at i = 0� (Hapke, 2012). Bidirectional Reflectance Distribution Func-
tion (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 pre-
dict the returned flux from Bennu and its brightness during the dif-
ferent 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 reflec-
tance, r, as described in the following sections (Hapke, 2012).

2.1.1. Minnaert model
Minnaert’s model is a generalization of Lambert’s law, suggest-

ed by Minnaert (1941). Li et al. (2009) added an empirical phase
function term, which describes the variation in surface reflectance

with phase angle ðaÞ (in degrees), to the model: f ðaÞ ¼ 10�
ba
2:5 (lin-

ear-magnitude). The phase function of Li et al. (2009) did not work
well in fitting Bennu data so we further modified it as follows:

f ðaÞ ¼ 10�
ðbaþca2þda3 Þ

2:5 ðpolynomial-magnitudeÞ: ð1Þ

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

BRDFði; e;aÞ ¼ RADFði; e;aÞ
lop

¼ ½I=F�ði; e;aÞlop
¼ prði; e;aÞ

lop
¼ AMf ðaÞðlolÞkðaÞ�1

; 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 dimen-
sionless quantity (F has units of W/m2/steradian and p here has
units of steradian). RADFðI=FÞ 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 ebaþca2þda3
; 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

where ALS ¼ -o
4p is the Lommel-Seeliger albedo and -o is the average

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 lo

loþl term (often called the

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:

BRDFði; e;aÞ ¼ f ðaÞ
pðlo þ lÞ ; ð5Þ

the phase function f ðaÞ ¼ C0e�C1a þ A0 þ A1aþ A2a2 þ A3a3 þ A4a4

includes an exponential term that describes the opposition surge.

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 disk-
resolved 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:

AðaÞ ¼
Z �p=2

h¼p=2

Z p=2

/¼a�p=2
rði; e;aÞl cosðhÞd/dh; ð6Þ

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 disk-
averaged albedo (Pravec and Harris, 2007):

HðaÞ ¼ �5Log10
D

ffiffiffiffiffiffiffiffiffiffi
AðaÞ

p
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).

2.3. Geometric albedo

Physical albedo (a.k.a., geometric albedo) (AgeoÞ, which is a disk-
integrated quantity, is the ratio of the brightness of a body
observed from zero phase angle a ¼ 0� to the brightness of a per-
fect Lambert (flat) disk of the same radius and at the same distance
as the body, but illuminated and observed along an axis perpen-
dicular 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:

Ageo ¼
Z

2p

REFFðe; e;0Þ
p llo dX; ð8Þ

where dX ¼ 2p sinðeÞde ¼ �2pdl 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 ½I=F�ði; e;aÞlo
: 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�,

e = 0�, a ¼ 30�) in REFF units for comparison with standard refer-
ence mineral libraries.

Disk-resolved scattering models can be used to compute the
derived quantities of geometric albedo, using equations in Sec-
tion 2.3 and Eqs. (8) and (9).

Minnaert geometric albedo:

Ageo ¼ 2pAMf ð0Þ
Z p=2

0
cosðeÞ½ �2ko sinðeÞde

¼ AM
2p

2ko þ 1
f ð0Þ; ð10Þ

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

Ageo ¼
ALS

2
pf ð0Þ

Z p=2

0
cosðeÞ sinðeÞde ¼ ALS

2
pf ð0Þ; ð11Þ

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

Ageo ¼ f ð0Þ
Z p

2

0
cosðeÞ sinðeÞde ¼ f ð0Þ

2
; ð12Þ

where f(0) is the ROLO phase function at a ¼ 0�.

2.4. Spherical Bond albedo

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

Asph ¼
1
p

Z
2p

Z
2p

rði; e;aÞldXi dXe; ð13Þ

where dXi ¼ sinðiÞdidw and dXe ¼ sinðeÞdedw with w is the
azimuth.

The spherical Bond albedo can also be expressed as qAgeo, where
q is the phase integral, defined as:

q ¼ 2
Z p

0
UðaÞ sinðaÞda; ð14Þ

where UðaÞ � FðaÞ
Fð0oÞ is the disk-integrated brightness at phase

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

4r2

Z p
2

�p
2

Z p
2

a�p
2

½I=F�ði; e;aÞ cosð/Þ cos2ðhÞd/dh; ð15Þ

where / ¼ Arctan cosðiÞ
cosðeÞ � cosðaÞ
h i

is the photometric longitude,

h ¼ Arccos cosðeÞ
cosð/Þ

h i
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 AsphðkÞ weighted by spectral irradiance of the Sun
Js(k). This integrates spherical albedo over all k (Hapke, 2012):

Abolo ¼
R1

0 AsphðkÞJSðkÞdkR1
0 JSðkÞdk

: 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 visi-
ble and most spectra of Solar System bodies do not change drasti-
cally over the UV/visible spectral range.

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 direc-
tion 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 disk-
resolved brightness across the surface of Bennu by fitting the disk-
integrated ground-based phase curve of this asteroid from
Hergenrother et al. (2013). Tables 1a, 1b, and 1c show our Min-
naert, Lommel-Seeliger, and ROLO models, respectively, for nom-
inal, 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 mod-
els. We note that the BRDF values at i = 0�, e = 0�, and a = 0�, calcu-
lated using our Minnaert, Lommel-Seeliger, and ROLO models are
0:012þ0:000

�0:001, 0:015þ0:002
�0:005, and 0:015þ0:002

�0:005, respectively.
The Lommel-Seeliger BRDF value represents almost 1/p times

the geometric albedo: 0.045 ± 0.015 as expected for Lommel-Seel-
iger 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
0:047þ0:012

�0:014, 0:047þ0:005
�0:014, and 0:048þ0:012

�0:022 for the Minnaert, the Lom-
mel-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.

4. Discussion

We fitted three empirical photometric models (Minnaert, Lom-
mel-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 fit-
ting 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 sec-
tion, 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 well-
suited for predicting the brightness of Bennu at arbitrary illumina-
tion and viewing geometries. These models are also well-suited for
photometrically correcting Bennu imaging and spectral observa-
tions to a common standard geometry, and therefore, for compar-
ing images of different areas on Bennu with each other and Bennu’s
spectral data with laboratory measurements. However, these mod-
els cannot be used to infer the physical properties and composi-
tions 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). Fur-
thermore, 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 sur-
face with simplification assumptions, coupled with the empirical
models that describe the scattering behavior aspects of a par-
ticulate surface (Hapke, 2012):

RADFði;e;aÞ¼-o

4
lo

loþl ½1þBðaÞ�pðf aÞþHðloÞHðlÞ�1gSði;e;a;hÞ;

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.

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

AM
a bb cb db ko b

Nominal 0.012 0.045 �2.50 � 10�4 7.76 � 10�7 0.30 0.002
Maximum 0.012 0.034 4.79 � 10�5 �1.12 � 10�6 0.15 0.001
Minimum 0.011 0.044 �2.86 � 10�4 9.15 � 10�7 0.55 0.003

a AM is Minnaert albedo.
b f ðaÞ ¼ 10�

ðbaþca2þda3 Þ
2:5 . The values given in this table for b, c, and d were derived for

phase angle values in units of degrees.

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

ALS
a bb cb db

Nominal 0.030 �4.36 � 10�2 2.69 � 10�4 �9.90 � 10�7

Maximum 0.033 �2.51 � 10�2 1.62 � 10�4 �18.77 � 10�7

Minimum 0.021 �4.17 � 10�2 2.72 � 10�4 �11.96 � 10�7

a ALS is Lommel-Seeliger albedo.
b f ðaÞ ¼ ebaþca2þda3 . The values given in this table for b, c, and d were derived for

phase angle values in units of degrees.
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Fig. 4 shows the ground-based measurements of Bennu as com-
pared with the Hapke model. Although the Hapke model is a semi-
physical photometric model and fits well Bennu’s data, this model

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 geome-
tries available from the ground-based observations, particularly at
small phase angles, are insufficient to fully constrain a Hapke mod-
el; 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 oppo-
sition effect parameters. With these assumptions and approxima-
tions, 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 para-
meters 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 mod-
el 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 lunar-

Lambert model) is a hybrid model that includes a lunar scattering
function, given by the l0

l0þl term (Seeliger, 1884), in addition to a

Table 1c
ROLO functions that predict ½I=F�ði; e;aÞ (reflectance) of Bennu at 550 nm.

C0 C1 A0 A1 A2 A3 A4

Nominal 0.043 0.080 0.053 �1.04 � 10�3 7.75 � 10�6 �1.54 � 10�8 �3.74 � 10�11

Maximum 0.263 0.010 �0.14 �1.45 � 10�3 5.14 � 10�5 �4.67 � 10�7 1.54 � 10�9

Minimum �0.022 �0.012 0.074 �9.56 � 10�4 1.14 � 10�5 1.16 � 10�8 �2.42 � 10�10

f ðaÞ ¼ C0e�C1a þ A0 þ A1aþ A2a2 þ A3a3 þ A4a4. 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 sr�1. (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 measure-
ments. 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 sr�1. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

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 sr�1. (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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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 scat-
tering (A = 0). Bright objects with high geometric albedos are well-
described 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 pro-
files (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 BoðaÞ
2LðaÞl0

l0 þ l þ ð1� LðaÞÞl0

� �
; ð20Þ

where LðaÞ ¼ Af ðaÞ
Af ðaÞþ2B is a partition parameter between the Lommel-

Seeliger term and the Lambert term, and BoðaÞ is the intrinsic albedo

that describes the intrinsic properties of the surface materials,
including composition, grain size, roughness, and porosity. In Eq.
(20), BoðaÞ is independent of the incidence (i) and emission (e)
angles. Using the following phase function f ðaÞ ¼ ebaþca2þda3 , 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

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

wo Bo h g �h

Hapke 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.

AMC b c d

McEwen 0.015 �0.043 2.66 � 10�4 9.75 � 10�7

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 single-
scattering phase function, H is Ambartsumian–Chandrasekhar function for multiple
scattering, and S is the Hapke roughness shadowing function. rHapke is in units of
sr�1. 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 dash-
dots) 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.)

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 compar-
ison 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 sur-
face 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 com-
pounds having spectral absorptions >5% in this wavelength range.
This data set will provide information on the distribution and com-
position of minerals and organic material across the surface of Ben-
nu. It will allow the first analysis of surface processing of
carbonaceous material and will guide sample site selection, ensur-
ing 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 compre-
hensive 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 tar-
get Asteroid (101955) Bennu. These models capture the light scat-
tering 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 sur-
face 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 mis-
sion 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
albedo values of 0:047þ0:012

�0:014, 0:047þ0:005
�0:014, and 0:048þ0:012

�0:022 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). Addition-
ally, our spherical albedo values of 0:016þ0:005

�0:004;0:015þ0:003
�0:001, 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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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 

𝑟(𝑖, 𝑒, 𝛼) =
𝜛𝑜

4𝜋
 

𝜇𝑜

𝜇𝑜 +  𝜇
{[ 1 + 𝐵(𝛼)] 𝑝(𝛼) + 𝐻(𝜇𝑜)𝐻(𝜇) − 1} 𝑆(𝑖, 𝑒, 𝛼),    

(The factor of 𝜋 here is from the normalization and integration of the 𝑝(𝛼)). 

                                               (Hapke 1993 eq. 8.89) 

 

 

 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, 

𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) =  
𝜛𝑜

4
 

𝜇𝑜

𝜇𝑜 +  𝜇
{[ 1 + 𝐵(𝛼)] 𝑝(𝛼) + 𝐻(𝜇𝑜)𝐻(𝜇) − 1}𝑆(𝑖, 𝑒, 𝛼)                

                                     = 𝜋𝑟(𝑖, 𝑒, 𝛼) = [𝐼/ℱ](𝑖, 𝑒, 𝛼), 
 

I is the radiance and has units of W/m
2
/nm/steradian. J = 𝜋ℱ is the collimated light (irradiance) 

and has units of W/m
2
/nm. Strictly speaking 𝐼/ℱ is a dimensionless quantity (ℱ has units of 

W/m
2
/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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ΔA    

Schematic diagram of bidirectional reflectance from a surface element 𝜟𝑨, showing the 

various angles. The plane containing J and I is the scattering plane. If the scattering plane 

also contain 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). 

 

 

ΔA    

   

I 

Normal 

 

e 

 

ΔA    

I = Radiance = 
power/unit 
area/ 
wavelength/ unit 
solid angle 

Collimated light 
(irradiance) = power/unit 
area/wavelength 
J= πF  is parallel because 
Sun at infinity. F is usually 
defined at 1 AU. 

 

 

J 
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Lambert Model:  

𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) = 𝐴𝐿𝜇𝑜 = [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) = 𝐴𝐿𝑓(𝛼)𝜇𝑜 = [𝐼/ℱ](𝑖, 𝑒, 𝛼), 

 

where 𝑓(𝛼) = 10−
(𝛽𝛼+𝛾𝛼2+𝛿𝛼3)

2.5  is a 3
rd

 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) = π𝐴𝑀𝜇𝑜
𝑘 𝜇𝑘−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) = π𝐴𝑀𝑓(𝛼)𝜇𝑜
𝑘(𝛼)

 𝜇𝑘(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 limb-

darkening 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

4
 

𝜇𝑜

𝜇𝑜 +  𝜇
 = [𝐼/ℱ](𝑖, 𝑒, 𝛼) , 

(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: 

 

𝑅𝐴𝐷𝐹(𝑖, 𝑒, 𝛼) =
𝜛𝑜

4
 

𝜇𝑜

𝜇𝑜 +  𝜇
𝑓(𝛼)   = [𝐼/ℱ](𝑖, 𝑒, 𝛼) , 

                                                           (Helfenstein and Veverka 1989) 

where 𝑓(𝛼) is an arbitrary function that describes the variation in surface reflectance with phase 

angle (𝛼),  and 𝐴𝐿𝑆 =  
𝜛𝑜

4𝜋
   is Lommel-Seeliger albedo. 

 

𝑓(𝛼) =  𝑒𝛽𝛼+𝛾𝛼2+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−𝐶1α
 + A0 + A1 α + A2 α

2
 + A3 α

3
 + A4 α

4
.     (Buratti et al. 2011) 

                               

Describes opposition surge                          4
th

 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)

𝜇𝑜

𝜋

 =  
𝜋𝑟(𝑖, 𝑒, 𝛼)

𝜇𝑜
 , 

 

Thus 

𝑅𝐸𝐹𝐹(𝑖, 𝑒, 𝛼) =
𝜛𝑜

4
 

1

𝜇𝑜 +  𝜇
{[ 1 + 𝐵(𝛼)] 𝑝(𝛼) + 𝐻(𝜇𝑜)𝐻(𝜇) − 1} − 1}𝑆(𝑖, 𝑒, 𝛼) =

[𝐼/ℱ] (𝑖, 𝑒, 𝛼)

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=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)

𝐽𝜇𝑜
 =  

𝑟(𝑖, 𝑒, 𝛼)

𝜇𝑜
 , 

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

 

Thus  

𝐵𝑅𝐷𝐹(𝑖, 𝑒, 𝛼) =   
𝜛𝑜

4𝜋
 

1

𝜇𝑜 +  𝜇
{[ 1 + 𝐵(𝛼)] 𝑝(𝛼) + 𝐻(𝜇𝑜)𝐻(𝜇) − 1}𝑆(𝑖, 𝑒, 𝛼)                        

= [𝐼/(𝜇𝑜𝜋ℱ)](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) 

 

𝐴𝐿 =  
𝑃𝐿

𝐽𝜇𝑜
 , 

 𝑃𝐿 = ∫ 𝐼(𝑖, 𝑒, 𝛼) 𝜇 𝑑𝛼 =  ∫ ∫ 𝐽𝐾𝐿 cos 𝑖 cos 𝑒 sin 𝑒 𝑑𝑒 𝑑𝛼 =  𝜋𝐽𝐾𝐿𝜇𝑜 
2π

𝛼=0

π/2

𝑒=02𝝅
 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.  

 

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

Therefore                                                  𝐴𝐿  = [𝐼/(𝜇𝑜ℱ)](𝑖, 𝑒, 𝛼). 

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 = ∫ 𝑟(𝑒, 𝑒, 0)
2𝜋

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 =
𝐴𝐿𝑆 

2
 𝜋 𝑓(0) ∫ cos(𝑒) sin(𝑒) 𝑑𝑒 = 

𝜋/2

0

 
𝐴𝐿𝑆 

2
𝜋 𝑓(0) 

2.2 ROLO 

 

𝐴𝑔𝑒𝑜 = 𝑓(0) ∫ cos(𝑒) sin(𝑒) 𝑑𝑒 = 

𝜋
2

0

𝑓(0)

2
 

 

2.3 Minnaert: 

𝐴𝑔𝑒𝑜 = 2𝜋 𝐴𝑀 𝑓(0) ∫ [cos(𝑒)]2𝑘𝑜 sin(𝑒) 𝑑𝑒 = 
𝜋/2

0

𝐴𝑀  
2𝜋

2𝑘 + 1
𝑓(0) 

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

𝜋
∫ ∫ 𝑟(𝑖, 𝑒, 𝛼)

2𝜋2𝜋
  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: 

𝑞 = 2 ∫ Φ(α)
𝜋

0
 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  ∫ ∫
𝐼

𝐹

𝜋

2
             

𝛼−
𝜋

2

(𝑖, 𝑒, 𝛼)
𝜋

2

𝛼−
𝜋

2

cos(𝑤) cos2(𝜓)𝑑𝑤 𝑑𝜓 , 

where 𝑤 = photometric longitude, 𝜓 = photometric latitude, R = radius of the satellite, and r = observer-

satellite distance. 

 (This is the albedo quantity shown in Table 1 that requires observations covering phase angles 

from 0
o
180

o
.) 
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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 =  
∫ 𝐴𝑠𝑝ℎ(𝜆) 𝐽𝑆(𝜆)𝑑𝜆 

∞

0

∫ 𝐽𝑆(𝜆)𝑑𝜆
∞

0

, 

 

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 Gaspr

a1 

Mathilde4 Vesta5 Bennu6,7 Phobos8 Deimos8 

Geometric Albedo 0.088 0.206 0.290 0.23 0.198 0.23 0.047 0.38±0.0

1 

0.045 0.071 0.068 

Spherical Bond 

Albedo 

0.020 0.081 0.12 0.093 0.073 0.12 -- 0.20±0.0

2 

0.016 0.021 0.027 

Normal Reflectance -- 0.207 -- -- 0.198 0.23 0.047 -- -- 0.071 0.068 

0
Li et al. (2006). 

1
Helfenstein et al. 1994, 

2
Domingue et al. 2002, 

3
Li et al. 2004, 

4
Clark et 

al. 1999, 
5
Li et al. 2013, 

6
Hergenrother et al. 2013. 

7
Emery 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.
8
Simonelli 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 1
1
 19P/Borrelly

2
 81P/Wild 2

3
 28P/Neujmin 1

4
 2P/Encke

5
 

Geometric 

Albedo 

0.059±0.009 0.080±0.020 0.059 0.026 0.047 

Spherical 

Bond Albedo 

0.014±0.002 0.018 0.0093 -- -- 

1
Li et al. (2013).

2
Li et al. (2007).

3
Li et al. (2009).

4
Campins et al. (1987). 

5
Fernandez 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/(𝜇𝑜ℱ) 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 Lommel-

Seeliger/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/m
2
/sr/nm and J = 𝜋ℱ = solar irradiance (flux) in W/m

2
/nm. 𝜋 has 

units of steradian and ℱ units of W/m
2
/nm/steradian. 
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                                                              𝑹𝑨𝑫𝑭                                      𝑩𝑹𝑫𝑭 
 

                                                                        [𝐼/ℱ](𝑖, 𝑒, 𝛼) =                               
[𝐼/ℱ](𝑖,𝑒,𝛼)

𝜋𝜇𝑜
=      

           Lambert Model                              𝐴𝐿𝑓(𝛼)𝜇𝑜                                     
𝐴𝐿𝑓(𝛼)

𝜋
  

          Minnaert Model                       π𝐴𝑀𝑓(𝛼)𝜇𝑜
𝑘(𝛼)

 𝜇𝑘(𝛼)−1                 𝐴𝑀𝑓(𝛼)𝜇𝑜
𝑘(𝛼)−1

 𝜇𝑘(𝛼)−1 

          Lommel Seeliger Model                   
𝜛𝑜

4

𝜇𝑜

𝜇𝑜+ 𝜇
𝑓(𝛼)                          

𝜛𝑜

4𝜋
 

1

𝜇𝑜+ 𝜇
 𝑓(𝛼) 

           ROLO Model                                     
𝜇𝑜

𝜇𝑜+ 𝜇
𝑓(𝛼)                              

1

𝜋
  

1

𝜇𝑜+ 𝜇
 𝑓(𝛼)  
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