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ABSTRACT 

The NASA Orbital Debris Program Office has developed the Orbital Debris Engineering Model (ORDEM) 
primarily as a tool for spacecraft designers and other users to understand the long-term risk of collisions with orbital 
debris. The newest version, ORDEM 3.1, incorporates the latest and highest fidelity datasets available to build and 
validate representative orbital debris populations encompassing low Earth orbit (LEO) to geosynchronous orbit 
(GEO) altitudes for the years 2016-2050. 

ORDEM 3.1 models fluxes for object sizes > 10 ��m within or transiting LEO and > 10 cm in GEO. The 
deterministic portion of the populations in ORDEM 3.1 is based on the U.S. Space Surveillance Network (SSN) 
catalog, which provides coverage down to approximately 10 cm in LEO and 1 m in GEO. Observational datasets 
from radar, in situ, and optical sources provide a foundation from which the model populations are statistically 
extrapolated to smaller sizes and orbit regions that are not well-covered by the SSN catalog, yet may pose the 
greatest threat to operational spacecraft. Objects in LEO ranging from approximately 5 mm to 10 cm are modeled 
using observational data from ground-based radar, namely the Haystack Ultrawideband Satellite Imaging Radar 
(HUSIR � formerly known as Haystack). The LEO population smaller than approximately 3 mm in size is 
characterized based on a reanalysis of in situ data from impacts to the windows and radiators of the U.S. Space 
Transportation System orbiter vehicle, i.e., the Space Shuttle. Data from impacts on the Hubble Space Telescope are 
also used to validate the sub-millimeter model populations in LEO. Debris in GEO with sizes ranging from 10 cm to 
1 m is modeled using optical measurement data from the Michigan Orbital DEbris Survey Telescope (MODEST).  

Specific, major debris-producing events, including the Fengyun-1C, Iridium 33, and Cosmos 2251 debris clouds, 
and unique populations, such as sodium-potassium droplets, have been re-examined and are modeled and added to 
the ORDEM environment separately. The debris environment greater than 1 mm is forecast using NASA�s LEO-to-
GEO ENvironment Debris model (LEGEND). Future explosions of intact objects and collisions involving objects 
greater than 10 cm are assessed statistically, and the NASA Standard Satellite Breakup Model is used to generate 
fragments from these events. Fragments smaller than 10 cm are further differentiated based on material density 
categories, i.e., high-, medium-, and low-density, to better characterize the potential debris risk posed to spacecraft. 
The future projection of the sub-millimeter environment is computed using a special small-particle degradation 
model where small particles are created from intact spacecraft and rocket bodies. 

This work discusses the development, features, and capabilities of the ORDEM 3.1 model; the new data and new 
data analyses used to build the model populations; and sample verification and validation results.  

1 INTRODUCTION 

The NASA Orbital Debris Program Office (ODPO) began development of the Orbital Debris Engineering Model 
(ORDEM) in the mid-1980s in support of the Space Station Program Office [1]. The ORDEM software currently 



serves as the primary tool to provide a timely, validated model of the human-made orbital debris environment. It 
facilitates modeling assessments by spacecraft owner/operators, as well as for ground-based observation planning. 
Initial manifestations of the model included analytical solutions representing the debris environment [2]. The first 
computer-based version of ORDEM was released in 1996 as ORDEM96 [3] and pioneered the use of debris 
population ensembles characterized by altitude, eccentricity, inclination, and size. ORDEM2000 replaced the curve 
fitting approach with a finite element representation of the debris environment [4]. ORDEM 3.0 [5] represented a 
significant upgrade in terms of model features and capabilities. It extended the model to the geosynchronous orbit 
(GEO) region (up to 40,000 km), which enabled analysis of more varied orbits � such as geosynchronous transfer 
orbits (GTO) and other highly-elliptical spacecraft orbits � and sensor orientations. Additional upgrades included 
expansion of observation program datasets in underrepresented regions and the addition of uncertainties on the 
reported orbital debris flux. Most significantly, ORDEM 3.0 included a distribution in material density of orbital 
debris fluxes [6]. 

The orbital debris environment is dynamic and must be periodically updated. As newer datasets become available, 
they provide more information on the evolution of the orbital debris environment. In addition, newly developed data 
analysis techniques can be applied to both new and legacy data to improve the assessment of orbital debris 
populations. The newest version of the model, ORDEM 3.1, includes the same capabilities as ORDEM 3.0 and 
incorporates the newest and highest fidelity datasets available to NASA for both constructing and validating the 
modeled orbital debris populations. New approaches to analyzing the available data have also been implemented for 
the large breakup clouds (Fengyun-1C, Iridium 33, and Cosmos 2251), in situ impact data, and the GEO population. 
ORDEM 3.1 is in the final stages of review and represents NASA�s best estimate of the current and near future 
orbital debris environment.  

This paper discusses ORDEM 3.1 features in Section 2, datasets and models used for building the model in 
Section 3, and sample model validation results in Section 4. A summary is given in Section 5. 

2 ORDEM 3.1 FEATURES 

The fundamental capability of ORDEM is providing fluxes (number per m2 per year) of debris for a given year. The 
software includes �spacecraft mode� as well as �telescope/radar mode� settings. The spacecraft mode is useful to 
spacecraft designers, owners, and operators for assessing the debris flux in a particular spacecraft orbit. The 
telescope/radar mode setting supports debris researchers and those planning observation campaigns or sensor 
programs given a particular sensor location and pointing direction. In spacecraft mode, fluxes are output in terms of 
local azimuth, elevation, and relative velocity in the frame of the spacecraft, whereas for telescope/radar mode, 
fluxes are output in terms of altitude in the field of view of a ground-based instrument. Fluxes are calculated as a 
function of cumulative size, meaning the fluxes are presented for a given size and larger. This is based on the risk 
assessment view that if an impact from a debris particle of a given size will critically damage a spacecraft 
component, so will all larger sizes of debris. Eleven half-decade size thresholds, or fiducial points, are considered in 
calculating and presenting the cumulative fluxes: 10 µm, 31.6 µm, 100 µm, 316 µm, 1 mm, 3.16 mm, 1 cm, 
3.16 cm, 10 cm, 31.6 cm, and 1 m.  

Fluxes are modeled for objects greater than 10 µm in low Earth orbit (LEO, altitudes below 2000 km) and greater 
than 10 cm in GEO. Note that while GTO and GEO orbits physically overlap, the dynamics (including perturbation 
forces and impact velocities) as well as the physical size and structure of satellites within the GEO region are 
unique. Thus, ORDEM provides debris fluxes in GEO only for sizes of 10 cm and larger. Any fluxes below 10 cm at 
altitudes above LEO are due solely to high-eccentricity debris sources.  

A major advancement in the development of ORDEM 3.0, and maintained for ORDEM 3.1, was the breakdown of 
debris into material density categories, which were incorporated to better assess the risk to spacecraft from different 
families of debris. Five populations are modeled, including intacts (spacecraft and rocket bodies); low-density  
(1.4 g/cc as used for risk assessments) fragments; medium-density (2.8 g/cc) fragments and microdebris; high-
density (7.9 g/cc) fragments and microdebris; and sodium-potassium (NaK) coolant droplets (0.9 g/cc) from the 
Radar Ocean Reconnaissance Satellite (RORSAT) class of spacecraft. 



3 ORDEM 3.1 MODEL POPULATIONS 

The ORDEM models are data-driven, and reliable data are required to build a realistic and valid model. Table 1 
gives a summary of the ground-based and in situ datasets used for building and validating the ORDEM 3.1 model, 
including calendar year (CY) range of measurements and limiting sizes. 

Table 1. Datasets used for building and validating the ORDEM 3.1 model populations. 

Data Source Source 
Type 

Orbit 
Region 

Detection Size 
Range 

(approximate) 

Calendar Year(s): 
Model Build 

Calendar Year(s): 
Model Validation 

STS windows, excluding cargo 
bay windows in situ LEO 10 � 300 µm 1995-2011 N/A 

STS radiators  in situ LEO 300 µm � 1 mm 1995-2011 N/A 

HST Bay 5 MLI cover in situ LEO 10 � 300 µm N/A 1990-2009 

HST WFPC-2 radiator in situ LEO 50 � 300 µm N/A 1993-2009 

HUSIR, 75°E Radar LEO >5.5 mm 2007*, 2009*, 
2013-2015 2016-2017 

HUSIR, 20°  S Radar LEO >2 cm 2015 N/A 

Goldstone Radar LEO 2 � 8 mm N/A 2016-2017 

SSN Radar, 
Optical 

LEO, 
GEO 

>10 cm (LEO), 
>1 m (GEO) 1957-2015 2016 

MODEST (UCTs and CT debris) Optical GEO >30 cm 2004-2009 2013-2014 

* Datasets used for characterization of large breakups (Fengyun-1C [FY-1C], Iridium 33, and Cosmos 2251).  Data 
from special Haystack observation campaigns around the time of the event were used. 

The fundamental dataset for ODPO modeling efforts is the ODPO-maintained space traffic database, which 
characterizes satellites launched � including known and/or estimated orbital elements and physical characteristics � 
as well as details of known historical breakups and maneuvers. The space traffic database is largely predicated upon 
the Space Surveillance Network (SSN) catalog, which is considered nearly complete for objects larger than 
approximately 10 cm in LEO and 1 m in GEO. The yearly space traffic is propagated forward in time using the 
NASA LEO-to-GEO Environment Debris (LEGEND) Model [7]. The LEGEND model provides the baseline for 
most sub-populations in ORDEM, which consist of a large number of orbits with specified orbital elements, the 
number of objects on each orbit, as well as size (characteristic length), and material-type assignment for each object.  

The historical population (i.e., initial reference population) for ORDEM 3.1 covered launches from 1957 to 2015. 
Fragments from confirmed historical fragmentation events were created using a special version of the NASA 
Standard Satellite Breakup Model (SSBM), which extends the standard model to incorporate material density 
assignments for fragments less than 10 cm based on percentages derived from analysis of fragments generated by 
the Satellite Orbital Debris Characterization Impact Test (SOCIT) series [8] as well as known satellite material 
breakdowns [9]. For the future projection, covering 2016 through 2050, objects were added to the population 
assuming a repeat of the previous 8-year launch traffic cycle and a post-mission disposal success rate of 90% for 
rocket bodies and spacecraft. Future collisions and explosions were modeled statistically. Objects greater than 10 cm 
were allowed to collide according to the �cube� collision assessment algorithm in LEGEND [10]. Probabilities of 
explosion for intact objects were assessed using an object-class-dependent explosion rate model [11].  

In LEO, LEGEND models fragments down to 1 mm in diameter, and assigns material densities according to 
fragment size and area-to-mass ratio. In GEO, LEGEND models fragments down to 10 cm. To build a statistically 
complete representation of debris populations, the initial reference population was adjusted based on data from 
instruments optimized to observe debris with sizes smaller than the SSN cataloging threshold, including ground-
based and in situ sensors. 









shown in Fig. 5. Uncertainties in the flux are the one �1 Poisson uncertainties, as for the radar data. Sizes given for 
the HST impact data were calculated using empirical damage equations (of the form of Eq. (1)) relating feature size 
and estimated particle size for each surface. Distributions in impact angles and velocities were used to generate 
distributions in estimated particle size from the impact feature sizes, based on vehicle surface pointing directions, 
and the one-�1 uncertainties from these distributions are shown by the horizontal uncertainties in Fig. 5. The model is 
considered in excellent agreement with these datasets. 

The GEO component of ORDEM 3.1 was validated against a MODEST dataset covering 2013-2014. Initial 
validation indicated discrepancies between the model and the MODEST 2013-2014 data in terms of “clock angle,” 
defined as an angle in the Cartesian coordinates of (INC·cos(RAAN), INC·sin(RAAN)) (see Fig. 1) where 0° is 
defined by a vector originating at (7.2°,0°) and pointing in the (0°,0°) direction, and the angle increases in a clockwise 
direction. Thus, two simulated breakups, potentially corresponding to unidentified breakups that occurred during the 
2009-2013 break between the MODEST observation campaigns, were added to the model to better match the 
MODEST 2013-2014 dataset. Fig. 6 shows the distribution in clock angle for the initial (without the simulated 
breakups) and final (including the two simulated breakups) ORDEM 3.1 GEO population, as compared to the 
MODEST 2013-2014 data. Uncertainties shown for the MODEST data points are the one-�1 confidence intervals 
from the standard Poisson counting error, incorporating the statistical weighting of the MODEST observations (see 
Ref. 19 for details). Clearly, the final ORDEM 3.1 model is improved by the addition of the simulated breakups and 
is a good match to the MODEST data. 

 

Fig. 6. Clock angle distribution of the ORDEM 3.1 initial GEO population, final GEO population including the 
addition of two simulated breakups, and MODEST 2013-2014 UCTs and CT debris, for sizes 30 cm – 1 m. 

5 SUMMARY 

The newest version of the NASA ODPO orbital debris engineering model, ORDEM 3.1, is in the final stages of 
review. Like ORDEM 3.0, version 3.1 provides fluxes of debris larger than 10 µm in LEO and 10 cm in GEO; 
fragments smaller than 10 cm are further differentiated based on material density categories (high, medium, and 
low) to better characterize the potential debris risk posed to spacecraft. Improved data analysis techniques applied 
during the population build phase of ORDEM 3.1 include new assessments of the major breakup events (FY-1C 
antisatellite test and Iridium 33/Cosmos 2251 accidental collision) to account for momentum transfer effects and 
higher-than-expected drag rates; incorporation of directional and altitude influences in the STS window and radiator 
impact dataset; and a refined analysis of GEO debris objects and orbit definitions. Validation efforts for the model 
populations indicate good agreement between the model and data from measurement sources/years independent of 
those used for building the model. As compared to ORDEM 3.0 predictions, ORDEM 3.1 provides significantly 
better fits to modern data and a more updated representation of a dynamic orbital debris environment. 
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