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1.0 INTRODUCTION

This report evaluates qualitatively and quantitatively the National Aeronautics and Space
Administration NASA) EVOLVE models ability to predict the current and future orbital
debris environment in low earth orbit (LEO). This effort assesses the approach of the model
as well as its capabilities and limitations by examining the analytic and empirical functions
used to predict the debris environment. The performance of important integral models will be
examined through appropriate sensitivity and uncertainty appraisals.

The near-earth space environment is a natural resource that is sensitive to man’s operations in
space. The debris created as a result of space activity via launches and orbital breakups is
already estimated to be a significant problem to users of the orbital environment. Unless
efforts are taken soon to slow the predicted increase in the density of orbital debris, future
users will face extreme hazards for their space-based systems. The man-made debris threat is
comparable and even exceeds the threat posed by meteoroids in some debris diameter ranges
(Ref. 1). As the debris environment increases, collisional cascading between debris fragments
threatens to be a self-perpetuating process that could have grave consequences for an active
orbiting platform (Ref. 2). The hazards of the environment will impact design and planning
considerations for future spacecraft designed to operate in this hostile environment.

Characterizing the man-made debris environment is a crucial first step in assessing potential
hazards. Once the environment has been reliably quantified in terms of a flux (in units of
impacts/area-time) or spatial density (in units of volume™), the second step is to determine the
probabilities of collision with other orbiting objects. For a space system designer, the third
and final step is to determine the damage he can expect to receive given a collision and to
determine whether such collision damage exceeds an acceptable limit.

The EVOLVE model was developed at NASA Johnson Space Center (JSC) to address the
first step with an emphasis on characterizing the environment in the long term, i.e., over the
course of a year or more. It is a semiempirical orbital debris time evolution model
incorporating both analytic and empirical submodels to determine the man-made debris
environment. The program EVOLVE is the distillation of the debris studies and earlier model
development work at NASA JSC (Refs. 3 and 4). This earlier work succeeded in developing
a model to predict the debris flux distribution as functions of altitude (h), debris diameter (d),
and time (t). Based on the approach of this original model, the EVOLVE was developed to
provide environment predictions as functions of d, h, and t using a collection of models
developed at NASA and elsewhere to improve predictions. These predictions include an
improved spatial density algorithm and improved breakup models describing the number
versus mass distributions obtained in a breakup event (Refs. 5-7). A statistical Monte Carlo
was added to model the random collision and explosion processes.




This effort then assesses the current EVOLVE program to determine its validity, limits of
applicability, sensitivity and uncertainty associated with important parameters, and fidelity
when compared to actual data.

The functional elements of the program are studied to establish their validity in terms of the
current state-of-knowledge on atmospheric/solar effects, breakups via collisions and
explosions, traffic models, etc. This report describes each functional element of the EVOLVE
model, then presents an independent assessment of the model’s assumptions, its validity, and
if appropriate, a sensitivity/uncertainty analysis performed on its most important parameters.
The goal of this assessment is to assist the Air Force (AF) in the task of developing a long-

term model that can do the following:

. Predict future debris environments more accurately at the relevant altitudes and orbit
parameters

. Benefit from new AF and non-AF debris measurements

. Accommodate current and future AF space scenarios

Section 2.0 describes the problem of orbital space debris and the impact that contamination of
the near earth orbital environment has on current and future space operations. The model
computer program is described showing the structure and general approach to introducing
intact objects and debris clouds into the environment in either a deterministic or stochastic
fashion. Section 3.0 presents an overall assessment of the EVOLVE model approach and
methodology. Each of the important submodels that comprise the EVOLVE orbital debris
evolution model are then described and assessed in Section 3.0. These submodels are
examined in terms of the source models (introduction of intact objects and fragmentation
debris into the environment) and the sink models (removal of objects from the environment).
Finally, EVOLVE output is compared to data from other models and experimental data to

demonstrate its fidelity.

-




2.0 NASA EVOLVE DEBRIS ENVIRONMENT EVOLUTION MODEL

The EVOLVE model and its basic approach to orbital debris environments is presented in this
section. Subsection 2.1 provides the model overview and basic processing philosophy.
Subsection 2.2 describes the program structure and modularity. Subsection 2.3 describes
handling of intact objects and debris clouds along the two major program processing
pathways: deterministic and stochastic.

2.1 MODEL OVERVIEW AND DESCRIPTION

The NASA JSC together with their on-site technical support contractor Lockheed
Engineering and Sciences Company (LESC), Houston, Texas, has vigorously pursued research
into orbital debris population environment characterization. This research involves projects to

- model the current and future environment to obtain observational data needed to improve the

understanding of the debris environment and to model the hazards expected from the
environment. Much emphasis has been placed on developing models that can give an
accurate picture of the debris environments both currently and for long-term projections. The
first of these research areas, debris environment modeling, has been focused into three
primary efforts as follows:

. Detailed environment flux (or spatial density) projections and long-term evolution
based on historical space traffic and mission models of proposed future space activity
(Program EVOLVE)

. Short- and long-term spatial and temporal characteristics of debris cloud flux (or
spatial density) immediately following a fragmentation or breakup of an orbiting object
(Program CLOUD or FRGMNT)

. Debris flux magnitude and directionality characteristics relative to a specific orbiting
spacecraft (Program FLUX)

This report evaluates the performance of the first of these efforts, program EVOLVE, with its
emphasis on long-term modeling of possible future debris environments. The sole intention of
EVOLYVE is to generate the time-evolved averaged spatial density (or flux) over long-term
periods (a year or more). The EVOLVE does not possess the capability to model short-term
effects within the environment. Some of the situations which EVOLVE does not model are

as follows:

. Localized spatial density enhancement resulting from an on-orbit breakup cloud
. Flux directionality and magnitude effects experienced by a spacecraft surface
. Hanging probability of collision due to a spacecraft moving relative to the average

ambient background




These effects are built into other numerical codes developed at NASA JSC (Ref. 8).

The prime motivation behind development of the EVOLVE model was to describe the
environment in an averaged manner without enormous computational burden, but with
sufficient accuracy for many long-term applications. Among these applications are trade
studies that are intended to examine possible traffic models and their variations as well as
operational and programmatic policies that could affect the future environment. The
EVOLVE is not intended to model any specific present or future environment with extremely
high accuracy, but is intended to give a reasonable environment result for a specific set of
input conditions. Parametric studies of the environment could then be allowed by varying the
input conditions. These input conditions include the time range, diameter range and altitude
spans characterizing the flux environment and the traffic models. These traffic models (both
historical and future) are detailed descriptions of the space activity being added to the

environment.

To accurately represent the space environment, a model must deal with two distinctly different
classes of objects, the relatively few (~10,000) discretely identifiable intact objects and the
numerous (~10%event) particles resulting from orbital breakup events (explosions, collisions).
Each intact object orbit can be traced individually; the numerous particles from a spacecraft
breakup are treated as a propagating cloud or ensemble of objects.

EVOLVE propagates the orbits of intact objects in time using a fast analytical orbital
propagator especially designed for low accuracy applications (Ref. 9). This propagator
incorporates an atmospheric drag model using a modified Jacchia atmospheric density model
(Ref. 10) together with a time-varying solar flux model (Refs. 11 and 12) to estimate orbital

decay.

The key concept developed for debris cloud population environment analysis has been to
assign the vast number of fragments generated during a breakup event into a manageable
number of debris clouds. Each cloud element is placed within a prescribed particle size bin.
The spatial density of the relatively few clouds then can be time-evolved rapidly and
efficiently using an independently developed analytical flux function. This function is an
empirically-derived explicit function of altitude, debris diameter, and time, and implicitly the
dynamic solar flux. The cloud objects are assumed to be distributed instantaneously and
uniformly throughout each spherical altitude shell in longitude and latitude. This means that
the flux function is independent of inclination and right ascension and the localized effects of
debris clouds in these dimensions are ignored. Only the altitude dependence (radial

dimension) is described by this function.

EVOLVE constructs the environment through a sequential addition of objects contributed
from the various sources. This process is done in user-specified time steps so that current
conditions can be defined (e.g., the current solar activity level) and reasonably accurate orbital
propagation processing can be achieved. The time steps can begin in 1957 (with the launch
of the first man-made satellite) and continue to any arbitrary future year. In principle there is




no time limit in EVOLVE, but in practice projections to 2010-2020 are typical. All launched
intact objects including operational debris along with historical or manifested breakups
specified in the input files are processed deterministically; this means that their orbital
insertion (launched objects) or occurrence (debris clouds) and characteristics (initial orbital
elements, areas, masses, breakup altitude, etc.) are defined specifically by the user. The
‘details of EVOLVE’s deterministic processing shall be given in Subsection 2.5.1.

For projected future times, the user may invoke stochastic generation of breakup events as an
additional source to the environment. Stochastic processing adds breakup events through a
Monte Carlo process using a random number generator and probability functions to determine
the occurrence of collisions and explosion events. The fragment clouds created stochastically
add to the deterministically-generated base environment. For collisions, the rate of occurrence
depends on the magnitude of the local environment’s spatial density just prior to the current
time step. Therefore, the stochastic collision contribution depends on the deterministic
processing baseline as well as the previous stochastic environment contnbutlons This process
represents a feedback mechanism in the EVOLVE model.

Explosions occur independently of the current environmental flux conditions. The availability
of explosive objects is specified only within the input files. Thus, the occurrence of
explosions determined stochastically relies in part, on the deterministic placement of explosive
intact objects into orbit. By using Poisson statistics for both collision and explosion
occurrence and calculating the resulting spatial density (or flux) environment, any number of
possible future environments may be predicted. The EVOLVE model can then extract
statistical means and standard deviations to assign an uncertainty to the possible range in
future debris states. Stochastic processing shall be discussed in greater detail in Subsection
2.5.2.

The EVOLVE model outputs the spatial density or flux of objects in the resulting
environment. Spatial density results (given as the number of objects per cubic kilometer) are
output as functions of time, particle diameter, and altitude above the earth’s surface. The
results are stored in three-dimensional (3-D) arrays containing spatial density (or flux). This
requires the results to be expressed as discrete values and placed into time, particle size, and
altitude bins. Flux results are not parameterized as continuous functions as they are in the
NASA 90 engineering model (Ref. 13); consequently, the accuracy ultimately depends on how
finely divided the parameter bins are made (Subsection 2.3). In EVOLVE, spatial density
(given in units of number of objects/kllometers3) is assumed to be directly proportional to the
cross-sectional areal flux (given in units of impacts/meters’/year) via a constant average orbital
velocity of 7.0 km/s for LEO debris objects. EVOLVE results can be output as spatial
density or flux with a simple constant conversion factor between them.




2.2 PROGRAM STRUCTURE

The EVOLVE program consists of a driver routine, EVOLVE.FOR, and 25 functions and
subroutines all written in standard FORTRAN-77 with versions capable of running on the PC
or Digital Equipment Corporation (DEC) VAX computers. The subroutine structure is based
around the submodels incorporated into EVOLVE. This modularity facilitates maintenance
and allows interchangeability of modules as new data or models become available. The
description of those subroutines and their calling interfaces are described in Reference 11.

Figure 1 diagrams the essential structure of the EVOLVE program and its five basic
submodels along with each model’s important inputs and outputs. The EVOLVE approach to
constructing an environment flux entails introducing intact objects or debris clouds into the
near-earth space environment through two general source models: the traffic models (for
intact object deposition) and the breakup models (for breakup event fragment deposition).
Planned operational debris objects (e.g., discarded shrouds, explosive bolts, etc.) introduced
during launch are included in the traffic model data. Debris caused by satellite deterioration
while on-orbit is not modeled in EVOLVE. The intact objects or clouds (defined as a subset

ensemble of fragments from a breakup event) are then subject to sink mechanisms which
“serve to remove the objects from the environment.

INPUTS

MODELS

OUTPUTS

Time ——————e——p|

Changes in Traffic ~————

Existing Spatial Densities —»

Breakup Conditions —~—-——]
Orbits of Breakup Object(s) —|
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Altitude, Breakup
Altitude

Time, Size, Density, Orbit —|

Orbit
Time, Number, Size ———]
Altitude, Breakup Altitude

TRAEEIC MODELS
¢ Historical/Mission {projected)
databases
- Orbit, Number, Size

- Type/Breakup Rate

BREAKUP MODELS

¢ Monte Carlo Model for Collision/
Explosion Occurrence

- Projected year cloud creation

¢ Fragmentation Models
- LowMigh Intensity Explosions

- Coliisions

PROPAGATION MQDELS
e Intact Object Propagation
e Debris Cloud Evolution

DECAY MODEL

e Solar Activity Model

e Atmospheric Density Modet
e Atmospheric Drag Model
*

Solarfiunar Oblateness Orbit
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SPATIAL DENSITY/FLUX MODELS

* Intact Object
¢ Cloud Phenomenological Mode!

—» Traffic Listings (Arrays)

—— Cloud, Breakup Altitude

—— Numbers, Size

— Orbit

——» Spatial Density (Altitude,
Size, Time)

——p Orbit

intact Object Density
[~ (Altitude, Size, Time)

Cloud Density (Altitude,
> Size, Time)

Figure 1.
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Major EVOLVE submodels (from Refs. 8 and 11).




The only naturally available sink mechanism within the orbital decay model is atmospheric
drag (Figure 1) which incorporates a series of separate submodels required to propagate and
decay object orbits. These submodels include the solar activity model, the atmospheric
density model, solar/lunar orbital perturbation model, and the atmospheric drag/orbital
contraction model. Closely associated with the decay model, but distinguished as separate
models in this study, are the orbital propagation models. These are the algorithms used to
time-evolve or propagate the orbits of objects within the environment. For intact objects, the
orbital propagation model is the algorithm used to calculate the initial orbital elements needed
to invoke the decay model, where the actual propagation calculations take place using the
Mueller decay algorithms (Ref. 9). For debris clouds, the orbital propagation in time is
implicit in the flux results obtained from the phenomenological cloud function. In the orbital
propagation model certain options are available to the user through flags specified in the
traffic models. They are:

. Deorbiting of orbiting rocket stages and payloads after end of mission life
. Collision avoidance
. Stationkeeping

All of these processes affect the duration that an object can remain in orbit. Deorbiting is a
man-made policy wherein otherwise useless payloads and rocket bodies are immediately
removed by using a small amount of stored residual fuel. Collision avoidance affects the
potential growth in the debris environment through collisions by limiting the number of
objects capable of collision. Stationkeeping is the process where an active satellite maintains
a prescribed orbital element set. The effects of drag and orbital perturbations are actively
counteracted by on-board thrusters which periodically adjust the current orbit to maintain the
initial orbit throughout the active life of the payload.

The spatial density/flux models block encapsulates the algorithms necessary to convert the
presence of intact object orbits and debris clouds in the near-earth environment into the form
of a spatial density (number of objects/kilometers®) or flux (number of impacts/meters’ - year)
(Ref. 7). EVOLVE must calculate spatial density directly for each intact object orbit and then
sum these spatial densities to obtain a total spatial density. The phenomenological model used
to time-evolve debris clouds provides the debris cloud spatial density contribution to the
environment. The output of the debris cloud evolution function is in terms of density
(number/kilometers®) so the contribution from one debris cloud can be added directly to the
contributions from other debris clouds and the intact object sum total to obtain a total spatial
density for the environment.

As described in the previous subsection, EVOLVE introduces source objects into the
environment either deterministically or stochastically. These processes are distinct pathways
in EVOLVE and are handled by the driver program EVOLVE.FOR. Figure 2 shows a
flowchart of the essential operations conducted by this driver routine. EVOLVE first reads
the user-specified inputs in the EVOLVE.DAT file which contains control flags and other
initialization information needed to begin processing. EVOLVE.FOR sends processing down
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Figure 2. General flow of EVOLVE (from Ref. 11). Bold outlines indicate the deterministic
and stochastic processing blocks.

the appropriate pathways depending on the flag conditions set in EVOLVE.DAT. These
conditional branches are shown as the conditional boxes diagrammed in Figure 2. The
EVOLVE.FOR architecture sets up the information required to initiate the deterministic
processing block and/or the stochastic processing block.

If a user starts from the null state (i.e., no prior EVOLVE processing being performed), the
program needs to initialize the widths, ranges, and dimensions of the particle diameter and
altitude bins which comprise two dimensions of the 3-D array, in which EVOLVE stores its
spatial density results. The third dimension, time, is automatically determined by the time
range and step size specified by the user in EVOLVE.




It then performs, as a minimum, the deterministic processing block shown in Figure 2. If
desired, upon completion of the deterministic processing over the entire time range (which
may include both historical and future years), the stochastic processing ( for future years only)
may be invoked to generate statistical future debris environments. Either a deterministic or
stochastic restart file may be created upon deterministic loop completion to contain
deterministically created baseline intact object/cloud lists or spatial densities.

If a deterministic restart file (EVRSTRT.DAT) is created, the current list of the nondecayed
orbits and debris clouds is saved. The spatial densities that the arrays of orbits would produce
is not calculated and saved. In this way, a future EVOLVE run can read this file as input and
begin processing at the next time step without repeating all prior time step calculations. This
is a time-saving feature for the user if the same deterministic baseline is used over a selected
range of time steps prior to the time range of interest. For example, the user may process all
historical years 1957-1989 and save the list of intact objects and debris clouds current as of
the end of 1989 into EVRSTRT.DAT. Using the deterministic restart option, the user may
begin processing in 1990 and avoid having to reprocess all previous years input lists.

- Unlike the deterministic restart file, the stochastic restart file MCRSTRT.DAT contains time -

centered spatial density arrays (i.e., spatial densities averaged to the center of the processing

“time step) resulting from the baseline deterministically placed intact objects and debris clouds.

This baseline spatial density is common to all projected environments, upon which
stochastically-introduced debris cloud spatial densities are added to obtain a total environment
during each Monte Carlo interaction (trial). The MCRSTRT.DAT contains only the
deterministic baseline, and like the deterministic restart file EVRSTRT.DAT, it saves the user
the time it takes to calculate the deterministic baseline. For each trial, a separate complete
environment is calculated and stored in the Monte Carlo ensemble file MCENSEM.DAT.
Each trial will generate a different projected environment so that means and standard
deviations for the ensemble of such environments can be analyzed. The Monte Carlo
processing requires that the spatial densities be calculated since they are required for modeling
the occurrence probability of collisions and explosions (Subsection 3.2.2.1). The description
of the deterministic and stochastic processing blocks displayed in Figure 2 shall be fully
described in Subsections 2.5.1 and 2.5.2.

The general sequence of events to obtain environment projections using EVOLVE is given in
Figure 3. Step 1 is the deterministic processing of all historical data contained in the input
files having the DBS file extension. Step 2 is the corresponding deterministic processing of
specified future data in the input files having the PRJ file extension. The spatial densities
resulting from steps 1 and 2 are stored in MCRSTRT.DAT (if specified). Step 3 is calculated
for each Monte Carlo iteration with the total flux environment being the sum of step 3 and
the sequential flux result of steps 1 and 2.




Processing sequence to produce environment projections using EVOLVE:

1957 1990 2010
I
«——— STEP 1 > STEP 2 >
1990 2010
«———STEP3 >

( STEP 1: Deterministic processing using *.DBS files
Baseline containing historically launched objects and
for historically known breakup events (explosions

Stochastic or collisions)

Processin
g STEP 2: Deterministic processing using *.PRJ files
K containing anticipated launched objects and
expected breakup events (explosions or
collisions)

STEP 3: Stochastic processing for random collision and
explosion events

Figure 3. Code description (from Ref. 11).

2.3 PROGRAM PROCESSING

The EVOLVE program is the core processing program of a set of computer databases and
programs used to obtain predicted debris environments in terms of flux or spatial density.
Figure 4 diagrams the layout of the EVOLVE program together with its input and output files

and associated utility postprocessing programs.

The EVOLVE model requires as input the detailed historical and future (mission model) space
traffic input files. EVOLVE performs its operations deterministically and/or stochastically,
writing the results to the DETDMP.DAT and/or MCENSEM.DAT output files ( as specified
by the conditions set in EVOLVE.DAT). Two postprocessing computer programs are
available (Figure 4) which process the two types of EVOLVE output files programs

HISTRCL and MCENSEM.
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Program HISTRCL uses the DETDMP.DAT deterministic output file. It takes the lists of
intact objects and debris clouds output at each time step, At, in DETDMP.DAT and calculates
the total spatial densities as functions of altitude h and debris size d (cumulative and

- differential), storing the results in the output file HISTDENS.DAT. The intact object and
debris cloud spatial densities are also calculated and output to this file. HISTRCL uses the
same spatial density model subroutines, SPDENI and SPDENC, used in EVOLVE to calculate

spatial densities for intact objects and debris clouds, respectively.

If Monte Carlo processing was performed in EVOLVE, the output file containing the spatial
density environment of each Monte Carlo iteration is written to MCENSEM.DAT. The post-
processing program MCENSEM reads these spatial density arrays and performs the statistical
calculations to obtain the +o standard deviations of the mean total spatial density
(deterministic and stochastic) along with the variance as functions of d (cumulative and
differential), h, and t. These spatial density results are output to MCSPAD.DAT. The
MCENSEM program also calculates the mean number of collisions occurring as functions of
time and interaction size bins along with the variance, and writes the results to
MCCOLL.DAT. Either cumulative or differential distributions using the time and size bins are
created. Similarly, the mean number of explosions occurring as a function of time (both
“cumulative and differential) are written to file MCEXP.DAT.

The plot file generation program MCPLTRG takes as input the HISTDENS.DAT file (if the
historical data option is desired) or the three data files, MCSPAD.DAT, MCCOLL.DAT,
MCEXP.DAT (if statistical projected data is desired) and generates 2- or 3-D ASCII data plot
files suitable as input into any standard plotting package. The MCPLTRG program prompts
the user with a wide variety of information including the type of data to generate (e.g., flux
versus altitude), the appropriate parameters (d, h, t) to be held fixed, and the output file name.
The details of this program and type of plot files available to the user are discussed in
Reference 11. The programs MCENSEM, HISTRCL, and MCPLTRG are utility program
extensions of the EVOLVE program to produce EVOLVE results in usable, analyzable,
format. Almost all EVOLVE results shown throughout this report were obtained using these
programs. For more details of these utility programs, the reader is referred to the EVOLVE

documentation in (Refs. 11 and 12).

The EVOLVE program driver (EVOLVE.FOR) reads in user-specified initial conditions and
program control flags via the file EVOLVE.DAT (Ref. 11). Several user-controllable inputs
relating to processing control are specified in this file. There are important user specifications
relating to bin characteristics file which are listed in Table 1.

The user has a certain degree of control on the specifications used to bin the spatial density
results of EVOLVE. These inputs are important since they determine the ranges over which
EVOLVE does its calculations and the resolution of its results. These parameter ranges and
bin widths correspond to the three dimensions of the calculated spatial density (or flux): time
(t), particle diameter (d), and altitude (h). The diameter may be determined as either
cumulative or differential in time. In principle, there is no limitation to the size of the spatial
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density arrays; however, there is a practical limit dictated by computer memory and disk
space. For example, the PC version of EVOLVE has been limited to use a maximum of 63
time bins, 26 size bins, and 50 altitude bins (81900 total) to accommodate the numerous
spatial density arrays found in EVOLVE and its postprocessing routines.

Table 1. Important user specifications in EVOLVE.DAT.

Parameter Range Bin Width
Time toarts tend At (normally At = 1 year)
10810(drin,)s 10810(dmai) for 1) 10810y -
Particle Diameter decade range i 10\" max,i
Diins 10g,(d pin)
Altitude hyyins Dy Ah

The 63 time bins using a At = 1-yr interval allows a current linear time range of 63
consecutive years. This is a software limitation only and larger time ranges are realizable.

For example, larger At intervals could be set enlarging the size of the time bins. In EVOLVE,
it is recommended that At always be set at 1 yr since certain models, such as the solar flux
level model in EVOLVE, assume a yearly increment.

The altitude range, like that of time, is specified linearly by the minimum altitude of the
range, h_., and by the number of Ah wide altitude bins n,. The maximum range value is
given by h,, =h,, +n, Ah. The spatial density characterized by altitude b, is just the
average over the bin width. For example, assume the specific altitude h, = 150 km were
being characterized in EVOLVE calculations and the user specified h,;, = 100 km, n, = 50,
and Ah =38 km. The  150-km altitude would contribute to altitude bin #2 in the 139 to
176-km range, whose linear average is 157 km. This procedure approximates the actual
altitude being binned to within the width of an altitude bin. The user can, of course, adjust
the bin values and Ah widths to center the bins about any desired altitude. Decreasing the bin
width would improve the accuracy of characterizing one particular altitude. The effect of the
Ah width on the overall spatial density shall be explored further in Subsection 3.2.1.4.

The particle diameter dependence of spatial density varies over several orders of magnitude;
consequently, the diameter bins are specified linearly in logarithmic space to accommodate the
entire diameter range. The user has the option to specify one or more decade ranges in
logarithmic space and then to specify the number of subintervals within each decade range.
The number of decade ranges, n; containing n,; bins/decade is first specified. For each decade
range, i, the number of bins n,; with which to subdivide the range is user-specified as well as
the lower and upper limits of the decade expressed in terms of unit powers of 10. For
example, the decade range from 0.1 to 100 cm is expressed as -3 to +0 or log,,(107) -
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log,,(10°) m. The option to specify more than one decade range with a different n,; value
gives the user the versatility of dividing a certain diameter region with finer resolution than
other regions. For all purposes in this present assessment, only one decade range with one ny;

value was used for simplicity.

Several models in EVOLVE require mass distributions rather than particle size distributions;
at the time the diameter bins are established mass bins are also established via a mass versus
diameter analytic relationship m(d) (Subsection 3.2.2). The mass distribution should be
considered the more fundamental quantity describing breakup debris characteristics. As will

" be described i Subsections 3.2.2 and 3.2.3, the number distributions produced in the collision
and explosion breakup events are specified in terms of mass rather than diameter, and to
produce flux results as functions of diameter a mass/size relationship is required.

2.4 OBJECT MODELING

EVOLVE models two sources of objects contributed to the environment: intact objects
(Subsection 2.4.1) and breakup debris clouds (Subsection 2.4.2).

2.4.1 Intact Objects

The debris environment modeled in EVOLVE contains (as one component) intact objects
inserted into orbit from launch activity. Active and nonactive satellite payloads, orbital
insertion rocket boosters, and operationally-generated debris such as explosive bolts and
shrouds comprise a significant contribution to the overall environment and are the main source
of large objects for cumulative sizes d >10.0 cm (Subsection 3.4). All intact objects are
introduced deterministically through historical and mission model databases read by the
MISMOD subroutine in EVOLVE. These databases represent a detailed description of the
launched space traffic during any given time. Once launched, the orbits are propagated and a
dynamic array list is maintained for each time step in the EVOLVE.FOR driver. The
treatment of intact objects in the debris environment shall be discussed fully in the intact
object source model assessment of Subsection 3.2.1.

2.4.2 Debris Clouds

On-orbit breakup debris clouds constitute the other environmental component modeled in
EVOLVE. A debris cloud is defined as the ensemble of fragments resulting from a collision
or explosive breakup, distributed into the proper size bins. The number placed into each size
bin is estimated using a number versus size distribution, derived from a number versus mass
distribution breakup model dependent upon breakup type. The breakup event is then
characterized by a series of subclouds, each corresponding to a diameter bin size. The orbital
element dispersion and, consequently, the spatial density of each subcloud depends on the
characteristic ejecta velocity model derived from an assumed ejecta velocity (AV) model, the
breakup altitude of the event, the breakup epoch, and the time after the breakup. The breakup
epoch together with the time after breakup are used to calculate the effective time that the
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cloud is exposed to the atmospheric drag processes to account for a variable solar flux. The
time evolution of each subcloud spatial density is determined for each cloud at each time step
in the EVOLVE. FOR driver. This is accomplished with a relatively simple analytical flux
function, which is a function of t, d, h, and h, (breakup altitude). The treatment of debris
clouds is explored in greater detail in the debris cloud source model (Subsection 3.2.2).

2.5 PROCESSING PATHWAYS

The deterministic and stochastic EVOLVE processing pathways are elaborated upon in this
section. Subsection 2.5.1 describes the deterministic introduction of intact objects and debris
clouds while Subsection 2.5.2 examines the randomized introduction of debris clouds via the
stochastic processing algorithm.

2.5.1 Deterministic Processing

The EVOLVE model deterministic processing pathway handles all objects placed into orbit
via the input files for historical (DBS extension files) and future (PRJ extension files) years.
This includes all launched intact objects (payloads, rocket bodies, and operational debris) and
all specified fragmentation event clouds. The details of these objects are discussed in
Subsections 3.2.1.1 and 3.2.1.2. The purpose of deterministic processing is to place the
objects into the environment from the data files through a time loop ranging over the user-
specified time range in user-specified At increments read from the EVOLVE.DAT file. At
each time step, the orbits (for intact objects) and subclouds (for debris clouds) are propagated
using the appropriate model. A dynamic array of intact objects and debris clouds is
maintained through the time loop. Figure 5(a) charts the salient procedures in the
deterministic processing block while Figure 5(b) diagrams the essential procedures of the
stochastic block. These diagrams correspond to the appropriate processing blocks shown in
Figure 2. Each major step describes the action of an EVOLVE subroutine labeled in bold
script.

In the deterministic process loop, the current level of solar activity S is obtained by SOLACT,
to be used as input in the propagation models for intact objects (ORBUPD) and debris clouds
(CLDUPD). The MISMOD program performs the operations to read and store the current
year’s input file lists. The number of intact objects in the dynamic arrays is expanded by the
number of intact objects input from these lists. This expanded array of objects is processed in
ORBUPD. Likewise, the current number of clouds is updated in similar fashion and the array
list of clouds propagated in subroutine CLDUPD. If the user opts to create the
MCRSTRT.DAT, the spatial densities for each source is calculated in subroutines SPDENI
(intact objects) and SPDENC (debris clouds). Otherwise, the time loop processing continues
until the final specified time step is reached.
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Figure 5. EVOLVE deterministic and stochastic flow loops (from Ref. 11).

2.5.2 Stochastic Processing

Stochastic processing handles the probabilistic Monte Carlo production of collision and
explosion breakup events. The fragment clouds produced in this processing loop are in
addition to those specified in deterministic processing. While the environment produced in
deterministic processing is exactly reproducible given the same input conditions, the stochastic
processing introduces an uncertainty resulting from the probabilistic nature of future breakup
events. The occurrence of collisions between two objects in the environment and explosions
among potentially explosive objects such as rocket boosters is modeled in Monte Carlo
fashion with a random number selection using an assumed Poisson probability distribution.
Figure 5(b) diagrams the stochastic processing block contained within the EVOLVE.FOR

driver.

This algorithm contains two loops, the outer one for the Monte Carlo iteration, and the inner
one for the time loop. During each step of the time loop, previously created stochastic clouds
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are propagated to the end of the current time step, t + At, at which time the spatial density of
the previously created clouds is obtained. These clouds are time-centered for the current
time step (i.e., the spatial densities of the clouds evaluated at the end of the time step are

~ averaged with the spatial densities determined for the beginning of the time step). Using the
time-centered total spatial densities (deterministic baseline + previously created stochastic
clouds), the occurrence and characteristics of any new high intensity explosion (HIE) and low
intensity explosion (LIE) debris cloud(s) is determined in EXPDEP. As will be explained in
Subsection 3.2.2.1, the spatial densities are required to determine the number of objects within
each altitude and size bin capable of exploding. Next, the subroutine COLLDP is called to
determine the occurrence and characteristics of any new collision-induced breakup cloud(s).
The total time-centered spatial densities are used in COLLDP to obtain the total number of
objects within each altitude and size bin. This is used for estimating the collision rates

* between objects, which is needed for calculating the collision probability (Subsection 3.2.2.1).
Explosion and collision clouds produced from the calls to EXPDEP and COLLDP are then
propagated to the current end of time step in a second call to CLDUPD. Spatial densities are
calculated for the newly established debris clouds and added to the environment before
continuing to the next time step.

Once the maximum time range specified by the user is reached, the current Monte Carlo trial
is completed and its results are written to MCENSEM.DAT. The Monte Carlo trial counter is
incremented and the procedure starts for the next trial. The user specifies a random number
seed in EVOLVE.DAT. Thus, a new set of projections may be made by changing this value
between EVOLVE runs. The EVOLVE program generates the MCENSEM.DAT file
containing a record of each trial’s spatial density arrays. To calculate the means and
variances of the projected environments, a separate postprocessing computer program called
MCENSEM must be run to process the MCENSEM.DAT file.
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3.0 EVOLVE PROGRAM ASSESSMENT

3.1 INTACT OBJECT RELATED SOURCE MODELS

Launched objects are the major source of large size debris (d > 10.0 cm). Approximately half
of the USSPACECOM radar tracked objects in orbit are active payloads, inactive payloads,
and operational debris; the rest is fragmentation debris large enough to be detected by the
detection threshold (5-10 cm depending on altitude) (Ref. 1). Unlike fragmentation debris,

~ almost all of the launched intact objects are large enough to be regularly tracked by radar.
Only very small operational debris such as remnants of explosive bolts are not generally
trackable. The intact objects launched at a rate of approximately 300 objects per year
represent one source of debris added to the environment that is handled by EVOLVE. Its
treatment of intact objects is made in a computationally efficient straightforward analytical
manner. Object orbits are individually propagated and a complete accounting is made of their
continued presence in the LEO environment governed by atmospheric drag and gravitational

perturbations.

Intact objects are directly specified by the user in historical and future mission model data
files. These databases are described in Subsections 3.1.1 (historical) and 3.1.2 (future traffic).
Subsection 3.1.3 explains the mechanisms to propagate the intact object orbit through a
subroutine call to the orbital decay routines. Subsection 3.1.4 closes the discussion of
EVOLVE intact object handling by explaining the techniques to convert the presence of
intact objects in the environment into a spatial density or flux.

3.1.1 Historical Database

3.1.1.1 Description. For past years of the space age, EVOLVE introduces launched objects
as discrete intact objects into the environment from established launch manifests. The
historical manifests contain those objects actually launched into orbit from the years 1957-
1988 (in the version assessed by ORION). The historical lists can be extended a year at a
time as they become available.

Currently, EVOLVE uses as input 33 historical data files labeled with the file extension,

* DBS, covering the years 1957-1989. These lists were provided to ORION by NASA. The
1989 file is a replication of the 1988 list. Only launched payloads, spent rocket boosters, and
operational debris known to be associated with the launch are included. The lists contain all
information needed by EVOLVE to conduct its deterministic historical processing. These
fields are given in Table 2. An asterisk character located in the fifth column of the first field
of a record signifies that all subsequent records represent deterministically-introduced debris
clouds resulting from known satellite breakups. In this case, the code processes the file
information for a debris cloud record. This record contains fields of parameter values such as
the type of fragmentation event associated with a cloud. These fields are described in

Table 3.
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Table 2. EVOLVE intact object input file record description.

Data Field Data -
1 International Designator (character)
2 Name or description (character)
3 h,,, initial apogee altitude (km)
4 hpo initial perigee altitude (km)
5 »» inclination (deg)
6 Q initial right ascension of the ascending node (deg)
7 , initial argument of perigee (deg)
8 A area (m?)
9 m, mass (kg)
10 A/m, area/mass ratio (m*/kg)
11 Stationkeeping duration (yrs)
12 Deorbit flag (0 = no deorbit, 1 = deorbit at end of life)
13 Collision/Explosion event (0 = nonexplosive, 1 = collision,
2 = LIE, 3 = HIE)
14 Collision avoidance (0 = no CA, > 0 = number of years for CA)
15 Minimum size for collision avoidance (mm)
16 Descriptor field
17 ' Number of objects having this same orbit

Table 3. EVOLVE debris cloud input file record description.

Data Field Data
1 Cloud name (character)
3-7 Same as in Table 2
9 Breakup type (1 = Collision, 2 = LIE, 3 = HIE)
10 Mass of exploding object or collision target
12 Mass of collision projectile

3.1.1.2 Model Assessment. The historical database is a complete launch record of all
historical years between 1957-1988 derived from the USSPACECOM Space Surveillance
Center catalog data and other unclassified sources. It represents a complete account of all
known launched objects into LEO, geosynchronous orbit (GEO), and other special orbits such
as geosynchronous transfer orbits (GTO), Molniya, etc. Unless new information comes to
light to add to the manifest, these file lists require no user modification. These files could be
easily modified to study "what if" scenarios using EVOLVE. These studies can examine the
possible effects of having altered a specific condition in the past and how such a change
might have impacted the current and future environments. The orbital elements h,, h, and i
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are those prescribed at launch or measured shortly after orbital insertion by radar network
SEnsors.

" The only information not included in these data lists is the exact date of orbital insertion.
Currently, EVOLVE does need this information since it randomizes the launch date. If the
EVOLVE model were concerned with accurately replicating the current (or any past date
environment) this might be an issue; however, the long-term and statistical nature of the code
makes this unnecessary because actual launch dates are distributed uniformly throughout the
year. Whether random or actual launch dates are used is immaterial for most current or future

environments.

As a recommendation, it is suggested that actual historical launch dates be used wherever
possible to make the model a more robust accounting of actual historical conditions, although
for most applications the results would be negligible since these dates are statistically

~ distributed throughout the year. This modification would be simple to implement.

3.1.2 Mission (Traffic) Model Database

3.1.2.1 Description. For projected years, EVOLVE introduces launched objects as discrete
intact objects into the environment from a mission model database. The mission model
represents a proposed launch manifest identical in format and processing as historically
launched objects. This list contains all anticipated launches along with their explicit orbit
parameters, mass/size characteristics, etc. The fields contained in these lists are described in

Table 2.

Currently, there are 21 files (file extension *.PRJ) that contain projected mission model intact
object lists for years 1990-2010. These lists have the same format as the *.DBS files. The
only distinction between historical files and projected data files is the file extension. The

* PRI files, as provided by NASA, contain the Civil Needs Database (US civilian satellites
including shuttle launches) appended to the 1988 historical (SATS_88.DBS) data file to
approximate the number of objects to be placed in orbit for each future year (Ref. 14). The
appended historical data file approximates the contribution from other sources (US
Department of Defense [DoD], Soviet, European, and other foreign traffic) since no other
valid traffic model is currently provided. Therefore, the *.PRIJ files, as they now stand, serve
as the predicted data until a more complete mission model that includes Soviet, European
launches, etc., can be obtained. Like the historical data files, debris clouds may be introduced
to the environment by inclusion in the record file. This allows certain users (e.g., antisatellite
system modelers) to manifest a breakup event to examine its long-term effect upon the
environment. Treatment of such a debris cloud follows the same deterministic processing
pathway as in the historically introduced cloud.

3.1.2.2 Database Assessment. The importance of the traffic model implemented in the
projected data files cannot be overstated. The EVOLVE results for projected years depend
largely on the behavior of the additional objects and fragmentation events introduced in future
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years. The launch rate for a future year is the number of items specified in that year’s
mission model list; the contents of these projected files dictate the trends modeled in the
future environment.

The traffic model defines the deterministic baseline contribution to the future modeled
environment. It directly affects the stochastic processing of events by affecting the a priori
spatial densities required by the Monte Carlo prediction model for collision and explosion

. probabilistic occurrences (Subsection 3.2.1). Implementation of the projected mission model
via the input lists is the most straightforward approach possible. Adjusting the launch rate or
explosion rate means adjusting the respective number of intact objects or explosion events in
the input file. The traffic model assumes no explicit traffic growth rate or explosion rate
function. It contains the detail and flexibility of incrementing the environment object-by-
object but also has the associated problem of defining the traffic model to a detail that makes
altering the traffic model a logistical burden to the user. The model allows ready
incorporation of alternative mission model data sets. The traffic model approach in EVOLVE
is deemed to be the best choice available, but one which can be unwieldy if frequent or major

changes are desired.

3.1.3 Intact Object Orbital Propagation Model

EVOLVE processes the intact objects through an algorithm that sets up the conditions
required by the orbital propagator and then calls the propagator routine to obtain updated
values of the orbital elements. This algorithm, composed of a series of component
subroutines, is the intact object orbital propagation model.

Intact objects input into EVOLVE (from the files described in Subsections 3.2.1.1 and

3.2.1.2) are launched into orbit at a current rate of ~300 objects/year. As will be shown in the
collision and explosion models for breakup debris generation (Subsections 3.2.2. and 3.2.3),
the number of debris fragments, especially small diameter fragments, generated per event can
reach millions. Compared to breakup debris, the intact objects comprise only a small number
of the total objects in LEO. Thus, the manageable number of intact objects ( ~2500 are
maintained by EVOLVE in orbit through 1989) allows direct calculation of their orbits
through analytical orbital mechanics expressions coupled with atmospheric drag and orbital
perturbation effects.

3.1.3.1 Description. EVOLVE establishes a time loop in the deterministic processing phase
which begins at the user-specified time and loops through the specified At increments until a
user-specified final time is reached. Currently, EVOLVE is equipped to only handle yearly
increments (i.e., At is normally set to 1 yr). At each time step within the deterministic
processing loop (in the EVOLVE.FOR main program), the data file containing newly
launched payloads, rocket bodies, and related operational debris data for the year is read into
EVOLVE (via subroutine MISMOD). These objects are added to the end of a list of
previously launched intact objects still in orbit as of the beginning of the year.
(Deterministically placed debris clouds encountered in the data files are processed differently,
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as will be discussed within the context of the debris cloud propagation model in Subsection
3.2.4.) Each intact object together with its orbital elements and other record data read from
the historical or projected database (Subsections 3.1.1 and 3.1.2) is uniquely identified by the
array index variable NORB. The maximum value of NORB at any point during program
operation gives the current number of intact objects in orbit.

Once the current year’s launched objects are added and NORB is updated, EVOLVE invokes
the subroutine ORBUPD containing the intact object orbital propagation model. This model
loops through the list of all intact objects (i = 1..NORB) and performs several operations in

the following order:
. Determine the time elapsed since launch.

. Determine if the propagation decay routines will be used on this object. The
criteria for this are

- If perigee altitude h, < 100 km, object orbit is considered decayed and is

removed
- If perigee altitude h,> 2000 km, object orbit exceeds the limitations of

the decay routines and is removed
- If apogee altitude h,> 40000 km, h, is set to 40000 km

. Determine the orbital propagation parameters. These are

- Semimajor axis (a;)

- Eccentricity (e;)

- Propagation time step (At)

- Absolute propagation times (epoch)

. Determine the sun’s right ascension (o) to the ecliptic plane.
. Convert the following quantities from degrees to radians:

- Inclination (i;)

- Argument of perigee (a,)

- Right ascension of ascending node ()
- Right ascension of the sun (o)

. Determine the amount of drag for the object. To do so requires calculation of

the ballistic coefficient B,= Cp(A/m), , where (A/m); is the area to mass ratio
for the object and C,, is the coefficient of drag (Cp, is assumed to be 2.2 for all

objects).

. Determine the exospheric temperature (T.,).
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. Invoke the propagation/decay routines (subroutine DECAY). The inputs to
DECAY are

- Semimajor axis, a;

- Eccentricity, ¢;

- Inclination, i, (does not change in DECAY)
- Argument of perigee, ®;

- Right ascension of the ascending node, €,
- Ballistic coefficient, B, = C,(A/m);

- Solar right ascension, o

- Exospheric temperature, T,

- Propagation time step, At;

. Update in subroutine PRECPY the values for €, and w; using first-order secular
perturbations (J,). The values of a;, €, and i; from DECAY are used as the

inputs.

. See if the new perigee altitude h, < 100 km. Remove all objects for which this
condition is true.

A more detailed description of these bulleted algorithm items is provided in Appendix A.

3.1.3.2 Model Assessment. The methodology to update the intact object orbital elements a
and e is a straightforward application of the decay routines. The model provides the shell in
which to calculate the initial conditions for the call to subroutine DECAY. The assessment of
the DECAY routines themselves is given in Subsection 3.3.3.

Updating the argument of perigee () and right ascension of the ascending node (£2) within
ORBUPD is not necessary for most LEO orbits encountered. Any orbit whose apogee

altitude h, < 14000 km is subjected only to the atmospheric drag perturbation. (See
Subsection 3.3.3 for a description of the DECAY model and orbit types.) The calculations

for © and Q are only important as initial conditions for the sun/moon perturbations. (Type 2 or
3 orbits as described in Subsection 3.3.3). Type 2 orbits do not have updated values of ® and
Q returned from the DECAY subroutine, therefore the o, Q updates are necessary for an
accurate calculation of a Type 2 orbit. A Type 3 orbit, however, does return updated versions
of ® and Q from DECAY but the values returned are ignored. Instead, the ® and Q values are
updated in the PRECPY subroutine just after the return from the DECAY routines in
ORBUPD.

The algorithm for solar right ascension is of relatively low precision (0.01 deg precision) as

stated in Reference 15, but is a simple analytic expression sufficient for the accuracy of the
orbital propagation and decay processes utilized in EVOLVE.
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3.1.4 Intact Object Spatial Density Model

EVOLVE models the near-earth environment by calculating the spatial number density of
orbiting objects located within a spherical shell volume of space about the earth. Intact
objects launched into orbit through the input file databases contribute one portion of the total
number of objects located in this volume. The majority of objects contributing to the

- environment are fragmentation debris. The spatial density contribution from breakup debris
is discussed in Subsection 3.2.4. This section discusses the spatial density calculations for
intact objects and how the radial and latitudinal dependences of the density can be estimated.

3.1.4.1 Description. The spatial density algorithm for intact objects used in EVOLVE is
based on an algorithm developed to find the average collision probability between the outer
moons of Jupiter (Ref. 7). This reference derives the spatial density expressions and then
describes how these may be used to determine the probability of collision between any two
objects in a defined volume element. The spatial density (number of objects per unit volume)
is defined as the fraction of time that an object spends in a specified volume element along its
orbital path. For an earth orbiting satellite, the perigee q, the apogee q', and orbital plane
inclination i, define the orbit path. If At is the amount of time spent in the volume element
AU and T is the orbital period then the density is given by

g = At (1)
TAU

The simplest volume element AU to consider is a thin spherical shell of radius R, and
thickness, AR, about the center of the earth. A single orbit will contribute to be the spatial
densities of a series of one or more AR thick shells of varying radii, intersecting the orbit
path. If the orbit is circular, the satellite is contained entirely within a single arbitrarily thick
shell; the spatial density is just the inverse of the shell volume. The volume of a shell AU at
inner radius R given a thickness AR is

AU = i;l[(R + AR)® - RY| @)

Assuming that AR << R as would be the case for a narrow altitude band in LEO, this reduces
to

AU = 4nR2AR 3)

Thus, for circular orbits, the average spatial density in the spherical shell is

-1 )
47R2AR

where AUT = 1 (i.e., the object always lies within the shell).
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The assumption is made that the right ascension of the ascending node and argument of
perigee are constantly changing with time due to secular perturbations .of the orbit. Because
of this perturbation, all values of these two parameters are likely to be considered equal. This
is true for all orbits being propagated by the model described in Subsection 3.1.3. The
uniform right ascension of the ascending node distribution means spatial density is
independent of longitude. The consequence of a secular and uniform change in the argument
of perigee will be discussed later in this subsection.

For elliptical orbits, unless either the apogee or perigee lies within the volume element, the
object will pass through a volume element twice within one orbital period (Figure 6). The
time spent within this shell is then twice the time it takes the object to traverse the radial
dimension of the shell. If Vy is the radial component of the orbital velocity V, then

2AR
v ®)

At =
R

TANGENT TO SHELL AT ORBIT
INTERSECTION

Figure 6. Diagram showing the relationship between an elliptical orbit and a spherical
shell of inner radius R and thickness AR.
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The T and Vj are readily derivable from Keplerian mechanics to yield an expression for the
spatial density in terms of the orbital elements, a (semimajor axis), q

(perigee), q' (apogee),
and radial distance R

1 f /
orq <R <q
SR) = 4n’RayR - 9’ - B) 6)

0 for R<qorR >q’

The details of the derivation may be found in Reference 7.

This expression yields the spatial density averaged over all latitudes in a shell of radius, R,
and unit thickness. It represents the total spatial density contributed to that spherical shell
volume by a single object. The total spatial density in the shell (which corresponds to an
altitude band) is merely a sum of the contributions of all orbits that pierce this unit volume.

The spatial density within a spherical shell can be localized further by considering the latitude
dependence that a single orbiting object contributes. If latitude is considered in addition to
radius, the density is considered within annulus volume elements (AUg ,0q)

centered about Earth’s rotational axis. A cross-section of a portion of such a an annular
element is show in Figure 7. The latitude dependence originates from both the orbital
inclination and the assumed uniform secular perturbation of the argument of perigee over a
long period of time. The result is that all points along an orbit eventually sweep out a
circular path in the plane of the orbit having inclination, i. Consider the point, P, of the orbit
at radius, R, and within the distance AR in Figure 8. This AR corresponds to

the shell thickness of a spherical shell that intersects the orbital plane.

Figure 9 shows this orbit in the orbital plane. The secular © perturbation

causes the argument of perigee, ®, to rotate with a constant angular velocity

denoted by . Keeping P fixed means that the o rotation will keep point P within R and

R + AR. If an object’s orbital distance was always the constant distance, the spatial density
averaged over all latitudes at the radius R would be the inverse of the shell volume, i.e.

S'®R) = —— ™)
4tR°AR

(That is, the object fixed at P always lies within the spherical shell as the argument of perigee
precesses.) To determine the latitude dependence of S, the shell is further segmented into
volumes as shown in Figure 7. These volumes are slivers of the spherical shell between
latitudes P and B + AB. The volume of this element is
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Figure 7. Diagram showing the cross-section of the latitudinal annulus volume
element (AUpp04)-

Figure 8. Diagram showing an orbit with respect to the equatorial plane and spherical
shell of inner radius R. The latitudinal annular volume element containing P is
highlighted.
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RING FORMED FROM
INTERSECTION OF
ORBITAL PLANE AND
SPHERICAL SHELL OF
RADIUS R

o =270
+————— [INE OF NODES
o=0
Figure 9. Diagram showing the intersection of an elliptical orbit in its orbital plane with

a spherical shell of inner radius R and outer radius R+R'.

AUy 4o = 2TR%cosPABAR (®)

They form volumetric latitude rings (or bands) about the z-axis (which corresponds to the
Earth’s axis of rotation). As @ of an orbit at an inclined angle rotates with respect to the
equatorial plane, the P sweeps through all accessible latitude bands at a constant distance, R.

The values of latitude, B, which a single inclined orbit traverses, ranges from 0 < B <i.
Above this latitude there is no spatial density contribution to any latitude band from this
object. Since o is assumed to be uniformly distributed, the circular path created at P will
cross all latitude bands up to a maximum latitude, B, reached when P reaches its maximum
vertical distance above or below the equatorial plane. If P is either the perigee or apogee
point, this occurs at ® = 90 deg and 270 deg and, in addition, if P is the apogee then B, = i.
As a result, P will spend the greatest amount of time in the latitude band specified by B
The time spent traversing a latitude band, AP, is given by

At = 288 ©)
wsSing
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The value of o is given by spherical geometry as

0 - cos'l( cos é) ) (10)
CcOS

Therefore, the minimum At occurs at = 0 where sin (o) = sin (i) and the maximum
asymptotically approaches infinity as p — i. Figure 10 shows the spatial density of a 65 deg
inclination orbit at a single altitude (R = constant) for all latitudes 0 deg < § < 65 deg. The
circular path at radius R caused by ® precession contributes to the spatial density in the

volume element AUpy,,g by the amount

/ _ At
S‘R,B) = TAU. (11)
p-band
where the period is given by
2n
T=—/—
®
and @ is the angular velocity.
107 r " T T T v T T T
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Figure 10.  Spatial density versus altitude for a single orbit (q = 600 km, q" = 1000 km,
i = 65 deg).
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Thus,
S'®, B) = 1 " (12)

2n°R%sinacospAR

is the spatial density at (R, B) given that the object is within R and R + AR. This density can
be written as a product of the radial dependence and the latitude dependence to give

S'R, B) = f(BS'®) 13)

The ratio of the spatial density at latitude B, S'(R, B), to the spatial density of the spherical
shell at radius R averaged over all latitudes is given by

f(p) - S B) (14
S®)

Even if the object at P does not have unit probability of being within R + AR
at all times, but only traverses the AR thick shell for a fraction At,y of its
orbital period, the results are the same:

Atyy. .,
S'(R,
> (RB)=S’(RJ) (15)

sy S®
T

This factor then represents a spatial density enhancement over the purely radial spatial density
to account for the latitude dependence. The expression for the spatial density at any (R, B)

becomes after some derivation

f(B) =

SR, B) = 1 (16)
2n°Ray/(sin’i - sin?B)R - @)@’ - R)

where q <R <q'and 0 < p <i. WhenR<g,R>¢’, or p >1i, S(R, B) = 0. Note that this
expression is singular at R = q, R =q’, and § =i. This problem is overcome by finding the
average spatial density over the volume (Ref. 7). These singularities are integrable when the
average spatial density of a volume is calculated. The average number of objects found

within a finite volume element is
[S®. B) dU _ [[H(E)SRRcospdRdp a7
[au [ [R?cospdrdp

S =
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This can be written as two separable integrals:

RI
f S®)R? dR
R

S®, RY) = “F— and
f R? 4R
R
pl
f f(B)cosp dp
£(p, B = =L v
cosf dp

p

(18)

(19)

where R=R' ~ R and AB = P’ — B. Assuming AR < < R, defining R = (R + R')/2 and

using the exact volume of a spherical shell given by Equation 2, 