
Estimating the Error in Statistical HAMR Object Populations Resulting from
Simplified Radiation Pressure Modeling

Sven K. Flegel
Institute for Aerospace Systems, Technische Universität Braunschweig

Hermann-Blenk-Str. 23, 38108 Braunschweig

Johannes Gelhaus, Marek Möckel, Vitali Braun, Christopher Kebschull
Carsten Wiedemann, Peter Vörsmann

Institute for Aerospace Systems, Technische Universität Braunschweig
Hermann-Blenk-Str. 23, 38108 Braunschweig

Holger Krag, Heiner Klinkrad
Space Debris Office, ESA/ESOC

Robert-Bosch-Str. 5, 64293 Darmstadt

The high-area-to-mass ratio (HAMR) object population in ESA’s MASTER-2009 software (Meteoroid and
Space Debris Terrestrial Environment Reference) is dominated by Multi-Layer Insulation debris at large
sizes. The underlying model employs two independent mechanisms whereby Multi-Layer Insulation
debris is created. These mechanisms are fragmentation events on the one hand and a deterioration process
leading to the continuous release of larger objects on the other hand. All debris source models used to
create the MASTER debris population rely on a semi-analytical propagator to model the major secular and
long periodic orbit perturbations. The orbit parameters of HAMR objects are highly susceptive to
radiation pressure effects which can result in fast secular and periodic changes for area-to-mass ratios
above about 1 m2/kg. The implementation of radiation pressure in this propagator is limited to the effects
of solar irradiation on a spherical object and using a cylindrical Earth shadow. The current paper discusses
the applicability of such a simplified theory to large statistical HAMR object populations where the main
objective is not to predict the exact future location of a single object but rather to give a correct
representation of the overall distribution of all HAMR objects.
The basis for the current study is given by a numerical propagator which is supported by published
observation results. Initially, the effects object orientation and object rotation on the orbit evolution are
discussed. Fundamental differences between the orbit prediction of this refined numerical propagator and
the semi-analytical propagator are looked at with a view towards large statistical populations. To this end,
a plausible, statistical, population of HAMR objects is propagated over an extended time period using
both propagation schemes and the differences between the results are analyzed. The paper concludes with
a discussion of possible errors in statistical populations resulting from the use of a simplified radiation
pressure model and a semi-analytical solution.

1 INTRODUCTION

The current paper is a first step towards answering the question of whether it is reasonable to use a
semi-analytical propagator to predict the evolution of large statistical populations of objects with high
area-to-mass ratios (HAMR). While secular and long-periodic effects are the driving factors, short term
effects are initially looked at to better understand the underlying mechanisms. The current study is
limited to the GEO environment. Short term influences of different radiation pressure effects on GEO
objects have been studied in depth by [6] and [7]. In these publications, the effects with the highest
influence on the position accuracy were found to be oriented plates and rotating cubes along with thermal
emission effects. Among other influences which were studied were uncertainties in area-to-mass ratios
and changes in optical properties.
The baseline scenario in the current study is given by a spherical object propagated with the numerical
propagator ZUNIEM (Zuschlag Numerical Integration of the Equations of Motion) taking into account



zonal, sectoral and tesseral gravitational harmonics up to order 12, third body perturbations from sun and
moon and aerodynamic drag based on the NRLMSISE-2000 model. The radiation pressure model is
limited to solar irradiation and uses a dual-cone shadow model as described by [10].
The influence of plates with fixed orientation in earth-centered inertial (ECI) coordinates and with fixed
rotation rates in ECI are looked at in this paper. No external moments are taken into account. The
multi-layer insulation (MLI) population from MASTER-2009 is used for May 1st , 2009 as reference
population. Only objects larger than 10 cm with semi-major axes above 35,000 km are taken into account to
reduce simulation time. This population is propagated over a period of 50 years using the baseline
assumption of spheres and using randomly assigned rotation rates fixed in ECI. In addition, results from
the numerical calculations are compared to those of a semi-analytical one. The semi-analytical propagator
uses zonal harmonics up to order 5, third body perturbations from sun and moon, an atmospheric model
based on the MSIS-77 model and a cylindrical Earth shadow model for solar radiation pressure modeling.

2 SIMULATING RADIATION PRESSURE EFFECTS

The generalized special perturbations equation for solar radiation pressure acceleration is given by
equation 1. Acceleration is zero, if the surface is facing away from the sun.

aRP = −
Φ⊙ S⊙
mobj c

n

∑
i=1

[

Ri, ⊙
(si, ⊙ ◦ni)

si, ⊙ · ni
Ai

]

; ∀ (si, ⊙ ◦ni) > 0 (1)

n total number of surface elements of object –

aRP radiation pressure acceleration m/s

mobj object mass kg

c speed of light m/s

Ai area of flat surface element i m2

Φ⊙ electromagnetic radiation flux from sun W/m2

S⊙ shadow function for occultation of sun by Earth ∈ [0,1]

Ri, ⊙ reflectivity for flat surface element i relative to sun R ∈ [1,2]

si, ⊙ vector pointing from surface element i to sun m

ni surface element i normal vector m

Reflectivity is calculated for each surface from specular and diffuse reflectance ρs and ρd :

Ri, ⊙ = (1−ρs,i) · ŝi, ⊙ +2·

[

(si, ⊙ ◦ni)

si, ⊙ · ni
ρs,i +

1
3

ρd,i

]

· n̂i (2)

The amount of electromagnetic radiation which is reflected, absorbed or transmitted is wavelength
dependent. Values given in literature for materials or objects is typically given for the wavelength range in
which the sun emits most of its power (≈ 0.25 µm .. 2.5 µm [11]). For a fixed range in wavelengths the sum
of absorptance, reflectance and transmittance is equal to ’1’. Transmittance is usually omitted and
reflectance in turn can be split into specular and diffuse reflectance. For a given wavelength range, this
leads to the simple relation:

α +ρs +ρd = 1 (3)

3 EFFECT OF RADIATION PRESSURE ON ORBIT EVOLUTION

The baseline object properties used in this study are given in Tab. 1. The values for reflectance correlate
with those of aluminized Kapton and are taken from [3]. These were derived from the spectral reflectance
curves given by [9] for pristine material. According to equation 2 the reflectivity coefficient CR for a sphere
correlating with the given values is 1.522. The area loading m/A for aluminized polyimide with a thickness
of 1 mil (= 25 µm) is used [13]. The mass is equivalent to a surface area of 400 cm2.



Table 1: Object properties for analyzing effect of orientation and rotating motion

Singly averaged orbit elements Properties

Semi-major axis 42164 km m/A 36 g/m2 (ca. 28 m2/kg)

Eccentricity 1.d-5 m 1.4 g

Inclination 1 ◦ ρs 0.313

Right ascension of ascending node (RAAN) 180 ◦ ρd 0.313

Argument of perigee 90 ◦

Mean anomaly 90 ◦

Start epoch March 21, 2009

Two effects are looked at in detail in this section: a) a fixed orientation with respect to the ECI system and
b) a rotating object with fixed rotation axis in the ECI system. First off, some short-term simulations are
performed over 1,000 days to obtain an understanding of the basic mechanisms. Then, longer simulations
over 10,000 days are evaluated to create an overview of the long-term influences.

3.1 Effect of Orientation

The boundaries of the effect of an oriented surface in ECI coordinates are studied here. In the graphs in
Fig. 1 and Fig. 2, the surface normal vector is rotated from -90 to +90◦ from the sun-object vector. The
zero-angle direction orients the surface so that it is perpendicular to the incident solar radiation. In the left
hand plot, the normal vector is rotated around the Z-axis of the ECI system which is a rotation within the
equatorial plane. The resulting solar radiation pressure thus primarily has in-plane components affecting
semi-major axis and eccentricity. In the right hand plot, the normal vector is rotated out of the X-Y plane
so that a larger normal component is created. The larger in-plane components in the left-hand plot results
in larger secular changes in semi-major axis. It exhibits a pronounced step-like evolution. Quick orbit
changes are apparent during those periods in which the orbit passes through the Earth’s shadow. This
occurs approximately every half year. The secular westerly rotation of the right-ascension of ascending
node causes the time between shadow passes to be slightly less than half a year. The step-evolution is
observable for oriented surfaces as well as the results for the sphere. At ±90◦ rotation, the object’s normal
vector is oriented perpendicular to the incident solar radiation during those times when its orbit intersects
the Earth’s shadow. For this case, the secular effect is small over the studied time-frame.

 41600

 41800

 42000

 42200

 42400

 42600

 0  0.5  1  1.5  2  2.5  3

S
em

i−
m

aj
or

 a
xi

s 
/ k

m

Time / years

Orientation change in equatorial plane

−60°
−30°

30°
60°

−90/90°
0°

Sphere

 41600

 41800

 42000

 42200

 42400

 42600

 0  0.5  1  1.5  2  2.5  3

S
em

i−
m

aj
or

 a
xi

s 
/ k

m

Time / years

Orientation change out of equatorial plane

−60°
−30°

30°
60°

−90/90°
0°

Sphere

Figure 1: Change in semi-major axis over 1,000 days. Left: surface normal vector is rotated around Z-axis of ECI. Right:
surface normal vector is rotated about Y-axis of ECI.

The eccentricity evolution of a sphere resembles the top half of a sinusoidal oscillation (Fig. 2). It returns to
a value near zero after slightly less than one year. Even with orientation, the eccentricity returns to a low
value after about one year. The exact period changes however and the eccentricity may experience two



phases within a year in which it increases and decreases again. An in-plane orientation creates larger
annual eccentricity variations than an out-of-plane orientation. The extreme case for the out-of-plane
orientation is given by the ±90◦ case where the object is oriented with its normal vector parallel to the
Z-axis. In this case, only the Earth’s tilt against the ecliptic causes the object’s surfaces to be illuminated by
the sun and then only at very shallow angles. The sun’s influence on the orbit evolution is lowest in this
case.
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Figure 2: Change in eccentricity over 1,000 days. Left: surface normal vector is rotated around Z-axis of ECI. Right:
surface normal vector is rotated about Y-axis of ECI.

If the orbit evolution is looked at over a longer time frame, the initially almost linear mean trends of
semi-major axis change. On average, the in-plane changes still lead to a higher long-term change in
semi-major axis which is shown in Fig. 3. In some cases with out-of-plane orientation the orbit energy can
be changed substantially. Especially interesting is the angle -60 ◦ for which a sudden increase occurs after
about 20 years of almost zero change. Important to note here is that spherical objects do not exhibit any
long term changes in orbit energy.
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Figure 3: Change in semi-major axis over 10,000 days. Left: surface normal vector is rotated around Z-axis of ECI.
Right: surface normal vector is rotated about Y-axis of ECI.

Noteworthy in some cases is also the evolution in eccentricity and of the inclination which are both shown
in Fig. 4. For spherical objects, the eccentricity seems to return to near zero at the end of every annual
cycle. This evolution is supported by i.e. [2]. For oriented objects, this does not necessarily hold true. Here
a superimposed change in the eccentricity may occur. It should be noted that publications by other groups
who are also using numerical propagators exist in which such superimposed beats are also observed for
spherical objects [1, 12]. Such discrepancies may be related to the integration behavior during transition
into and out of the Earth’s shadow or to the initial orbit conditions.



For uncontrolled GEO objects with low area-to-mass ratios, the inclination increases to about 15 ◦ before
decreasing back to 0 ◦. The time frame for this is about 53 years and is related to third body perturbations.
For objects with high area-to-mass ratios, the maximum inclination increases while the oscillation period is
reduced. The right-hand plot in Fig. 4 shows that for objects with constant orientations, the relation
between increase in maximum inclination and decrease in period is more relaxed. Noteworthy is also the
fact that for 30 ◦ out-of-plane orientation, inclination and RAAN exhibit markedly different oscillation
periods. This becomes apparent in the left-hand plot in Fig. 5 where the specific orientation creates a loop
which is asymetrical along the x-axis.
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Figure 4: Change over 10,000 days. Left: eccentricity change with surface normal vector rotated around Z-axis of ECI.
Right: inclination change with surface normal vector rotated about Y-axis of ECI.
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Figure 5: Evolution of inclination and RAAN. Left: Fixed out-of-plane orientation. Right: Out-of-plane rotation.

3.2 Effect of Fixed Rotation Rate

The optical properties of the two plate sides are identical. Multi-layer insulation objects may exhibit such
properties when the film is metalized on both sides [13]. Rotation rates between 1◦/s and 1.14×10−5◦/s
were taken into account. The lowest rate corresponds to the Earth’s motion about the sun. Fig. 6 shows
that rotation rates which are much faster than the Earth’s angular velocity about the sun have little impact
on the long term evolution of the orbit energy. These objects behave similar to spheres. The lower
boundary value shows some interesting resonance effects however. For in-plane rotation, the semi-major
axis decreases to 28,000 km in 30 years while the perigee remains above 4000 km (see Fig. 7). For the test
cases, in-plane rotation leads to higher eccentricity variations while out-of-plane rotation on average
generates a larger effect on orbit energy evolution.
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Figure 6: Change in semi-major axis over 10,000 days. Left: objects rotate about Z-axis of ECI. Right: objects rotate
about Y-axis of ECI.
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Figure 7: Change in eccentricity over time. Left: resonance effect for rotation about Z-axis of ECI. Right: short term
effects for objects rotating about Z- and Y-axis of ECI.

4 INFLUENCE OF PROPAGATION ON EVOLUTION OF STATISTICAL HAMR POPULATION

An initial representative population of high-area-to-mass ratio objects is propagated from May 1st, 2009
until August 1st, 2059 with quarterly snapshots. The population is an excerpt of the multi-layer insulation
population of MASTER-2009 [4]. The population is based on two creation mechanisms: i) continuously
released MLI which separates due to ageing related deterioration and ii) fragmentations. The latter
process leads to large changes in orbit energy at the time of creation. This is evident in Fig. 9 where the
distribution in semi-major axis is shown for the simulation results. In simulations of ESA’s PROOF
software, the smallest MLI objects which could still be detected by ESA’s Space Debris Telescope were
around 3 to 4 cm in size. In the current analysis, the lower boundary is set to 10 cm to reduce computation
time. In addition, only objects with a semi-major axis above 35,000 km are taken into account. 1,685 objects
of the MASTER-2009 initial MLI-population satisfy these criteria. The results are evaluated for distribution
of inclination vs. right-ascension of ascending node and eccentricity vs. semi-major axis at the end of the
simulation period. The snapshots from the years 2049 to 2059 are overlaid to obtain better statistics in the
results.

4.1 Simulation Scenarios

The initial population is propagated using four different propagation schemes. In one case, the
semi-analytical propagator which is the basis for the MASTER-2009 population was used. In this case, a



random rotation of the objects is postulated along with a decreased reflectivity and some possible
deformation of the objects [5]. All of these things lead to a reduced influence of the solar radiation
pressure which is modelled by decreasing the area-to-mass ratio. The objects are then simulated as
spheres. Using the numerical propagator, the objects are modelled as spheres with a reflectivity coefficient
of 1.522, as flat plates with random orientation and as flat plates with random rotation rates. The rotation
rates are varied uniformly on a logarithmic scale between 10−5 ◦/s and 1 ◦/s. Although 1 ◦/s seams slow, it
is sufficiently fast in comparison to the Earth’s motion about the sun. The case in which the object rotates
at a rate comparable to the object’s own orbit period has not been looked at.

4.2 Simulation Results

In Fig. 8, the results are given for inclination vs. RAAN distribution. All simulation results show the
typical distribution in which few objects reside at low inclinations around 180 ◦ RAAN. The highest
inclination at which a significant number of objects resides is about 40 ◦. Interesting differences are
observed when looking at the expansion of the region of high object concentration around 0 ◦ RAAN and
the spread towards higher inclinations at this orientation of the line of nodes. As expected, the results
from the semi-analytical propagator is closest to the numerical simulation with random rotation axes.
These two are very similar. The semi-analytical simulation however seems to indicate a slightly larger
number of objects at higher inclinations in the vicinity of 0 ◦ RAAN. The numerical simulation with objects
simulated as spheres exhibits fewer objects at inclinations above 50 ◦ and the region of high object
concentration is much larger than in the other simulations. When random orientation is applied, the area
of high concentration is similar to that of the random rotation case. More objects however seem to obtain
high inclinations near 30 ◦ RAAN.
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Figure 8: Inclination vs. RAAN of propagated population. Results from years 2049 to 2059 merged.

The eccentricity vs. semi-major axis in Fig. 9 reveals a different behaviour. The semi-analytical simulation



produces a much higher spread in eccentricity than any of the numerical results. From the semi-analytical
results, 30 % of the objects have eccentricities above 0.4. For the randomly assigned rotation only 20 % of
the objects obtain such eccentricities after 40 to 50 years. Of the numerical simulations, the population
seems to be more compact for the case where random rotation is applied in comparison to the other cases.
Apart from this, these simulations are remarkably similar.
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Figure 9: Eccentricity vs. semi-major axis of propagated population. Results from years 2049 to 2059 merged.

5 CONCLUSIONS

The effect of fixed orientation and fixed rotation axes on the orbit evolution of objects with high
area-to-mass ratio has been looked into. It was found that a fixed orientation can have a significant effect
on the long-term evolution in all orbit parameters as was also observed by [8]. Once a random rotation
axis is added with a rotation rate higher than the orbit period, these long-term effects decrease
significantly and objects behave similar to spherical objects. Setting the rotation rate equal to that orbit
period leads to resonance effects which cause more severe secular changes. The MASTER-2009 multi-layer
insulation population for May 1st, 2009 was used to study the effect of solar radiation pressure modeling
on a large population. Objects larger than 10 cm and with semi-major axis above 35,000 km were
propagated over a 50 year time frame. Applying random fixed orientation or random fixed rotation causes
more objects to obtain higher inclinations than simulating them as spheres with the numerical propagator.
In addition, the region around 0 ◦ right-ascension of ascending node is more constricted. The
semi-analytical propagator creates a population which exhibits a slightly higher spread in inclination and
a significantly larger covered eccentricity range. This is especially interesting since large eccentricity
changes occur especially for high area-to-mass ratios. For the semi-analytical propagation however, the
area-to-mass ratio is reduced to account for a reduced average illuminated cross-section and other effects.



This ratio is therefor lower by about a factor two to three in comparison to the numerical propagation of
spherical objects. Some of the effects which could further effect populations of high-area-to-mass ratio
objects which should be looked at in the future are different optical properties for the two sides of the
HAMR plates, Earth albedo, thermal re-radiation from the illuminated objects as well as time dependent
changes in the optical or mechanical properties of the objects.
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