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MRD 156 

Summary of Requirement 

MRD-156 (2.14.7) Produce a thermal model of the asteroid to determine the radiation imbalance in the regolith 

and test the theory of Yarkovsky acceleration. 

The requirement is to provide software (a numerical model) that is capable of ingesting thermal measurements 

of the asteroid in order to determine the thermal inertia of the surface and, using that thermal inertia, predict the 

expected amount of Yarkovsky acceleration.  This prediction will be compared with measurements of the actual 

Yarkovsky acceleration measured by the spacecraft.  The model is also used to predict global and site-specific 

temperatures at times of interest to the mission (e.g., during sampling). 

 

Verification of this requirement includes: 

• Establishing that the thermal model software runs as expected at the SPOC 

• Comparing model outputs to existing models, including testing with existing thermal data of Bennu 

(observed using the Spitzer space telescope) 

The asteroid thermal model has already been written, verified, and delivered to the SPOC. 

Data Products Required 

The thermal model (FTPM) is the product in this case. This model is used to determine Rotationally Resolved 

Thermal Inertia (MRD-544) from Approach Phase data, the Global Thermal Inertia map (MRD-155) from 

Detailed Survey data, the Sample-Site-Specific Thermal Inertia map (MRD-540) from Orbit-B and/or 

Reconnaissance Phase data, Sample-Site Temperature Prediction maps (MRD-411), and for long term science, 

including the Yarkovsky investigation. 

Inputs and outputs for each of the uses of the thermal model are detailed in each of the MRD descriptions listed 

above. 

For the Yarkovsky acceleration investigation: 

• Inputs 

o Global Thermal Inertia Maps (TA-002) 

o Global Bolometric Bond Albedo Map (SA-37)  

o Global Shape Model (OBJ) (ALT-07) and Global Ancillary Template (ALT-30) 

o RMS tilt map (ALT-15) 

o Resolution Mapping Ancillary File (ALT-28) 

o Bennu Spin State (ALT-35) 

▪ Heliocentric ecliptic coordinates of spin pole 

▪ Rotation period 

• Outputs 

o Theoretical prediction of Yarkovsky acceleration 

• No other dependencies exist for this product 

Ability/Availability of the System to Generate Sufficient Observations 



The thermal model itself only requires that the mission make some measurements of thermal flux.  The 

Yarkovsky investigation requires a thermal inertia map; the ability of the system to generate sufficient 

observations for the Global Thermal Inertia Map is described in MRD-155. 

The current DRM contains the required observations to meet the global coverage, spatial resolution, time of 

day, and data return requirements for the Yarkovsky acceleration investigation. 

Minimum Success Criteria 

 

The success criteria for the Yarkovsky acceleration investigation are development of the asteroid thermal model 

and the production of the Global Thermal Inertia map. 

Dependencies by Mission Phase 

The thermal model itself has no dependencies -- it is used to analyze data from multiple mission 

phases.  Dependencies for those uses of the asteroid thermal model are given in their respective MRD 

descriptions. 

Detailed Survey: For the Yarkovsky investigation, the observations required to produce the Global Thermal 

Inertia Map (MRD-155) must be completed. 

Input data listed above must also be available. 

Adequacy of the DRM 

The mission profile described by DRM Rev. C currently enables the required data to be collected. 

Data Products per Mission Phase 

The thermal model itself does not have specific data requirements.  The data products for each of the uses of the 

asteroid thermal model are given in their respective MRD descriptions. 

Detailed Survey:  Computation of the Yarkovsky acceleration prediction can begin once the Global Thermal 

Inertia Map (TA-002) is available. 

Overview of Processing 

The asteroid thermal model is an integral part of processing required for other data products.  The verification 

of the model software itself serves to verify the requirement.  The software has been delivered to the SPOC, and 

the SPOC has successfully reproduced test data, demonstrated that the model is working as expected at the 

SPOC. 

The workflow is basically the entire "Green Box" diagram for the TAWG since the asteroid thermal model is 

integral to most of the data products TAWG is responsible for. 
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Provenance of Algorithms, Software and Techniques 

The general form of the thermal model algorithm used is a standard energy balance algorithm that includes the 

effects of heat conduction and storage.  The process will be to run a thermophysical model with parameters 

appropriate to the observation in order to reproduce OTES-derived Temperature Maps.  For the Approach Phase 

data, thermal inertia will be varied to match the measured disk-integrated flux.  For the Survey phase data, 

thermal inertia will be varied to match the temperatures derived from OTES as a function of time-of-day.  For 

the Reconnaissance Phase data, thermal inertia will be varied to reproduce the temperature measured by OTES 

of the sample site.   

The thermal model to be used at Bennu (FTPM) is a direct outgrowth of the thermal model developed by Ben 

Rozitis during his PhD dissertation research, and is informed by more than 10 years of asteroid thermal model 

research by the science member co-I responsible for this data product (see references below). Ben Rozitis was 

employed as a post-doc by OSIRIS-REx to modify his thermal model for use by the mission, and he is now a 

collaborator who is very active in TAWG activities. The numerical approach is described in a few publications 

(see references below).  During development of the thermal model, Ben Rozitis and Josh Emery tested and 

refined their thermal model for Bennu in collaboration with thermal engineers and with Dr. Marco Delbo of the 

Observatory of Nice.   

Primary references 

• Rozitis, B. and S.F. Green 2011. Directional characteristics of thermal-infrared beaming from 

atmosphereless planetary bodies - a new thermophysical model. MNRAS 415, 2042-2062. 



• Rozitis, B. and S.F. Green 2012. The influence of rough surface thermal-infrared beaming on the 

Yarkovsky and YORP effects. MNRAS 423, 367-388. 

• Rozitis, B. 2011.  "Physical and Dynamical Characterisation of Near Earth Asteroids 

via Thermophysical Modeling." Open University PhD Dissertation, advisor: Dr. Simon Green. 

Supporting references 

• Emery, J. P., D. P. Cruikshank, and J. Van Cleve (2006) Thermal emission spectroscopy (5.2 - 38 µm) 

of three Trojan asteroids with the Spitzer Space Telescope:  Detection of fine-grained silicates, Icarus, 

182, 496-512. 

• Emery, J.P., et al. 2014. Thermal infrared observations and thermophysical characterization of OSIRIS-

REx target asteroid (101955) Bennu. Icarus 234, 17-35. 

• Kieffer, H. H. (2012) Thermal model for analysis of Mars infrared mapping, JGR-in press, 

doi:10.1029/2012JE004164. (Despite the title of the paper, this is a generalized thermal model 

applicable airless bodies as well as Mars.) 

• Delbó, M. and Tanga (2009) Thermal inertia of main belt asteroids smaller than 100 km from IRAS 

data. Planetary and Space Science, 57, 259. 

• Delbó, M. et al. (2007) Thermal inertia of near-Earth asteroids and implications for the magnitude of the 

Yarkovsky effect.Icarus, 190, 236. 

Expected/Simulated Data 

The asteroid thermal model (FTPM) has been tested by verifying that it can: 

• Compute surface temperatures on Bennu using the existing radar shape model. 

• Derive thermal inertia from simulated temperature maps (again, using the existing radar shape model). 

These tests are documented in ppt slides for TAWG telecons, during which the results of the tests were 

presented to the TAWG.  (Thermal Analysis Working Group Scratch Page) 

Analysis & Verification Methods 

For thermal model performance, see the discussion under Expected/Simulated Data above. 

 

The core of the thermal model for OSIRIS-REx was developed by Ben Rozitis during his PhD dissertation and a 

subsequent post-doc at the Open University.  The Rozitis et al. publications listed above describe the 

development of the model and testing against results produced by other models. 

 

The OSIRIS-REx thermal model was tested against two other published thermal model, those of M. Delbo and 

J. Emery.  The model by J. Emery is the one that was used to derive the thermal inertia of Bennu from Spitzer 

space telescope observations.  The OSIRIS-REx thermal model ran significantly faster than the other two (by 

virtue of running on GPUs) and produced results (computed temperatures and fluxes) that agreed with the other 

two models to less than 1%. 

 

The OSIRIS-REx thermal model and J. Emery's thermal model were both used to estimate the thermal inertia of 

Itokawa from unpublished Spitzer space telescope data.  Both models gave results of 700 +/- 200 SI units for 

the thermal inertia of Itokawa.  The large uncertainty is due to calibration issues with the data, and we decided 

not to publish these results because they do not improve on previous estimates and we are not confident in the 

https://sciwik.lpl.arizona.edu/wiki/pages/068989_9/Thermal_Analysis_Working_Group_Scratch_Page.html


calibration of the data. 

 

Two versions of the OSIRIS-REx thermal model were built and delivered to the SPOC.  The Advanced 

ThermoPhysical Model (ATPM) is the more sophisticated model, in that it considers facet-to-facet shape-

shadowing and self-heating calculations.  These calculations are computationally expensive, so the Fast 

ThermoPhysicalModel (FTPM) was developed and delivered.  The FTPM neglects facet-to-facet shape-

shadowing and self-heating, so runs significantly faster.  Temperatures computed with the FTPM match those 

from the ATPM to within a few K, except in the case of low thermal inertias near the equator.  The accuracies 

of the ATPM and FTPM thermal inertia retrievals were tested by computing temperatures on the radar shape 

model using the ATPM, adding 1 K Gaussian random noise to those temperatures to represent measurement 

uncertainties, then retrieving thermal inertias using both the ATPM and the FTPM.  The ATPM retrieval was 

within 2 to 3 percent of the input thermal inertia everywhere.  The FTPM retrieval was within 20% of the input 

thermal inertia everywhere.  The ATPM was used to determine that the requirement of predicting temperatures 

to withing +/- 10K levies a requirement on thermal inertia of 20%, so the both versions of the OSIRIS-REx 

thermal model satisfy the necessary requirements.  The FTPM will be the baseline model, to ensure that the 

production timeline is met.  The ATPM will be run concurrently to provide verification of the results of the 

FTPM. 

Existing or Potential Liens 

There are currently no known liens on the DRM, OTES instrument, or spacecraft system that would degrade the 

solution or preclude success, apart from those listed under MRD-155.  

SPOC Requirements 

SPOC requirements for the various uses of the asteroid thermal model are given in their respective MRD 

descriptions. 

For the Yarkovsky investigation, the SPOC must provide access to all the inputs listed above. 

SPOC is providing several Windows workstations with GPUs to run the thermal model. 

The SPOC-Spectral Analysis ICD is in draft, undergoing active revision (as of 15 May 2016), and will be linked 

here when it is available. 

The Spectral Analysis flowchart is in draft form, undergoing active revision (as of 15 May 2016) and will be 

linked here when it is finalized. 

External Interfaces 

There are no external interfaces for derivation of spot temperature.  

 

The thermal model (FTPM) runs on Windows workstations that the SPOC will provide.  No other external 

interfaces are required. 

 

https://sciwik.lpl.arizona.edu/wiki/pages/t6Y7i3S/MRD155.html


~~~~~~~~~~~ Below obsolete, can be used above if useful 

~~~~~~~~~~~~ 

Data Products 

Asteroid thermal model (MRD-156) 

Thermal inertia of Bennu will be derived at various spatial scales throughout the encounter with the asteroid. 

The science and operations goals during each phase are distinct, but complementary. The full suite of 

observations will provide a bridge to telescopic thermal observations of Bennu, enable a test of whether 

measured semi‐major axis drift is driven by the Yarkovsky force, and provide constraints on regolith properties 

at spatial scales that vary from hemispherical to 5m.  

The Thermal Analysis Working Group (TAWG) will be taking the lead on development of the procedures for 

thermal inertia retrieval during Phase C/D, as well as development of the thermal model that will be required to 

interpret the OTES data in terms of thermal inertia. The current mission design is adequate to ensure that the 

data necessary to meet the requirements will be obtained. 

Process Overview  

The general form of the algorithm used will be a standard energy balance algorithm that includes the effects of 

heat conduction and storage.  The process will be to run a thermophysical model with parameters appropriate to 

the observation in order to reproduce OTES measurements.  For the Approach Phase data, thermal inertia will 

be varied to match the measured disk-integrated flux.  For the Survey phase data, thermal inertia will be varied 

to match the temperatures derived from OTES as a function of time-of-day.  For the Reconnaissance Phase data, 

thermal inertia will be varied to reproduce the temperature measured by OTES for each spot measurement.  

The asteroid thermal model will enable the team to ingest measurements of the surface and calculate thermal 

inertia and temperature imbalance (for Yarkosvsky experiment) and predict temperatures for future mission 

phases.  

Temperature prediction (MRD-411): Temperature prediction is important for planning subsequent mission 

phases, in order to determine optimum altitude for spectral mapping as well as inform flight system safety 

during rehearsal and sampling.  Temperature measurements from early mission phases will be used to “tune” 

the thermal model (i.e., determine unknown surface properties, such as thermal inertia), which will in turn be 

used to predict the temperatures that the spacecraft will see in subsequent phases.  

Temperature imbalance (Yarkovsky experiment) (MRD-156): The Yarkovsky force arises from morning-

evening temperature asymmetries.  The planned temperature measurements will sample thermal emission in 

certain directions, but will not directly integrate all thermal flux from each hemisphere.  A thermal model is 

required to fill in the gaps in order to provide an accurate estimate of the thermal imbalance, from which the 

Yarkovsky accelerations will be derived.  

Thermal inertia (Rotationally Resolved MRD-TBD [Rotationally resolved thermal inertia (MRD-544)]; Global 

MRD-155; Site-Specific MRD-TBD [MRD-540]): Thermal inertia estimates will contribute to interpretation of 

the physical properties (including mean particle size) of the surface.  A thermal model is required to calculate 

https://sciwik.lpl.arizona.edu/wiki/pages/G5H3Y5Q2/Asteroid_thermal_model_MRD156.html
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thermal inertia from measured temperatures, albedos, and surface slopes.  Thermal inertia products are covered 

under another DPQ (Thermal Inertia Maps) submitted by the SAWG.  

Expected Data Return by Mission Phase  

 

Availability of Input Data Products  

The following, as needed, are assumed to have geometric info:  

1) OTES spot temperature  

2) OLA surface slopes  

3) OVIRS or OCAMS surface albedos  

4) Time of day  

Useful but not required: OLA/OCAMS information on the surface roughness at scales that are finer than the 

OTES spot size.  

Data Processing Tasks  

There are several existing models that may be used; the science team has not yet decided on a specific model, 

but the following references describe some of the possibilities:  

Emery, J. P., D. P. Cruikshank, and J. Van Cleve (2006) Thermal emission spectroscopy (5.2 - 38 µm) of three 

Trojan asteroids with the Spitzer Space Telescope:  Detection of fine-grained silicates, Icarus, 182, 496-512.  

Kieffer, H. H. (2012) Thermal model for analysis of Mars infrared mapping, JGR-submitted. (Despite the title 

of the paper, this is a generalized thermal model applicable airless bodies as well as Mars.)  

Delbó, M. and Tanga (2009) Thermal inertia of main belt asteroids smaller than 100 km from IRAS data. 

Planetary and Space Science, 57, 259.  

Delbó, M. et al. (2007) Thermal inertia of near-Earth asteroids and implications for the magnitude of the 

Yarkovsky effect. Icarus, 190, 236.  

Time-frame for Data Processing  

 

Analysis and verification methods  



The model will be validated by its ability to reproduce measured temperatures during approach, preliminary 

survey, and detailed survey phases.  Additional validation can come from checking consistency of high spatial 

resolution spot measurements with lower spatial resolution observations from previous phases that cover the 

same region of the surface.  The approach phase results will be directly compared with thermal inertia estimates 

from the Spitzer Space Telescope, which will provide another degree of validation. Thermal inertia cannot be 

verified without knowledge of the absolute thermal inertia of the surface area observed by OTES at RQ36, 

which we will never have.  

Verification of the algorithm against previously developed algorithms and expected results will come from 

application to existing data sets.  These data sets may include telescopic observations of asteroids, spacecraft 

observations of asteroids (e.g., Dawn at Vesta) and comet nuclei (e.g., Deep Impact at Tempel 1) and possibly 

the Moon (LRO/Diviner) and Mercury (MESSENGER). 

The algorithm flow will also be tested by blind tests, applying the algorithm to modeled data using our best 

understanding (shape, etc) of 1999 RQ36  

Software  

The product in this case is the model itself.  The main model will be a program of a few thousand lines of 

code.  A multi-dimensional look-up table will likely be produced before arriving at the asteroid in order to 

speed up interpretations during operations at the asteroid.   This lookup table will likely be on the order of a few 

10s or 100s of MB.  

One thermal model has been developed in IDL, which also is required to run it (it runs on all 

platforms).  Another thermal model has been developed in Fortran and is called via a script in the open source 

Davinci package, which also runs on all platforms.  

 


